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Abstract

Sphingolipids are bioactive lipids found in cell membranes that exert a critical role in signal 

transduction. In recent years, it has become apparent that sphingolipids participate in growth, 

senescence, differentiation and apoptosis. The anabolism and catabolism of sphingolipids occurs 

in discrete subcellular locations and consist of a strictly regulated and interconnected network, 

with ceramide as the central hub. Altered sphingolipid metabolism is linked to several human 

diseases. Hence, an advanced knowledge of how and where sphingolipids are metabolized is of 

paramount importance in order to understand the role of sphingolipids in cellular functions. In this 

review, we provide an overview of sphingolipid metabolism. We focus on the distinct pathways of 

ceramide synthesis, highlighting the mitochondrial ceramide generation, transport of ceramide to 

mitochondria and its role in the regulation of mitochondrial-mediated apoptosis, mitophagy and 

implications to disease. We will discuss unanswered questions and exciting future directions.
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1. Introduction

Sphingolipids are a class of bioactive lipids found in cell membranes that modulate the 

biophysical properties of biological membranes (1) and exert a critical role in signal 

transduction (2,3). Multiple studies in the last decades revealed that sphingolipids control 

critical cellular functions such as cell cycle, senescence, apoptosis, cell migration and 

inflammation (4). Sphingolipids are composed of an eighteen carbon amino-alcohol 

backbone, sphingosine, and synthesized in the (ER) (see Figure 1). Sphingosine (2-amino-4-

octadecene-1,3-diol) (Sph) and dihydrosphingosine (2-aminooctadecane-1,3-diol) (dhSph), 
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also known as sphinganine, are the basic building blocks of all mammalian sphingolipids. 

The sphingoid backbone can be modified leading to a large variety of structures and 

functions of sphingolipids. For example, phosphorylation of the C1-hydroxyl group of 

sphingosine by sphingosine kinase (SK) produces sphingosine-1-phosphate (S1P), whereas 

N-acylation of sphingosine by ceramide synthases (CerS) generates ceramide (Cer). Indeed, 

S1P and ceramide are the most studied sphingolipids and it is well established that they play 

opposite biological roles in the cell (5). S1P promotes inflammation, cell survival, 

angiogenesis and cell invasion. On the contrary, ceramide modulates apoptosis, cell cycle 

arrest and senescence. Furthermore, ceramide serves as a precursor of more complex 

sphingolipids, such as glycosphingolipids (e.g. glucosylceramide and galactosylceramide) 

and sphingomyelin (SM), and in turn, ceramide is the breakdown product of 

glycosphingolipids and sphingomyelin. Therefore, the metabolism of bioactive lipids is 

branched, interconnected and the numerous enzymes involved are highly regulated as their 

activities dictate cellular levels of sphingolipids.

One interesting feature to consider is that sphingolipid metabolism is highly 

compartmentalized within the cell. Some of the steps in the biosynthesis of sphingolipids 

occur only in discrete cellular compartments. In addition, several enzymes of the 

sphingolipid pathway can be found in different organelles, which restrict their activity to a 

specific pools of sphingolipids that are hypothesized to have distinct functions.

Another crucial aspect about sphingolipids relates to their biophysical properties, which may 

govern their sites of action and consequently their downstream targets. For instance, 

sphingosine and dihydrosphingosine are sufficiently amphipathic to move freely between 

different membranes and to flip-flop across the bilayer. In contrast, ceramides are restricted 

to the compartments where they are formed; however, spontaneous transmembrane diffusion 

has been reported in human erythrocytes (6). Sphingomyelins are mainly found on the outer 

leaflet of the plasma membrane, and have very slow transmembrane diffusion as compared 

to other components of biological membranes such as cholesterol (7).

The multiple advances in mass spectrometry techniques have led to a better understanding of 

the complexity and interconnection of sphingolipid metabolism. However, little is known 

about the regulation of their synthesis and degradation. Therefore, better understanding of 

bioactive sphingolipids requires studying the mechanisms of their biosynthesis, their 

localization, as well as their downstream signaling pathways.

The underlying mechanisms that couple sphingolipids, and more specifically ceramide, to 

mitochondrial functions remain poorly understood. Early studies identified several 

ceramide-producing enzyme activities in mitochondria and mitochondria-associated 

membranes (MAMs), which includes CerS (8,9), CDases (10,11) and most recently a 

mitochondria-associated nSMase (MA-nSMase) (12). Furthermore, for the first time Birbes 

et al. demonstrated that a specific pool of ceramide generated in mitochondria (but not in 

other organelles) induced apoptosis in MCF-7 cells (13). Studies using pharamacological 

inhibitors to block ceramide generation or perfomed in genetically modified organisms 

and/or cells where ceramide generation is impaired have strongly supported a critical role of 

ceramide accumulation in the progression of mitochondrial apoptosis and mitophagy, 
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defining ceramide as a bona fide transducer of mitochondrial function. In this review, we 

provide an overview of recent scientific literature, with a focus on the molecular 

mechanisms by which ceramide directly or inderectly regulates mitochondrial dysregulation 

and diseases.

2. Sphingolipid metabolism

2.1 Synthesis of sphingolipids

2.1.1 Serine palmitoyltransferase (SPT)—Sphingolipid metabolism consists of a 

complex network of interconnected metabolites with ceramide as a central hub (Figure 2). 

De novo sphingolipid biosynthesis starts with the condensation of serine and palmitoyl-CoA 

by the action of serine palmitoyltransferase (SPT), located on the ER membrane, to generate 

3-ketodihydrosphingosine. SPT catalytic activity is pyridoxal 5′-phosphate (PLP) 

dependent, consistent with its homology to other PLP dependent decarboxylases. Active 

SPT is composed of a heterodimer complex of SPT1 and SPT2 subunits. A third subunit 

(SPT3) has been identified and shown to reconstitute the SPT activity in cells lacking the 

SPT2 subunit (14). Actually, SPT3 enables the heterodimer to utilize lauroyl- and myristoyl-

CoA as a substrate (15). Mutations of SPT1 have been identified in patients with Hereditary 

Sensory and Autonomic Neuropathy Type I (HSANI), in which SPT1 can still associate with 

SPT2, but lacks enzymatic activity (16). In a recent study, mutation in SPT2 were also found 

in HSAN1 patients, leading to accumulation of neurotoxic 1-deoxysphingolipids in plasma 

from the patients (17).

2.1.2 3-ketodihydrosphingosine reductase (KDHR)—The second step in the de novo 
pathway is the conversion of 3-ketodihydrosphingosine to dihydrosphingosine by the 

enzyme 3-ketodihydrosphingosine reductase (KDHR). This reaction is NADPH dependent. 

The human KDHR was identified and cloned based on its yeast homologue (18). 3-

ketodihydrosphingosine is a very short-lived metabolite of the sphingolipid metabolism, 

which suggests that KDHR catalyzes its conversion to dihydrosphingosine (dhSph) in a very 

efficient manner after the action of SPT (19).

2.1.3 (Dihydro)ceramide synthase (CerS)—The acylation of dihydrosphingosine and 

generation of dihydroceramide (dhCer) is carried out by (dihydro)ceramide synthase (CerS). 

In mammals, six different CerS have been identified (CerS1–6), each of which preferentially 

incorporate specific fatty acyl chains to dihydrosphingosine backbone and generate 

(dihydro)ceramide species with different chain lengths. While CerS1 and CerS4 are 

responsible for the generation of mainly C18-ceramide and to a lesser extent C20-ceramide, 

CerS5 and CerS6 have specificity towards C14 and C16-ceramide generation. CerS2 

generates very long chain ceramide species such as C22- and C24-ceramide and CerS3 

generates ultra-long chain ceramide species (C26-ceramide and longer) (8). In addition to 

being critical enzymes of the de novo pathway, CerS proteins also utilize sphingosine that is 

produced from the salvage (recycling) pathway to generate ceramide (20). CerSs have been 

found to localize to ER, nuclear envelope, mitochondria and MAMs (8,9).
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2.1.4 Dihydroceramide desaturase (DES)—Desaturation of dihydroceramide to 

generate ceramide is carried out by the enzyme dihydroceramide desaturase (DES), which 

utilizes NADH or NADPH to produce a double bond in the C4–C5 position of the 

dihysphingosine backbone (21). The DES enzyme, encoded by the DES1 gene, has multiple 

transmembrane domains and is located in the ER membrane. In addition, its activation is 

regulated by myristoylation on its N-terminus (22). Mice lacking DES1 were described to 

have low ceramide levels and dramatically increased dihydroceramides as compared to wild-

type. Moreover, Des1−/− null mice exhibited skin and hair disorders, tremors, hematological 

disorders, abnormal liver function, fail to gain weight and died 8–10 weeks after birth (23).

2.1.5 Sphingomyelin synthase (SMS)—Ceramide generated in the ER via the de novo 
pathway is then transferred to the Golgi complex for the generation of complex 

sphingolipids, such as, sphingomyelin, glucosylceramide (GlcCer) and ceramide-1-

phosphate (C1P). Ceramide is transported from ER to Golgi by one of two mechanisms, 

namely vesicular transport and ceramide transfer protein (CERT). CERT is a cytosolic 

protein that can interact with the ER via its FAAT domain and extract ceramide. Once bound 

to ceramide on its START domain, CERT then interacts with the Golgi apparatus via its N-

terminal PH domain that recognizes phosphatidylinositol 4-monophosphate on the Golgi. 

Although CERT was shown to transfer C22 and C24:1-fatty acid containing ceramides, it 

has preference for ceramides with shorter chain lengths as cargo (24).

Sphingomyelin synthesis is catalyzed by sphingomyelin synthases (SMS). SMS enzymes 

catalyze the transfer of phosphocholine from phosphatidylcholine (PC) to the C-1 position 

of ceramide. The two products of this reaction are sphingomyelin and diacylglycerol (DAG). 

SMS enzymes can regulate the levels of bioactive lipids DAG and ceramide, with opposing 

survival and antiproliferative roles, respectively (25). Sphingomyelin is the most abundant 

complex sphingolipid in human cells. In addition to being an important building block of 

membranes, sphingomyelin can regulate the levels of bioactive ceramide. Therefore, 

generation and hydrolysis of sphingomyelin is firmly regulated. There are two isoforms of 

SMS identified, SMS1 and SMS2. SMS1 is localized to trans-Golgi, whereas SMS2 is 

localized to the plasma membrane in addition to the trans-Golgi. Recently, a close family 

member of SMS1, SMS1-related (SMSr) has been identified to utilize ceramide to form 

ceramide phosphoethanolamine (CPE) in the ER lumen (26).

2.1.6 Ceramide galactosyltransferase (CGT) and Glucosylceramide synthase 
(GCS)—Another family of complex sphingolipids are glycosylceramides. 

Galactosylceramide and glucosylceramide can be generated by the actions of ceramide 

galactosyltransferase (CGT) and glucosylceramide synthase (GCS), respectively. The 

respective hexose substrates for CGT and GCS are UDP-galactose and UDP-glucose. While 

CGT is localized to the ER, GCS is shown to be on the cis-Golgi compartment. 

Galactosylceramides are further metabolized to sulfatides that are very important for 

Schwann cell and myelin functions. Glucosylceramide is the precursor for the majority of 

glycosphingolipids, which are major component of lamellar bodies in the skin and play 

essential role in neurite growth of primary hippocampal neurons (27). In addition, GCS has 

been widely implicated in multiple drug resistance of several cancer types (28). Moreover, 
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defects in glycosphingolipid metabolizing enzymes and their contribution to multiple 

lysosomal storage diseases have been well characterized and reviewed (29).

2.1.7 Ceramide kinase (CERK)—Phosphorylation of ceramide at its C-1position and 

formation of ceramide-1-phosphate (C1P) in the trans-Golgi is catalyzed by ceramide kinase 

(CERK), which was initially identified by its homology to sphingosine kinase. Although 

CERK is member of the DAG kinase family, it does not have activity towards DAG. CERK 

is shown to be involved in the generation of C1P from C16, C18 and C20-ceramides (30). In 

addition, CERK has substrate specificity towards ceramide, rather than dihydroceramide or 

phytoceramide. Development of cerk −/− mice and measurement of ceramide and C1P in 

their organs and blood identified important roles of CERK in regulating ceramide and C1P 

in cerebellar functions and immune responses (31,32). In addition, C1P was shown to 

control cell migration in different cell types, such as pancreatic cancer cells, macrophages, 

myoblasts and 3T3 pre-adipocytes (33). C1P can be dephosphorylated back to ceramide by 

the action of the ceramide-1-phosphate phosphatase (C1PP).

2.2 Sphingolipid catabolism

2.2.1 Sphingomyelinases (SMase)—Hydrolysis of sphingomyelin to generate free 

phosphocholine and ceramide is catalyzed by sphingomyelinases (SMase). There are three 

types of sphingomyelinases according to their pH optima: alkaline, acid and neutral 

sphingomyelinases. Alkaline sphingomyelinase is exclusively expressed in liver and 

intestine and shown to be important for the digestion of dietary sphingomyelin (34). Acid 

sphingomyelinase (aSMase), which is localized to the lysosomes due to its mannose-6 

phosphorylation, metabolizes sphingomyelin in endosomal membranes. ASMase can also be 

secreted and control the levels of sphingomyelin in the plasma membrane (35), and can also 

have access to sphingomyelin in plasma lipoproteins (36). Amongst the neutral SMase 

(nSMase) family, nSMase2 has been the best characterized so far, which is shown to be 

localized to the plasma membrane with its catalytic site oriented to the inner leaflet (37). 

Furthermore, nSMase2 has been shown to be activated and localized to the plasma 

membrane upon stimulation with TNF-α and to be important for the regulation of ICAM 

and VCAM mediated biological responses (38). In addition to the plasma membrane, a 

mammalian nSMase that localizes to mitochondria (MA-nSMase) has been identified (12); 

however, its roles in mitochondrial function needs to be characterized further.

2.2.2 Ceramidases (CDases)—In addition to ceramide conversion into multiple 

complex sphingolipids, which is tightly regulated by multiple enzymes, catabolism of 

ceramide and its exit from metabolic pathways is also well ordered. The catabolism of 

ceramide starts with hydrolysis of the amide bond between the sphingosine backbone and 

the fatty acid moiety by the action of ceramidases (CDases). Three types of CDases have 

been identified according to their pH optima: acid ceramidase, neutral ceramidase, and 

alkaline ceramidase. Acid ceramidase (AC), encoded by ASAH1 gene, is localized to 

lysosomes and deacylates ceramide that is coming into the endosomal membrane system 

form the plasma membrane (39). Neutral ceramidase (NC) is localized to plasma membrane 

via its O-glycosylated mucin box domain and is an important regulator of sphingosine and 

S1P production and release across the plasma membrane (40). Moreover, NC has been 
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shown to be important for dietary sphingolipid digestion in the intestine (41) and it may play 

a protective role against inflammation in an animal model of inflammatory bowel disease 

(42). There are three alkaline ceramidase (ACER) enzymes identified so far. ACER1, 

ACER2, and ACER3 that are encoded by separate genes and show distinct subcellular 

localizations. ACER1, which is localized to the ER, deacylates primarily C24 and C24:1-

ceramide (43,44). The Golgi localized ACER2 metabolizes C16, C18 and C20-ceramide 

species in addition to C24 and C24:1-ceramide. ACER2 is also implicated in cell adhesion 

and integrin signaling (45). ACER3 was shown to catalyze the hydrolysis of ceramides 

carrying unsaturated long acyl chains and was implicated in cell proliferation and apoptosis 

(46).

2.2.3 Sphingosine kinases (SK)—Sphingosine that is generated via the hydrolysis of 

ceramide by ceramidases can be re-acylated to form ceramide by CerS enzymes in the ER 

via the salvage pathway. On the other hand, sphingosine can also be phosphorylated by one 

of two sphingosine kinases, SK1 or SK2, producing S1P. Once generated, S1P can act on 

five distinct G protein coupled receptors (S1PR1-5) on the plasma membrane to activate its 

downstream effector pathways. SK enzymes are at a critical junction in sphingolipid 

metabolism, such that their actions regulate cellular levels of pro-apoptotic and anti-

proliferative sphingosine and ceramide in addition to controlling levels of angiogenic and 

pro-proliferative S1P. Sphingosine kinase 1 (SK1), which is primarily a cytosolic enzyme, 

can be stimulated by multiple growth factors and translocates to the plasma membrane, 

where it engages with sphingosine present on the membrane to generate S1P. SK1 can be 

activated by ERK-dependent phosphorylation and it is thought to interact with anionic 

phospholipids such as PS, PA, and Pl on the plasma membrane (47). Recently, the crystal 

structure of SK1 has been solved and key amino acids for ATP and sphingosine binding 

were identified (48). Sphingosine kinase 2 (SK2) is shown to localize to multiple cellular 

compartments, such as the nucleus, perinuclear regions and ER (49) and it was shown to be 

involved in the production of nuclear S1P (50).

2.2.4 Sphingosine-1-phosphate phosphatases (SPP)—The cellular S1P can be 

dephosphorylated back to sphingosine by the action of sphingosine-1-phosphate phosphatase 

1 (SPP1) and sphingosine-1-phosphate phosphatase 2 (SPP2) (51–54). The actions of SPP1 

and SPP2 were shown to be essential for the generation of ceramide from a pool of 

sphingosine originated from S1P in the ER (55). In addition, cooperative activities of SK2 

and SPP1 were shown to generate sphingosine and subsequently ceramide (56).

2.2.5 Sphingosine-1-phosphate lyase (SPL)—Sphingosine-1-phosphate lyase (SPL), 

encoded by the SGPL1 gene, breaks down sphingosine-1-phosphate to 

phosphoethanolamine and hexadecenal. In addition, it regulates the levels of circulating S1P, 

this reaction is the only exit point of the sphingolipid pathway. SPL, which is localized to the 

ER, has wide tissue distribution with its highest expression in the intestine (57). Sgpl1−/− 

knockout mice exhibit metabolic and immunological alterations (58,59). Recently, SPL was 

recognized in colon carcinogenesis through the regulation of S1P levels (60).
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3. Sphingolipids in mitochondria

3.1 Ceramide generation in the mitochondria

There is an increasing body of evidence suggesting that ceramide acts locally in 

mitochondria. Overexpression of bacterial SMase (bSMase) targeted to mitochondria 

increased ceramide levels and caused apoptosis in MCF-7 breast cancer cells, whereas 

targeted overexpression of bSMase to Golgi, ER, and plasma membrane increased ceramide 

levels without causing apoptosis (13). Furthermore, the critical role of mitochondrial 

ceramide in apoptosis has been demonstrated in a C. elegans germ cell line. The loss-of-

function mutations of CerS in germ cells abolished apoptosis induced by ionizing radiation 

(IR), which was restored by microinjection of long chain ceramide (61).

Although several enzyme activities involved in ceramide generation and breakdown have 

been reported in mitochondria, the enzymes required for the synthesis of ceramide during 

mitochondrial apoptosis need to be clarified. Numerous studies have shown increased CerS 

activity induced by different cell stressors such as chemotherapeutics, TNFα or ionizing 

irradiation with subsequent ceramide accumulation within the cell and cell death (8,62,63). 

In purified rat liver mitochondria, CerS activity has been demonstrated in the outer and inner 

mitochondrial membranes (10). Moreover, several CerS isoforms (CerS1, 2 and 6) have been 

shown to localize to mouse brain mitochondria and CerS6 activity was induced by cerebral 

ischemia/reperfusion (I/R), which was associated with elevation in ceramide content and 

subsequent respiratory chain damage (64). Nevertheless, that association was not evident in 

HeLa cells suggesting that it could be dependent on tissue or cell type (65). Localization of 

CerS was recently described in isolated rat brain mitochondria by immunoprecipitation (66). 

It was shown that CerS6 is associated with adenine nucleotide translocase in the inner 

mitochondrial membrane, while CerS2 is associated with Tom20 in the mitochondrial outer 

membrane (MOM) (66).

MA-nSMases have been identified in zebrafish and mouse tissues (12,67). Moreover, 

inositol sphingolipid phospholipase C (Isc1p), the mammalian ortholog of nSMase in yeast, 

was shown to be associated with mitochondria and regulate sphingolipid metabolism in the 

post-diauxic phase of growth (68). Recent work from Rajagopalan et al. provided evidences 

that murine MA-nSMase localized to the MOM when expressed in MCF-7 cells (69).

Neutral ceramidase (NC) activity has been demonstrated in the mitochondria (10,11). A 

mechanism of ceramide generation from sphingosine and palmitate has been described in 

purified rat liver mitochondria that involves NC and thioesterase (70). It was shown that 

ceramide generation from sphingosine and palmitoyl-CoA or from sphingosine and 

palmitate was decreased in the mitochondria from NC-deficient mice compared to wild type 

mice. These findings suggest that mitochondrial reverse activity of NC in the liver 

participates in ceramide formation (70).

As mentioned above, many reports have highlighted the existence of a ceramide pool in the 

mitochondria generated by CerS, SMase and NC. In addition to the in situ synthesis of 

ceramide, another accepted hypothesis is that ceramide synthesized in the ER may reach the 

mitochondria through the interaction between these two cellular organelles. Indeed, some 

Hernández-Corbacho et al. Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



evidences showed that ER-generated long-chain ceramide via DES activity was transferred 

to mitochondria isolated from rat liver, which induced mitochondrial outer membrane 

permeabilization (MOMP) and cytochrome c release (71).

3.2 Mitochondrial ceramide and apoptosis

3.2.1 Apoptosis: brief overview—Programmed cell death, namely apoptosis, is a 

precise regulated form of cell death that is crucial for homeostasis and normal development 

of multicellular organisms all over the animal kingdom. It was originally recognized by 

changes in cell morphology in the form of shrinkage, chromatin condensation and nuclear 

fragmentation. During apoptosis, the cellular contents become enclosed in apoptotic bodies 

surrounded by the plasma membrane. All of these cellular changes are mainly caused by the 

activity of caspases that cleave several proteins leading to recognition and engulfment of 

apoptotic bodies by phagocytes.

Apoptosis in vertebrates classically progresses through one of two signaling pathways 

known as extrinsic, which implies the binding of a death ligand to its cell surface death 

receptors (e.g. TNF-α to TNFR1), and intrinsic pathways, initiated by intrinsic signals such 

as genotoxic stress. These two pathways merge at the level of MOMP and activation of 

effector caspases, such as caspase-3, 6 and 7 (Figure 3).

The mitochondrial (intrinsic) pathway of cell death involves the interactions between three 

subgroups of the BCL-2 protein family: the pro-survival BCL-2, BH3-only proteins, and 

pro-apoptotic proteins BAX and BAK on the MOM (Figure 3). BH3-only proteins are 

induced both at transcriptional and post-translational levels by a variety of cytotoxic stress 

signals. These proteins achieve their pro-apoptotic effect by neutralizing pro-survival BCL-2 

family proteins and activating pro-apoptotic BAX and BAK. Upon stimulation of BH3-only 

proteins, oligomers are formed from BAK and BAX that lead to MOMP. Apoptogenic 

factors are then released into the cytosol, mainly cytochrome c that binds apoptotic protease 

activating factor 1 (APAF1) and stimulates the activation of caspase-9, which in turn cleaves 

and activates effector caspases-3, 6 and 7 causing apoptosis. MOMP is also associated with 

the release of a second mitochondria-derived activator of caspase (Smac/DIABLO) that 

impedes X-linked inhibitor of apoptosis protein (XIAP)-mediated inhibition of caspase. The 

effector caspases also cleave nuclear laminin that is involved in chromatin condensation, as 

well as the inhibitor of caspase-activated DNase (ICAD) that causes DNA fragmentation. 

Moreover, caspases cleave cytoskeletal proteins such as actin, gelsolin, and Rho kinase 1.

3.2.2 Role of ceramide in mitochondrial apoptosis—The essential role of ceramide 

during apoptosis has been extensively studied. For the first time, Obeid et al. demonstrated 

that exogenous ceramide treatment induces apoptosis in leukemic cells (72). Twenty years 

later, many other authors have corroborated these initial findings and demonstrated that 

levels of ceramide are increased in a variety of cell types in response to a myriad of pro-

apoptotic insults. On the contrary, inhibition of sphingolipid enzymes involved in the 

synthesis of ceramide by pharmacological agents (e.g. fumonisin B1 or myriocin) or small 

interfering RNA (siRNA) has been shown to impair cell death (73).
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Ceramide was shown to control several intracellular effectors that regulate apoptosis (Figure 

4). Particularly, it activates serine/threonine protein phosphatases (PP1 and PP2A). 

Dephosphorylation of the product of the retinoblastoma susceptibility gene pRB by PP1 is 

involved in G1 phase cell cycle arrest in response to ceramide (74,75). Moreover, PP1 is also 

involved in dephosphorylation of SR proteins, which are known to generate pro-apoptotic 

splice variants of genes encoding BCL-XL and caspase-9. On the other hand, PP2A 

mediates dephosphorylation of BCL-2 that alters mitochondrial membrane potential and 

induces apoptosis (76). Furthermore, PP2A dephosphorylates the Ser184 residue of BAX 

causing its activation and translocation in response to exogenously added C2-ceramide (77). 

Ceramide is also implicated in cathepsin D activation, which activates the pro-apoptotic BID 

protein (74). PKC-ζ is also activated by ceramide, and its activation mediates AKT 

inhibition and JNK activation to induce apoptosis (78).

Mitochondrial ceramide levels are increased in response to pro-apoptotic stimuli, such as IR, 

CD95/Fas and TNF-α, inducing key events in the apoptotic cascade, such as BAX 

translocation to the mitochondria (79) and MOMP (80). MOMP is crucial for apoptotic 

signaling, through the formation of ceramide channels (will be discussed in more details 

later). In human breast cancer cells, C6-ceramide was shown to induce MOMP (81). Some 

studies have reported that ceramide alone is not sufficient to induce MOMP; however, it was 

shown to act synergistically with BAX to induce apoptosis through MOMP (80). 

Interestingly, ceramide-enriched membrane platforms in the MOM was required for BAX 

oligomerization and pore formation, which in turn induced MOMP (82). In a histiocytic 

lymphoma cell line, ceramide was shown to transiently increase intracellular pH with a 

subsequent change in BAX conformation and apoptosis (83). In addition, ceramide was also 

able to induce BAX translocation to mitochondria through activation of p38 MAPK or 

downregulation of AKT (84,85). Ceramide has been reported to mediate MOMP by 

activating glycogen synthase kinase 3β (GSK3β) (86) through PP2A and through activation 

of cathepsin D (87,88), which then activates caspase-2, caspase-8 and BID cleavage to form 

tBID (89,90). In prostate cancer cells, ceramide was shown to induce activation and 

mitochondrial translocation of protein kinase C δ (PKCδ) with subsequent cytochrome c 

release and caspase-9 activation (91).

Furthermore, ceramide induced BAX-mediated apoptosis in various cancer types, including 

acute myeloid leukemia, glioblastoma, breast, colon, and prostate cancers (79,92,93). Thus, 

it is clear that the interplay between ceramide and mitochondria is an important feature in 

cancer biology. Moreover, ceramide could be an important therapeutic that could abrogate 

cancer cell resistance to mitochondrial apoptotic pathway.

It has been proposed that the formation of ceramide channels in the MOM is responsible for 

the ceramide-induced cytochrome c release (94). Siskind et al. showed that short-chain (C2-

ceramide) and long-chain ceramides (C16-ceramide) form large and stable channels in 

membranes. On the other hand, the biologically inactive dihydroceramides do not form such 

channels (94). A structural model was proposed to describe the formation of channels by 

ceramide. This model is based on the formation of hydrogen bonds between ceramide 

molecules forming channels and the pore size is determined by the number of ceramide 

molecules making up these pores. Moreover, according to the model, the overall 
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concentration of ceramide in the membrane is directly related to the membrane conductance 

and the individual conductance of the channels. Moreover, slight changes in ceramide 

concentration have dramatic effects on the size of the channels formed (94). The formation 

of ceramide channels and stability of existing ones are dependent on the steady-state 

concentration of ceramide in the membrane, determined by the rates of ceramide synthesis, 

breakdown, and transport. For instance, the interaction between ER membranes and the 

MOM allows ceramide exchange between the ER and the MOM (71). On the other hand, 

other sphingolipids, such as dihydroceramide and sphingosine interfere with channel 

formation (95,96). Interestingly, BCL-XL, an anti-apoptotic BCL-2 family protein, 

disassemble ceramide channels formed in phospholipid membranes (97). Moreover, 

cytochrome c release by ceramide is also inhibited by the addition of BCL-XL (97). It was 

also proposed that BAX and ceramide act in a synergistic manner to form channels in 

isolated mitochondria (80). However, the evidence for formation of ceramide channels in 
vivo is still lacking, due to the complicated landscape of cross-talk between sphingolipids 

and the BCL-2 family of proteins in the induction of MOMP. Recent data suggest a feed-

forward mechanism by which the pro-apoptotic BAK regulates the activity of CerS in the 

context of cell death, leading to elevation in ceramides within the cell, inhibition of the anti-

apoptotic BCL-2 proteins and subsequent ceramide channel formation (98).

3.3 Sphingosine and mitochondrial cell death

In addition to ceramide, sphingosine has been suggested to play a role in the control of 

apoptosis independently from ceramide in multiple cell lines (99). Igarashi and coworkers 

first reported that treatment of human neutrophils with TNF-α increased endogenous levels 

of sphingosine as well as ceramide, and induced apoptosis. Furthermore, treatment of 

neutrophils with exogenous sphingosine, but not ceramide, recapitulated the effects of TNF-

α, suggesting that sphingosine generated by the deacylation of ceramide, and not ceramide 

itself, regulates apoptosis induced by TNF-α in human neutrophils (100). Since then, several 

studies have reported the involvement of sphingosine in the regulation of apoptosis induced 

by numerous stimuli in different cell lines (99). For instance, cell death induced by 

sphingosine in HL-60 cells was shown to be caspase-dependent and been triggered earlier in 

the apoptotic pathway than that induced by ceramide (101). Furthermore, pre-treatment with 

FB1 had no effect on sphingosine-mediated cell death in HL-60 and Jurkat T cells, which 

demonstrate that the induction of apoptosis by sphingosine in not due to its conversion to 

ceramide (101,102). In a cancer model, the treatment of MCF-7 cells with doxorubicin 

triggered the accumulation of sphingosine along with the generation of ceramide, which 

preceded cytochrome c release and caspase-7 activation. Exogenous sphingosine mimicked 

the effects of doxorubicin in those cells, and BCL-XL overexpression blocked both 

doxorubicin and sphingosine-induced apoptosis but did not affect endogenous sphingosine 

levels, suggesting that sphingosine effects might occur upstream of mitochondria (103). 

Interestingly, Cuvillier at al. observed that cell death induced by exogenous sphingosine was 

inhibited by the alkaline ceramidase inhibitor D-MAPP and by FB1, which may suggest that 

sphingosine needs to be acetylated to ceramide first and then deacylated to sphingosine later 

in order to trigger cell death in certain cell lines (103).
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There are several mechanisms that underlie sphingosine-induced cell death including: 

inhibition of Akt/Protein kinase B, inhibition of ERK, BID cleavage, cytochrome c release, 

activation of effector caspase 3,7 and PARP cleavage. Moreover, sphingosine has been 

shown to decrease BCL-2 and BCL-XL expression and induce BAX cleavage and its 

association with BCL-2 (99). Sphingosine induced cell death can also be mediated through 

regulation of PKC. Sphingosine has initially been shown to inhibit PKC (104), an important 

prosurvival signal in the cell. Later on, a truncated form of proapoptotic PKCδ formed by 

caspase-3 mediated cleavage of full length PKCδ has been described as a sphingosine-

dependent protein kinase (SDK1) (105). SDK1 has several substrates including the 14-3-3 

proteins, which act as chaperones for members of the -2 family proteins, such as BAX. 

Nevertheless, in a cellular event where PKC is stimulated, sphingosine can still induce 

apoptosis suggesting the presence of PKC-independent pathway of cell death (106).

3.4 SK1/2, S1P and degradation products in mitochondrial cell death

There are multiple lines of evidence that link S1P to cell growth and cell survival (107). 

However, overexpression of SK2 (but not overexpression of SK1) and concomitant S1P 

elevation has been shown to sensitize cells to chemotherapeutics and caused apoptosis in 

multiple cell lines induced by different cell stressors, which was preceded by cytochrome c 

release from the mitochondria and caspase-3 activation. The pro-apoptotic effects of SK2 

were demonstrated to be independent of the cell surface receptors of S1P, which suggested 

an intracellular role of SK2 in the regulation of apoptosis (108). Interestingly, the sequence 

analysis of human and mouse SK2 unveiled that N-terminal fragment of SK2, but not SK1, 

contains a BH3 domain that allows its binding to the pro-apoptotic BCL-XL and revokes its 

anti-apoptotic effect (108).

SK1 effect on apoptosis has also been examined in relation to BAX and BAK. SK1 

knockdown by siRNA in breast cancer MCF-7 cells induced BAX oligomerization, caspase 

activation and cytochrome c release (109). Recently, in purified mitochondria, it was 

reported that C8-BID-induced cytochrome c release was dependent on two nSMases 

(SMPD3 and 4) (110). Consequent studies revealed that S1P induces BAK while 

hexadecenal induces BAX to trigger cytochrome c release (110). In MEFs, SK2, but not 

SK1, has been shown to be required for the sensitivity to TNFα and actinomycin D. 

Moreover, adding SK2 and minimal amount of C8-BID to WT heavy membrane fraction 

triggered cytochrome c release (110). These findings suggest that individual BCL-2 proteins 

could collaborate with different parts of the sphingolipid metabolic pathway to induce cell 

death.

3.5 Ceramide and mitophagy

3.5.1 Mitochondrial autophagy (Mitophagy)—Autophagy is a process by which many 

cytoplasmic elements, including ER, mitochondria, and peroxisomes are engulfed by 

autophagosomes. Recently, it was suggested that the autophagic process could be specific to 

a certain organelle that is initiated by specific organelle’s proteins. For example, Uth1p, is a 

MOM protein that initiates mitochondrial autophagy. The term mitophagy has been used to 

denote the autophagic degradation of mitochondria. Dysfunctional and aged mitochondria 

need to be removed from cells by autophagosomes as they can release pro-apoptotic proteins 
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and generate reactive oxygen species (ROS). It has been reported that the mitochondria are 

engulfed by autophagosomes upon loss of their membrane potential or during permeability 

transition. It was suggested that accumulation of ROS in the damaged mitochondria act as a 

signal to LC3 positive autophagosomes (111).

Autophagy proceeds with formation of phagophores, cup-shaped structures that enlarge and 

engulf organelles and other cytosolic contents. Phagophores then mature and form 

autophagosome, which then fuse with lysosomes to form autophagolysosomes (112). The 

autophagy genes (Atg) were first discovered in yeast that facilitated our understanding of the 

mechanism underlying autophagy. Most of Atg genes are conserved in humans and have 

been shown to play roles in the autophagic process (113,114). LC3, the mammalian 

homologue of Atg8, plays an important role in the formation of mature autophagosome and 

has three forms LC3A, LC3B, and LC3C. LC3-I is the cytosolic form with a C-terminal 

glycine (Gly120) (115). LC3 is cleaved during autophagy by a protease, Atg4, and then 

activated by Atg7 to be transferred to E2-like ubiquitin ligase, Atg3. These events cause 

binding of C-terminal Gly120 residue to phosphatidylethanolamine (PE) to form LC3-II, 

which is then recruited to autophagosomal membranes leading to the formation of mature 

autophagosome (116).

Depending on the mechanism of mitochondrial sequestration into autophagosomes, three 

types of mitophagy have been proposed (117). The type 1 mitophagy occurs during 

deprivation of nutrients and involves mitochondrial fission. The process starts with 

phagophores formation. The phagophores then enlarge and surround the mitochondria to 

form what is called mitophagosomes, which once is acidified activates lysosomal enzymes. 

The type 2 mitophagy occurs during mitochondrial photo damage. In this type of mitophagy, 

the LC3 positive structures aggregate and surround depolarized mitochondria and degrade 

mitochondria into autophagosome. The type 3 mitophagy (micromitophagy) is associated 

with the formation of mitochondria-derived vesicles that move to the lysosomes. These 

vesicles are released following oxidative stress in the mitochondria. This type of mitophagy 

does not involve LC3, but it involves Pink 1 and Parkin proteins and is not associated with 

mitochondrial fission or depolarization. Micromitophagy allows selective removal of 

oxidized and damaged components without total mitochondrial degradation.

3.5.2 Role of ceramide in mitophagy—Depending on the context, mitophagy could 

play a role in either cell death or survival. Mitophagy could induce cell survival when it 

degrades mitochondria before the activation of caspase-dependent apoptosis. Conversely, 

excessive or sustained mitophagy could be associated with lysosomal enzymes release, such 

as cathepsins, that stimulate caspase-mediated apoptosis. Mitophagy could also function as 

an apoptosis-independent programmed cell death mechanism. Such a mechanism has been 

shown to be dependent on CerS1 and its product C18-ceramide. It was previously shown 

that CerS1/C18-ceramide induces lethal mitophagy in head and neck squamous cell 

carcinomas, which occurred independently of BAK, BAX, or caspases (118). The authors 

reported that either CerS1 overexpression or treatment with C18-pyridium-ceramide was 

associated with generation of LC3-II that interacts with ceramide on the mitochondrial 

membranes. Such binding triggers mitochondrial targeting by autophagosome. Moreover, 

the authors reported that CerS6-generated C16-ceramide did not induce mitophagy; 
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however, mitophagy was induced by treatment with C16-pyridinium ceramide that 

accumulates in the mitochondria. From these findings it was suggested that the sub-cellular 

localization of ceramides, but not their acyl chain length, is the main determinant of their 

biological effect in mitophagy (118).

Ceramide has been shown to have higher affinity to LC3-II than LC3-I that was believed to 

involve LC3 central hydrophobic domain, which is structurally similar to ceramide 

transporter, CERT. The Ile35 and Phe52 residues within the hydrophobic domain are 

required for ceramide binding (118,119), suggesting that ceramide plays a novel role as a 

receptor at the mitochondrial membrane to bind LC3-II-containig autophagosomes.

3.6 Sphingolipids, altered apoptosis and disease

3.6.1 Sphingomyelin hydrolysis and ceramide generation in Alzheimer’s 
disease (AD)—Alzheimer’s disease (AD) is the most common chronic and progressive 

neurodegenerative disorder, which is characterized by extracellular deposits of amyloid β-

peptides (Aβ) and intracellular deposits of hyperphosphorylated tau protein. Although the 

molecular mechanism underlying AD is poorly understood, an increasing body of literature 

has linked nSMase2-mediated SM hydrolysis to the pathogenesis of AD (120). Ayasolla et 

al. first reported that Aβ25–35 peptide increased the activation of nSMase activity and 

subsequent ceramide accumulation in rat primary astrocytes and neurons, which correlated 

with increased cell death (121). Furthermore, treatment of neuronal cells with Aβ1–42 or an 

elevated ratio of Aβ1–42/Aβ1–40 upregulated nSMase activity and elevated ceramide levels. 

Aβ1–42 was also shown to directly bind and activate nSMase in vitro (122).

3.6.2 Role of ceramide in Ischemia/Reperfusion (IR)—Accumulation of ceramide 

has been reported to mediate apoptosis in the injured tissue in several in vivo IR models, 

such as rat brain, mouse kidney and liver, and rat heart (123). Several lines of evidence have 

linked the production of cytokines in the IR tissue (e.g. TNF-α and IL-1β) to ceramide 

accumulation and tissue apoptosis (123). For instance, in a rat left coronary artery occlusion 

IR model, ceramide levels increased up to 50% in reperfused myocardium which was 

associated with decreased ceramidase activity (124). On the other hand, increased ceramide 

levels that was attributed to SM hydrolysis has been observed in brain (for a review see 

(120)).

Altered ceramide metabolism within the mitochondria has been demonstrated to regulate 

mitochondrial dysfunction, which plays an essential role in tissue damage after brain IR 

(125). In mild IR ceramide accumulation is mainly caused by increased de novo 
biosynthesis. The elevated ceramide levels were observed in mitochondria (for C18, C18:1, 

and C16 ceramides) and ER (for all of ceramide species) suggesting the activation of 

different CerS in these two compartments. Among different CerS, CerS6 activity has been 

shown to be increased in the mitochondria in response to IR (64). Increased de novo 
ceramide biosynthesis has been shown in response to hypoxia, glucose deprivation, or TNF-

α in cultured brain cells. Similarly, in neuronal precursor NT-2 cells, a massive increase in 

C14 and C16-ceramide and a small increase in C18, C18:1, and C20-ceramide were induced 
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by exposure to hypoxia/reoxygenation that were primarily mediated by aSMase and CerS5 

(for more details see (125).

3.6.3 Ceramide in diabetes mellitus—Diabetes mellitus is one of the top causes of 

death in the world. Multiple studies have suggested that excessive apoptosis of pancreatic β-

cells contributes to the development of type 1 and type 2 diabetes (126). Over the past 

twenty years, several lines of evidence have implicated ceramide in cytokine-induced 

apoptosis of β-cells (127). For instance, in vitro models showed that the treatment of insulin-

producing MIN6 cells and RINm5F cells with TNF-α and IL-1β, respectively resulted in 

accumulation of endogenous ceramide and subsequent apoptosis. Moreover, exogenous 

ceramide recapitulated the effects of the cytokines (128,129). Results from an in vivo model 

demonstrated that caspase-8 is necessary for cytokine-induced diabetes Interestingly, β-cell–

specific caspase-8 knockout mice, RIPcre+Casp8fl/fl, were protected from apoptosis 

triggered by IL-1β/ FasL as well as ceramide treatment, whereas wild-type mice, 

RIPcre+Casp8+/+, were not (130).

Similarly, ceramide has also been suggested to mediate free fatty acid (FFA)-induced cell 

death in β-cells. In the diabetic rat model, palmitate has been reported to induce β-cell 

apoptosis, and a similar effect has also been reported in healthy rats and human β-cells. In 

the Zucker diabetic fatty (ZDF) rat model, de novo synthesized ceramide has been shown to 

mediate β-cell apoptosis induced by FFA (126,131). FFA-induced β-cell apoptosis involves 

the intrinsic apoptotic pathway, as increased BAX and decreased BCL-2 expressions have 

been reported in FFA-treated β-cells (132).

3.6.4 Sphingolipids in cancer—Sphingolipids, and more particularly ceramide and S1P, 

have been extensively implicated in multiple aspects of carcinogenesis, cancer progression, 

and drug resistance. Due to its essential role in the regulation of physiological as well as 

pharmacologically-induced apoptosis, ceramide has been considered a tumor-suppressor 

lipid. In contrary, S1P is considered a tumor-promoting lipid. As a result, multiple strategies 

for cancer treatment target sphingolipid metabolism (133).

The generation of ceramide via aSMase was shown to be crucial in the modulation of cancer 

progression and its inhibition was linked to resistance to a variety of anti-cancer drugs (134). 

Likewise, upregulated GCS in MCF-7 breast cancer cells induced resistance to pro-apoptotic 

stimuli such as TNF-α and doxorubicin (135). Similarly, CerS expression has been 

demonstrated to regulate the sensitivity to cancer chemotherapeutic agents and radiation. 

Overexpression of CerS1in HEK-293 cells was demonstrated to sensitize those cells to 

several anti-cancer drugs such as cisplatin, carboplatin, doxorubicin and vincristine, whereas 

CerS5 increased sensitivy to doxorubicin and vincristine (136). CerS6 expression was found 

to be decreased in the TRAIL-resistant SW620 colon cancer cells as compared with the 

TRAIL-sensitive SW480 cells. CerS6 expression was demonstrated to affect the 

translocation of caspase-3 to the nucleus and subsequent nuclear permeability (137).

Ceramide synthases have been also related to the pathobiology of cancer (8,138). Decreased 

CerS1 expression, and its product C18-ceramide, was found in head and neck squamous cell 

carcinomas (HNSCC) as compared to normal tissue, which correlated with lymphovascular 
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invasion and nodal metastasis (139). Subsequent work demonstrated that overexpression of 

CerS1 and elevated C18-ceramide generation decreased cell growth in HNSCC via 

inhibition of the activity of telomerase and increased sensitivity to gemcitabine/doxorubicin 

treatment by upregulating caspase-3 and -9 activation (9). On the other hand, silencing of 

CerS6 and decreased C16-ceramide triggered ER stress through activation of the ATF6-

CHOP branch of the unfolded protein response (140).

The role of SK and its product S1P have been widely demonstrated to promote tumor growth 

and progression (for a review (107,138,141,142)). Increased levels of SK/S1P were found in 

a multitude of cancer and tumor tissues such as colon, lung, brain, stomach, kidney and 

breast cancer (143). SK1 has been shown to play an essential role in the malignant 

transformation and tumor formation of immortalized 3T3 fibroblasts (138,144) and have 

been demonstrated to correlate with drug resistance and poor prognosis (107). For instance, 

over-expression of SK1 in MCF-7 cells increased drug resistance and formed more and 

larger tumors when injected into mice as compared to vector control (145). Similarly, 

elevated SK1 conferred resistance to UV-induced and adriamycin-induced glioma cells 

apoptosis, whereas knockdown of SK1 decreased resistance to apoptotic insults. SK1 

inhibitor (SK1-I) mimicked the siRNA SK1 results (146). Treatment with SK inhibitors has 

been observed to sensitize pancreatic, prostate and pancreatic cells to chemotherapeutic 

drugs (143), opening a new avenue for cancer therapy by targeting the SK1/S1P axis. SK2 

inhibitor ABC294640 showed to increase death in cancer cells. However, these results have 

to be carefully taken due to the lack of specificity.

The role of S1P in angiogenesis has been extensevely studied. Multiple growth factors as 

well as cytokines increase SK1 activity by inducing its phosphorylation, followed by the 

elevation of S1P levels, which binds S1P receptors (S1PR1-S1PR5) leading to activation of 

G protein-coupled receptors (GPCRs) and subsequent angiogenesis (4). A recent study by 

Salama et al. showed that SK1 mediates angiogenesis and invasion of VHL deficient clear 

cell renal cell carcinoma cells (147). On the other hand, recent work have linked SK2-S1P, 

and not SK1, in Ezrin-Radixin-Moesin (ERM) phosphorylation and cell invasion induced by 

EGF in HeLa cells, defining a new mechanism of cell invasion and novel role of SK2 (148).

4. Summary and future directions

In this review, we have attempted to summarize the current knowledge about sphingolipids 

and their role in mitochondrial functions. Ceramide has been linked to the control of 

important cellular functions, such as apoptosis, that is tightly regulated by cellular 

components (e.g. cytochrome c release), which reside within mitochondria. Understanding 

the mechanism by which ceramides control mitochondrial permeability has become of 

crucial importance as altered regulation of cell death results in human diseases such as 

cancer or diabetes. Although enormous advances have been made in the last decades, there 

are many questions that remain unanswered with regard to ceramide biosynthetic pathways. 

One of them is to pinpoint the specific subcompartments where ceramide is elevated and its 

specific mechanism of action. On the other hand, the relationship between ceramide 

metabolism, ceramide channel formation and BCL-2 family members is not completely 

understood. As stated above, the pro-apoptotic protein BAK has been indentified to regulate 
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CerS activity during apoptosis; however, further studies will be necessary in order to 

elucidate which CerS is regulated by BAK and what is the mechanism involved.

Ceramide has been reported to regulate mitophagy by acting as a mitochondrial receptor for 

LC3-II-containing autophagosomes and recruiting autophagolysosomes to damaged 

mitochondria. The role of ceramide in mitophagy is of great significance as the binding of 

ceramide to LC3-II has been linked to HNSCC cell death and tumor suppression and 

unveiled the direct binding of ceramide to proteins. Furthermore, ceramide-mediated 

mitophagy has been shown to be downstream of DRP1 (DNLM1)- mediated mitochondrial 

fission (118). Mitochondrial fission induced by DRP1 (DNML1) has been described to have 

a protective role. Thus, future studies may shed light on the the activation mechanism of 

DNML1 in ceramide-mediated lethal mitophagy.

The fact that enzymatic activity involved in ceramide generation has been found within 

mitochondria has demonstrated the existence of a specific pool of ceramide that may 

regulate processes such as mitochondrial apoptosis and/or mitophagy. Furthermore, the 

transport of ER-generated ceramide to mitochondria has been reported in an in vitro model, 

suggesting that exchange of ceramide between these two compartments may also contribute 

to increased ceramide in mitochondria during apoptosis. The isolation and characterization 

of MAMs further supports the later mechanism. Although there is no supporting data so far, 

another possibility is that some unknown protein transporters (similar to CERT) may deliver 

ER-generated ceramide to mitochondria.

As mention above, ceramide has the capacity to promote cell death by inducing MOMP (by 

the formation of ceramide channels and the interaction of ceramide with the BCL-2 family 

proteins) or by activating proteins involved in MOMP. Thus, the manipulation of 

sphingolipid metabolism by targeting the enzymes involved in the synthesis and degradation 

of mitochondrial ceramide (and therefore its metabolites) by using specific inhibitors, alone 

or in combination with other drugs, offers a new and promising therapeutic approach that 

needs further investigation.
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Figure 1. Chemical structures of sphingolipids
Sphingolipids are composed of a sphingosine or dihrydrosphingosine backbone (marked in 

blue). N-acylation (red) of the sphingoid backbone generates (dihydro)ceramide and 

derivatives. Complex sphingolipids are generated by the addition of head groups (black) to 

ceramide. Sphingomyelin contains a phosphocholine head group; glucosylceramide and 

galactosylceramide contain a single glucose or galactose molecule, respectively, whereas 

ceramide-1-phosphate consists of a phosphate head group linked to ceramide.
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Figure 2. Sphingolipid metabolism
Ceramide is the centerpiece of the sphingolipid metabolism and can be synthesized by 

multiple pathways. Ceramide can be generated by the de novo pathway (orange box) from 

the condensation of serine and palmitoyl-CoA to generate 3-ketodihydrosphingosine, which 

is then reduced to dihydrosphingosine (also known as sphinganine) and further acylated by 

ceramide synthases (CerS). Ceramide can be hydrolyzed to sphingosine and then reacylated 

back to ceramide in the salvage/ recycling pathway or phosphorylated to sphingosine-1-

phosphate by sphingosine kinase (SK) and exit the sphingolipid metabolism by the action of 

the sphingosine-1-phosphate lyase (SPL) (blue box). Ceramide can also be formed by the 

hydrolysis of more complex sphingolipids such as sphingomyelin (purple box), 

glucosylceramide (turquoise box) and galactosylceramide (black box). Serine 

palmitoyltransferase (SPT); 3-ketodihydrosphingosine reductase (KDHR); 

(dihydro)ceramide synthase (CerS); dihydroceramide desaturase (DES); ceramidase 

(CDase); sphingosine-1-phosphate phosphatases (SPP); sphingomyelinases (SMase); 

sphingomyelin synthase (SMS); glucosylceramide synthase (GCS); glucosylceramidase 

(GCase); ceramide galactosyltransferase (CGT); galactosylceramidase (GALC); ceramide 

kinase (CERK); ceramide-1-phosphate phosphatase (C1PP).
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Figure 3. The extrinsic (receptor-mediated) and intrinsic (mitochondrial) pathways of apoptosis
The receptor-mediated (extrinsic) pathway of apoptosis is initiated when ligands of TNF-α 
family such as FAS and TNF-α bind their plasma membrane-bound death receptors, this 

binding leads to activation of caspase-8 via TNFR-associated death domain (TRADD) and 

FAS-associated death domain (FADD) proteins. TRADD is required for induction of 

apoptosis in response to TNF-α a binding to TNFR. TRADD and FADD activate effector 

caspases (caspase-3, 6 and 7) causing apoptosis. Moreover, caspase-8 generates the active 

truncated form of BID (tBID) that inhibits pro-survival BCL-2-like proteins (BCL-2) and 

engages in the mitochondrial pathway. However, this engagement is only apparent in certain 

cells such as liver cells (type 2 cells), while it is absent in type 1 cells, such as thymocytes. 

Several stimuli such as DNA damaging agents, oncogenes, and ER stress stimulate the 

mitochondrial (intrinsic) pathway via activation of BH3-only family of proteins that inhibit 

pro-survival BCL-2 like proteins. Such inhibition leads to activation of pro-apoptotic BAX 

and BAK and subsequent disruption of the mitochondrial membrane and the release of 

cytochrome c and SMAC (second mitochondria-derived activator of caspases). Cytochrome 

c activates caspase-9 via APAF1 (apoptotic protease-activating factor 1) that activates 
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effector caspases, whereas SMAC blocks the caspase inhibitor protein XIAP (X-linked 

inhibitor of apoptosis protein).
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Figure 4. Regulation of mitochondrial apoptosis by ceramide
Ceramide can regulate apoptosis via multiple mechanisms. Elevated ceramide levels controls 

MOMP, and subsequent cytochrome c release by BAX oligomerization and ceramide 

channel formation. In addition, ceramide-induced activation of PKC-ζ induces BAK 

oligomer formation and MOMP via AKT inhibition and JNK activation, whereas activation 

of PKC-δ leads to cytochrome c release from mitochondria to cytosol. On the other hand, 

dephosphorylation of SR protein or GSK-3β by ceramide-activated protein phosphatase PP1 

and PP2A, respectively, results in activation of effectors caspases. Ceramide acts as 

activation of the protease cathepsin D, which in turn cleaves BID to its active form resulting 

in caspase activation.
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