
Science in medicine

4222	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 121      Number 11      November 2011

Introduction
Obese individuals are at elevated risk of mortality caused by dia-
betes and cardiovascular disease (1), and a number of mechanisms 
have been proposed to explain the relationship between increased 
adiposity and the onset of these deadly pathologies. A hypoth-
esis gaining credibility is that the adipose stores in some obese 
individuals become saturated and lipotoxic fat metabolites spill 
over into tissues not suited for lipid storage (2). Of the myriad 
bioactive lipids that can accumulate in these tissues, the sphin-
golipid ceramide and its glucosylated metabolites warrant par-
ticular attention. Studies conducted in rodent models of diabetes, 
cardiomyopathy, insulin resistance, atherosclerosis, and hepatic 
steatosis reveal that inhibiting production of these sphingolipids 
delays or prevents disease onset (2–4). Thus, abundant evidence 
suggests that ceramide is one of the most toxic lipids that can 
accumulate in the obese.

While ceramide has  long been known to  induce necrosis or 
apoptosis in numerous types of cells, recent studies indicate that 
ceramide and its metabolites have profound effects on cellular 
metabolism (5). In this review, we intend to explore ceramide in 
this capacity — as a regulator of energy production and nutrient 
utilization. The metabolic impairments caused by ceramide likely 
contribute to the tissue dysfunction underlying the numerous dis-
eases associated with obesity.

Ceramide production and degradation
Ceramides are a family of lipids that consist of sphingosine cova-
lently linked to a fatty acid. Though ceramides were previously 
believed to be merely structural components of the cell membrane, 
discoveries over the last few decades reveal that virtually all stress 
stimuli (e.g., inflammatory mediators, heat, UV radiation, hypoxia, 
chemotherapeutics, and oxidative stress) increase ceramide pro-
duction as part of an evolutionarily conserved cellular response 
(6–10). Three major pathways — de novo synthesis, sphingomyelin 
hydrolysis, and the salvage pathway — account for the production 
of ceramide within the cell (Figure 1).

De novo ceramide synthesis. The best characterized of the three 
pathways is the de novo synthesis of ceramide, which begins with 
the transfer of a serine residue onto a fatty acyl-CoA via serine pal-

mitoyltransferase (SPT) to form 3-keto-sphinganine (3KSn) (11), 
the 18-carbon backbone on which more complex sphingolipids are 
built. Three subsequent enzymatic reactions, catalyzed by 3KSn 
reductase, (dihydro)ceramide synthases (CerS), and dihydrocer-
amide desaturases (Des1 and -2), convert this transient interme-
diate into ceramide. Several of the enzymes involved in de novo 
ceramide synthesis are induced by inflammatory events that are 
upregulated in obesity (see below). Moreover, pharmacological or 
genetic inhibition of enzymes required for de novo ceramide syn-
thesis (i.e., SPT, CerS, and Des1) exerts a potent effect on cellular 
energetics and metabolism. For example, studies conducted using 
in vitro and in vivo model systems reveal that these manipulations 
improve postprandial glucose tolerance and reverse insulin resis-
tance caused by glucocorticoids, saturated fatty acids, inflamma-
tion, high-fat feeding, and leptin deficiency (12). Since impairment 
in glucose tolerance places individuals at risk for virtually all the 
metabolic diseases discussed above, this may be a major mechanism 
through which ceramide depletion wards off the complications of 
obesity. A workhorse tool for these studies has been the SPT inhibi-
tor myriocin, a compound originally isolated from an extract of 
the fruiting bodies of the fungus Isaria sinclairii (辛克莱棒束孢) 
and its parasitic host larva. I. sinclairii	extracts are commonly used 
in traditional Chinese medicine as nostrums to treat a plethora of 
conditions, including diabetes, due to their perceived ability to con-
fer eternal youth. Myriocin protects against diabetes in Zucker dia-
betic fatty (ZDF) rats (12), atherosclerosis in apoE-deficient mice 
(13), cardiomyopathy in mice with cardiac-specific overexpression 
of glycosylphosphatidylinositol-anchored (GPI-anchored) human 
lipoprotein lipase (14), and hepatic steatosis in leptin-deficient (ob/
ob) and diet-induced obese (DIO) mice (15).

We have previously attributed the improved insulin sensitivity 
and glucose homeostasis caused by myriocin to an increase in 
insulin signaling, due to ceramide’s potent inhibitory effect on 
the insulin-signaling intermediate Akt (discussed below and ref. 
13). However, two recent studies suggest that myriocin may addi-
tionally affect fatty acid oxidation. This would predictably lead to 
the decreased delivery of fat to peripheral tissues and a resulting 
improvement in glucose utilization. Yang et al. (14) treated three 
rodent models of obesity (db/db and high-fat–fed mice treated at 
either the onset or after several weeks of high-fat feeding) with 
myriocin. After 8 weeks of treatment, they found that the inhi-
bition of ceramide synthesis was associated with reduced weight 
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gain compared with nontreated controls. They observed no dif-
ference in consumption patterns, but rather found that the dis-
crepancy in weight was associated with a several-fold elevation in 
levels of adipose uncoupling protein–3 (UCP-3), a mitochondrial 
protein that increases metabolic rate. Of note, other studies have 
reported minimal effects of myriocin on weight (15, 16), and the 
reason for the discrepancy is unclear. Ussher et al. (17) found that 
myriocin reversed a variety of obesity-induced decrements. For 
example, myriocin-treated mice experienced an increase in oxy-
gen consumption rates, fatty acid oxidation, and heat produc-
tion when compared with vehicle-treated controls. Interestingly, 
fenretinide, an inhibitor of dihydroceramide desaturase (18), has 
also been shown to prevent and reverse diet-induced obesity (19). 
In particular, in exploring the insulin-sensitizing nature of fen-
retinide treatment, Preitner et al. (19) found that regardless of 
when fenretinide supplementation was introduced in the life of 
DIO mice (i.e., at the onset or after 22 weeks of high-fat feeding), 
it reduced adiposity, particularly in subcutaneous and visceral fat 
depots. Despite some discrepancies, these studies suggest that 
disruption of de novo ceramide synthesis may have a beneficial 
impact on metabolism.

Sphingomyelin hydrolysis. The second ceramide-generating pathway 
involves the hydrolysis of the phosphocholine head group from 
sphingomyelin by a small family of sphingomyelinase (SMase) 
enzymes distinguished by their pH optima and/or subcellular loca-
tion (20, 21). As sphingomyelin is the most abundant sphingolipid 
in mammals, its capacity as a source of ceramide is enormous.

Several noxious stimuli activate SMase, including pathogens, 
oxidative stress, and inflammatory signals (2, 22); the resultant 
ceramide  accumulation  is  thought  to  mediate  stress-induced 

apoptosis in a variety of cell types (23, 24). Two proinflammatory 
cytokines, TNF-α and IL-1β, activate SMase and induce ceramide 
accrual (25, 26). TNF-α has been widely shown to induce and corre-
late with insulin resistance (27–30). However, the role of TNF-α in 
insulin resistance is somewhat controversial, and the importance of 
ceramide as a mediator of TNF-α action is under debate (31–34).

A limited number of studies have explored the role of SMase in 
metabolic function and obesity. Samad et al. (35) found that neu-
tral and acid SMases were elevated in adipose of obese rodents, 
possibly through a TNF-α–regulated mechanism. Interestingly, 
humans with type I Niemann-Pick syndrome, a condition result-
ing from the absence of acid SMase activity, have trouble gaining 
and maintaining body weight (36). Mouse models of the condition 
display weight loss and severe hepatomegaly and hepatosteatosis 
(37), suggesting inappropriate lipid handling. Deevska et al. (38) 
explored the ability of acid SMase to alter metabolic function in 
mice lacking LDL receptors (Ldlr). When challenged with high-fat 
diet, Ldlr-KO mice exhibit more severe obesity and dyslipidemia 
than wild-type mice (39). However, crossing them with mice lack-
ing acid SMase improved glucose and insulin tolerance as well 
as insulin-stimulated glucose uptake. Interestingly, the double-
knockout mice were somewhat resistant to diet-induced obesity 
and gained less weight than the mice lacking only Ldlr.

Salvage pathway. Ceramide can also be produced by the catabo-
lism of other complex sphingolipids, albeit indirectly. Through 
a series of events referred to as sphingolipid recycling or the 
salvage pathway, higher-order sphingolipids (sphingomyelin 
and  glycosphingolipids)  are  degraded  within  acidic  cellular 
compartments  by  resident  enzymes  (acidic  SMase  and  acid  
β-glucosidase 1, respectively) to form ceramide (40–42), which is 
itself degraded into sphingosine and FFAs that are able to enter 
the cytosol (43). Once in the cytosol, sphingosine is converted 
back to ceramide via ceramidase. Though less well known, the 
salvage pathway may account for over half of the sphingolipid 
pool within the cell (44). The relative importance of this path-
way  in obesity-induced ceramide accrual  remains unknown. 
However, overexpression of acid ceramidase (AC) in cultured 
cells is potently insulin sensitizing, suggesting that lysosomal 
metabolism of ceramide has beneficial effects (45).

Regulation of ceramide synthesis in obesity
For some time, ceramide production was thought to be con-
trolled mainly by the availability of its two initial substrates, 
palmitate and serine. Since these nutrients are likely to be deliv-
ered in excess supply in individuals that overeat, the increased 
substrate availability would be predicted to induce ceramide 
synthesis. However, recent studies reveal that tissue ceramide 
levels are regulated by hormonal signals that modulate rates 
of synthesis and degradation. Inflammatory agonists, which 
are upregulated in obesity and contribute to insulin resistance 
and other complications of obesity, are important drivers of 
ceramide production (31). Conversely, the insulin-sensitizing, 
antidiabetic, and cardioprotective hormone adiponectin exerts 
its broad spectrum of actions by degrading ceramide via cerami-
dase activation (Figure 2 and ref. 46).

Inflammation and ceramide synthesis. All multicellular organisms 
possess an innate immune system that protects them from invad-
ing pathogens. TLRs are essential mediators of this system and 
respond to distinct molecules found on microbial pathogens. LPS 
(endotoxin), present on Gram-negative bacteria, is a particularly 

Figure 1
Ceramide can be produced by three pathways. De novo ceramide 
synthesis depends on the availability of palmitate and serine, while 
sphingomyelin hydrolysis and ceramide salvage both require an initial 
supply of ceramide. Ss, sphingosine.
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well-characterized activator of TLR4, which initiates phagocytosis 
of invading organisms and promotes the synthesis and secretion 
of inflammatory cytokines to recruit additional immune cells to 
the area. A large number of groups have reported that saturated, 
but not unsaturated, fatty acids activate TLR4 response (47–52), 
and Shi et al. (47) demonstrated that this is essential for acute 
lipid-induced insulin resistance. Subsequent studies in animals fed 
high-fat diets revealed that TLR4 depletion improves insulin sensi-
tivity in various tissues (48, 50, 52, 53), though the mechanism or 
mechanisms underlying the connection among fatty acids, TLR4, 
and insulin action remained unclear until recently.

TLR4 agonists have long been known to promote ceramide 
synthesis. Through the LIPID MAPS consortium (http://www.
lipidmaps.org/), the Merrill group conducted a broad lipidomic 
profile of cells treated with LPS and demonstrated a selective 
and robust effect on sphingolipid levels within the cell (54). We 
have recently shown that mice lacking a functional TLR4 fail 
to accumulate ceramide in response to elevated saturated fatty 
acids in insulin-sensitive muscle, liver, and hypothalamus (31). 
Thus, even when tissues were in a profoundly hyperlipidemic 
environment, a functioning inflammatory response was neces-
sary to drive ceramide synthesis. More importantly, inhibition 
of sphingolipid synthesis negated the effects of inflammatory 
agonists on insulin action (34). Thus, TLR4 was requisite for 
palmitate-induced insulin resistance and ceramide synthesis, 
while ceramide synthesis was requisite for TLR4-induced insulin 
resistance. These data place palmitate, TLR4, and ceramide on a 
linear pathway that modulates insulin sensitivity.

We have recently shown that LPS and saturated fatty acids, via 
TLR4, increase levels of transcripts encoding virtually all of the 
enzymes involved in de novo ceramide synthesis, including SPT 
subunits, CerS isoforms, and Des1 (31). This transcriptional regula-
tion is governed by NF-κB, as the loss of IκKβ, an upstream kinase 
involved in NF-κB activation, blocks the response. Accordingly, treat-
ment of DIO mice with the IκK inhibitor sodium salicylate selectively 
reduced tissue ceramides and restored insulin sensitivity (31).

Insulin,  in addition to having peripheral effects  in skeletal 
muscle and the liver, has actions within the central nervous sys-
tem. In the arcuate nucleus of the hypothalamus, insulin signal-
ing promotes satiety and reduces hepatic glucose output (55), 
preventing obesity and maintaining glucose homeostasis (56). 
The same stimuli that activate TLR4 have been shown to induce 
hypothalamic insulin resistance (57, 58), and we recently identi-
fied ceramide as a likely candidate in mediating lipid- and inflam-
mation-induced insulin resistance in this region (31).

Adiponectin and ceramide degradation. The beneficial metabolic effects 
of  the adipocyte-derived hormone adiponectin were previously 
thought to be mediated by AMPK (59, 60), a serine/threonine kinase 
that promotes glucose uptake and lipid oxidation. However, the 
AMPK-centric theory of adiponectin action is challenged by recent 
findings revealing that liver kinase B1 (LKB1), which is required for 
AMPK activation, is dispensable for the hormone’s effects (46, 61). 
Instead, the Scherer group demonstrated that adiponectin receptors 
activate cellular ceramidase activity (46), resulting in the degradation 
of ceramide to form sphingosine. The authors presented data sug-
gesting that this depletion in ceramide could account for a broad 
spectrum of adiponectin actions, including its ability to prevent 
apoptosis of pancreatic β cells and cardiomyocytes.

We previously demonstrated that overexpression of an AC iso-
form is insulin sensitizing in vitro (45). An intriguing possibility 
is that increases in sphingosine by the ceramidase activity of adi-
ponectin receptors lead to elevations in a downstream product, 
sphingosine 1-phosphate (S1P), which opposes ceramide action. 
Thus, ceramidase activation would not merely serve to reduce 
ceramide levels, but also to convert the sphingolipid to a degrada-
tion product with antagonistic effects.

S1P is a bioactive lipid that signals through a family of G pro-
tein–coupled receptors in addition to having other intracellular 
actions. The opposing action of these two sphingolipids on cell sur-
vival prompted researchers to speculate that a cellular S1P-ceramide 
rheostat is a key regulator of cellular health (62). Recent studies sug-
gest that such a rheostat may also exist for metabolic regulation. 
In stark contrast to ceramide, S1P promotes nutrient uptake (63) 
and increases basal and insulin-stimulated glucose uptake (64, 65). 
The molecule has been shown to activate Akt/PKB in a wide vari-
ety of cell types (45, 66, 67). Rapizzi et al. (65) also implicated S1P 
in insulin receptor activation. Intriguingly, S1P has been shown to 
activate AMPK (68), and the aforementioned study by the Scherer 
group suggests that S1P may be necessary for adiponectin-induced 
AMPK activation. Using a ceramidase inhibitor, the Scherer group 
(46) found that loss of ceramidase activity in cultured cells prevent-
ed AMPK phosphorylation by full-length and truncated globular 
adiponectin, but did not prevent S1P-induced activation.

Ceramides and nutrient handling
Recent attention has been placed on ceramide’s impact on cel-
lular metabolism as a mechanism driving its action on cell sur-
vival. In particular, ceramide was recently shown to kill cells by 

Figure 2
Ceramide biosynthesis and degradation require specific signals and 
impart disparate effects. (A) Activation of adiponectin receptors 1 
and 2 (AdipoR 1/2) induces synthesis of sphingosine and S1P, which 
induces an improved metabolic state, characterized by improved insu-
lin sensitivity, reduced inflammation, and AMPK activation. (B) In con-
trast, activation of TLR4 initiates an inflammatory cascade essential to 
ceramide biosynthesis and metabolic impingement.
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starving them of nutrients, at least partially by downregulating 
nutrient transport proteins. Guenther et al. (69) treated cells 
with methyl pyruvate, a membrane-permeant molecule  that 
can be taken into cells independently of nutrient transporters 
and oxidized to produce ATP, and this alternative fuel source 
protected cells from ceramide-induced cell death. The authors 
speculated that ceramide-dependent starvation is an evolution-
arily conserved, cell-autonomous mechanism accounting for 
the broad spectrum of ceramide actions during times of stress. 
Moreover, the studies suggest that the autophagic or apoptotic 
responses to ceramide are secondary to impairments in nutrient 
delivery. Review of the literature reveals that ceramide indiscrim-
inately affects cellular uptake of all three key dietary nutrients in 
a variety of cell types and organisms.

Ceramide and glucose. Postprandially, the major hormone con-
trolling circulating glucose levels is insulin. Insulin promotes 
glucose deposition into skeletal muscle and adipose tissue while 
simultaneously inhibiting glucose efflux in the liver. In obesity, 
these actions are compromised. The effect of ceramide as an 
antagonist of insulin-stimulated glucose uptake has been dem-
onstrated in a variety of cell culture and rodent models of lipid 
oversupply and obesity. Short-chain ceramide analogs impair 
insulin-stimulated  glucose  uptake  by  blocking  the  insulin-
stimulated translocation of the GLUT4 glucose transporter to 
the plasma membrane (70). Furthermore, rodents treated with 
myriocin have significantly reduced hepatic and muscle ceramide 
levels and are protected from saturated fatty acid– and gluco-
corticoid-induced reductions in glucose infusion rate during a 
hyperinsulinemic-euglycemic clamp (12). Further, inhibition of 
ceramide synthesis reduced hepatic glucose output. As discussed 
above, mice chronically treated with myriocin while consuming 

a high-fat diet have improved glucose and insulin tolerance as 
well as enhanced insulin signaling in muscle and liver (12, 14, 
71). Highlighting the critical role for skeletal muscle, the site of 
the majority of insulin-stimulated postprandial glucose disposal, 
inhibiting ceramide synthesis in isolated rodent muscle prevents 
the otherwise significant reduction in insulin-stimulated glucose 
uptake in the presence of saturated fatty acids (12). Moreover, 
several groups have found similar results in cell-autonomous 
systems (72–75). Interestingly, the effect is specific for saturated 
fatty acids, as unsaturated fatty acids antagonize insulin action 
via a ceramide-independent mechanism (12).

Ceramide and fatty acids. Despite requiring intracellular fatty acids 
for its formation, ceramide nonetheless appears to exert a negative 
effect on lipid uptake. CD36, also referred to as fatty acid translo-
case, has been implicated in actively transporting fatty acids across 
the plasma membrane (76). Luan et al. (77) found that treatment of 
cells with short-chain ceramide inhibits CD36 cell-surface expres-
sion in a dose- and time-dependent manner despite having no effect 
on CD36 mRNA synthesis. The authors speculated that ceramide 
exerts an inhibitory and specific effect on CD36 membrane translo-
cation, as treating cells with brefeldin A, which inhibits intracellular 
protein trafficking, had a similar and redundant effect.

Ceramide and amino acids. Several years ago, Skrzypek et al. (78) 
noticed that cells requiring amino acids were particularly sensi-
tive to sphingolipid-induced growth arrest. In exploring this, 
they found that sphingoid long-chain bases prevent transport 
of several amino acids by blocking specific amino acid trans-
porters  in  Saccharomyces cerevisiae.  More  recently,  Hundal’s 
group found that ceramide inhibits amino acid transport and 
protein synthesis in mammalian cells (79). Specifically, they 
observed that both exogenous and endogenous ceramides (i.e., 
in cells treated with C-6 ceramide and palmitate, respectively) 
attenuate basal and insulin-stimulated amino acid transporter 
in muscle cells by reducing plasma membrane levels of sodium-
coupled neutral amino acid transporter 2 (SNAT2) while leav-
ing total cellular abundance untouched. The reduced SNAT2 
membrane levels resulted in a meaningful reduction in the size 
of the intracellular amino acid pool, with particular effect on 
glutamine, glutamate, and aspartate, three of the most abun-
dant amino acids within a muscle cell. Ceramide has also been 
shown to rapidly reduce surface expression of the amino acid 
transporter 4F2 heavy chain (69).

Ceramide mechanism of action
Inhibition of Akt. A major mechanism through which ceramide 
alters cellular metabolism is its dramatic inhibition of Akt (70, 80), 
a serine/threonine kinase that is an obligate intermediate in the 
signaling pathway linking insulin and other growth factors to the 
expression, action, and subcellular distribution of nutrient trans-
porters. In addition to mediating nutrient handling, Akt activates 
anabolic pathways (e.g., glycogen and protein synthesis) while 
inhibiting catabolism, leading to a marked upregulation in nutri-
ent storage. Akt also activates prosurvival and inhibits autophagic 
enzymes, leading to a net increase in cellular growth and stabil-
ity. Accumulating evidence suggests Akt also has roles in cancer 
(81–83), cardiovascular disease (84), Alzheimer disease (85, 86), 
and type 2 diabetes (87–89).

Ceramide has been shown to oppose nearly all of these Akt 
actions (ref. 90 and Figure 3). Both exogenous and endogenous 
ceramides inhibit Akt phosphorylation and activation without 

Figure 3
Ceramide accumulation inhibits Akt activation. Central to ceramide’s 
antianabolic effects is its potent inhibition of Akt, resulting in reduced 
nutrient uptake and progrowth signaling. SFA, saturated fatty acid; 
LBP, LPS-binding protein.
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blocking any upstream signaling events (73, 80). In skeletal mus-
cle and fat, this diminution in Akt leads to a decrease in cell-sur-
face GLUT4 expression and a reduction in the activity of anabolic 
enzymes. The effects of ceramide can be negated by the overexpres-
sion of constitutively active forms of Akt, identifying this molecule 
as an essential mediator of ceramide effects (80).

Ceramide inhibits Akt action by two distinct mechanisms: first, 
it promotes Akt dephosphorylation via protein phosphatase 2A 
(91, 92), which is reportedly a direct target of the sphingolipid; 
second, it prevents Akt translocation via another putative target, 
PKCζ (93, 94). The relative importance of either pathway varies 
by cell type and is influenced by the amount of caveolae in the 
cell, as the PKCζ-dependent pathway requires functional caveo-
lae (95). Ceramide also inhibits insulin-independent signaling 
(i.e., IGF-1, PDGF, etc.) to Akt (96). Interestingly, the antago-
nistic relationship between ceramide and Akt may be reciprocal. 
Goswami et al. (97) found that cells expressing a constitutively 
active Akt (myristoylated Akt) failed to accumulate ceramide in 
response to proapoptotic stimuli.

In addition to regulating GLUT4, Akt modulates the expression 
or action of other nutrient transport proteins (98–101), prevents 
a reduction in the ubiquitous glucose transporter GLUT1 when 
cells are deprived of growth factors, maintains cell-surface levels 
of the amino acid transporter 4F2hc and amino acid uptake in 
the absence of growth factors, and preserves cholesterol influx 
during growth factor withdrawal by sustaining Ldlr expression 
and membrane localization (100). Additionally, the Bonen lab 
found a requisite role for Akt in insulin-stimulated increases in 
fatty acid translocator (CD36) transcript and protein levels (54, 
99). Finally, Akt inactivates a number of proapoptotic enzymes, 
promoting cellular survival. Interestingly, although Akt was not 
implicated directly, Guenther et al. (69) found that ceramide’s 
inhibitory effect on nutrient transporters was prevented with 
okadaic acid, a protein phosphatase 2A inhibitor, suggesting the 
involvement of Akt in this effect.

Altered mitochondrial function. Ceramide, in addition to regulat-
ing Akt, may modulate mitochondrial function. Due to frequent 
contamination  with  an  ER-related  subcompartment  (where 
ceramide biosynthesis is known to occur), attempts at subcellu-
lar fractionation and isolation of mitochondria to determine the 
presence of ceramide or ceramide-synthesizing enzymes should 
be carefully evaluated. However, several groups have reported 
that mitochondria contain a variety of sphingolipids, including 
ceramide. While ceramides synthesized in the endoplasmic retic-
ulum can be directly transported to other organelles (102), mito-
chondria themselves carry the enzymatic machinery necessary 
for ceramide synthesis (103, 104). Ceramide is known to interact 
with mitochondria in inducing apoptotic pathways via increased 
membrane permeability (for review, see ref. 105).

The presence and synthesis of ceramides in the mitochondria 
may have particular relevance given ceramide’s role in altering 
components  and  dynamics  of  mitochondrial  bioenergetics. 
Di Paola et al. (106) found that the ceramide-induced pertur-
bation of mitochondrial membrane structure elicits a reduc-
tion in state 4 respiration and inhibition of electron transport 
complex I. Others report a reduction in complex III activity in 
the presence of elevated ceramides, but not dihydroceramides 
(107). Not surprisingly, the disruption of electron transport by 
ceramide results in elevated reactive oxygen species (108), which 
can have a wide range of deleterious consequences, including 

the induction of insulin resistance (109). In vivo models sup-
port the conclusion that inhibition of ceramide improves mito-
chondrial function (71).

Interestingly, JNK, a known metabolic irritant and initiator of 
inflammation-induced insulin resistance (110), has been shown 
to induce expression of ceramide biosynthetic enzymes in the 
mitochondria. Moreover, inhibition of JNK results in diminished 
ceramide levels and restoration of mitochondrial electron trans-
port function (111).

Glucosylated ceramides in the regulation of metabolism
Some time ago, we demonstrated that an inhibitor of ceramide 
glucosylation antagonized  insulin-stimulated Akt activation 
while inducing ceramide accumulation in cultured myotubes. 
These data  suggested  that ceramide, and not a glucosylated 
ceramide metabolite, was the primary mediator of insulin resis-
tance  (73).  However,  recent  studies  conducted  in  vivo  using 
newer generation glucosylceramide synthesis inhibitors that do 
not induce ceramide suggest a different conclusion. Two differ-
ent glucosylceramide synthase (GCS) inhibitors, when given to 
rodents, have an array of beneficial effects on metabolism. Aerts 
et al. found that a GCS inhibitor improved hepatic insulin sensi-
tivity (112) and prolonged treatment reduced hepatic inflamma-
tion with diet-induced obesity (113); similar improvements have 
been observed with a second GCS inhibitor (114). These com-
pounds appear to reverse many of the complications associated 
with obesity, including diabetes (112), adipose inflammation 
(113), hepatic steatosis (115), and atherosclerosis (114), though 
reports on the latter are controversial (116). GM3 ganglioside, 
a higher order glycosphingolipid, may be the primary antago-
nist of insulin action. Tagami et al. (117) found that inhibition 
of GM3 synthesis reversed TNF-α–induced insulin resistance in 
cultured 3T3-L1 adipocytes, while the addition of GM3 analogs 
impaired insulin action.

Of the various sphingolipid disorders evident in humans, the 
lack of glucosylceramidase is the most common (118). Known as 
Gaucher disease, it is a disorder defined by the inability to catabo-
lize glucosylceramides, leading to glucosylceramide accumula-
tion in tissue and in circulation (119). The inability to degrade 
glucosylceramide into its constituent parts, ceramide and glu-
cose, yields a proinflammatory and insulin-resistant pheno-
type (120). The condition has a particularly vicious impact on 
the liver, resulting in marked hepatosplenomegaly and severe 
hepatic  insulin  resistance  (121).  Interestingly, and possibly 
exacerbating these symptoms, Gaucher patients present lower 
circulating  adiponectin  levels  (122).  Similarly  to  ceramide, 
glucosylceramide  appears  to  also  have  effects  unrelated  to 
its  impact on insulin. After observing and noting  increased 
glucosylceramides  in  adipose  of  mammals  and  drosophila, 
Kohyama-Koganeya et al. (123) questioned the role of glucosyl-
ceramides in regulating energy storage. They found that GCS 
overexpression increased lipid and carbohydrate storage in the 
drosophila fat body, essentially giving the flies a “pot belly.” In 
contrast, glucosylceramide accumulation in Gaucher patients 
has no effect on obesity prevalence, and patients tend to weigh 
less than the general population (118). However, restoration of 
glucosylceramidase action via intravenous infusion of a recom-
binant glucosylceramidase not only eliminated the weight dis-
crepancy (i.e., patients gained weight), but also increased risk 
of type 2 diabetes and diminished peripheral insulin sensitivity 
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(118), returning the patient to a more classic obesity-induced 
insulin-resistant condition. Thus, in an effort to improve health 
by restoring the ability of the cell to degrade glucosylceramide 
into ceramide, the patient trades one set of metabolic complica-
tions for another.

Ceramides and the β cell
Thus far, we have mainly considered the roles for ceramides and 
glucosylceramides  as  cell-autonomous  modulators  of  meta-
bolic flux. However, studies in the pancreatic β cell reveal that 
ceramide also modulates insulin synthesis and cellular apopto-
sis, therefore limiting anabolism by altering the postprandial 
hormonal milieu.

Ceramide has been shown to accumulate in β cells exposed to 
either saturated fatty acids or to a glucolipotoxic environment 
(124). One of the earliest reports exploring ceramide’s effects on 
the β cell found that exogenous short-chain and sphingomyelin-
derived ceramides inhibited insulin release and β cell prolifera-
tion in vitro, though the mechanism was unclear (125). Subse-
quently, Kelpe et al. (126) found that increasing concentrations 
of palmitate induced ceramide accrual and reduced preproinsu-
lin mRNA. Through the addition of cell permeable C-2 ceramide 
and cotreatment of palmitate-treated cells with inhibitors of de 
novo ceramide synthesis (myriocin, fumonisin B1, and cycloser-
ine), they demonstrated that ceramide reduced preproinsulin 
transcript levels. Similar results were found by Guo et al. (127), 
who induced ceramide accumulation in a rat β cell line (INS-1) 
by preventing its metabolism to sphingosine with the ceramidase 
inhibitor n-oleoylethanolamine (NOE). Treating INS-1 cells with 
palmitate and NOE induced ceramide accumulation and reduced 
proinsulin 1 and 2 mRNA.

Though islets do not undergo apoptosis when exposed to 
exogenous FFAs, those isolated from mice lacking a functional 
leptin  axis  undergo  ceramide-dependent  apoptosis  follow-
ing palmitate treatment. Moreover, studies in ZDF rats reveal 
that inhibition of ceramide synthesis prevents β cell destruc-
tion in this spontaneous model of diabetes. The finding was 
first observed by the Unger group, who demonstrated that the 
SPT inhibitor cycloserine prevented lipotoxicity in islets iso-
lated from ZDF rats, while preventing pancreatic β cell destruc-
tion in vivo (12, 128). This finding caused the Unger group to 
describe ceramides as “the most important of the deleterious 
routes” mediating lipotoxic events (129). Similar findings were 
obtained by our group using myriocin, a more selective inhibi-
tor of SPT (12). Further, the very recent work by the Scherer lab 
(46) confirms that INS-1 β cells enriched with ceramides have 
impaired survival. A fascinating aspect of the Scherer study is 
that ceramide- and palmitate-induced apoptosis is prevented by 
cotreatment with S1P, suggesting that the ceramide-S1P rheo-
stat is functional in this cell type.

Concluding remarks
Ceramide accumulation in cells alters a large number of signal 
transduction events, leading to an increase in cell growth and sur-

vival. What has been less appreciated until recently is that this 
increase in ceramide is accompanied by a marked shift in cellu-
lar bioenergetics that serves to inhibit nutrient uptake and ana-
bolic metabolism in a wide array of tissues. This series of events 
appears to be critically important in the onset and progression 
of metabolic disease, as the impairment in nutrient utilization 
exacerbates the pathogenic consequences of obesity. However, a 
few outstanding questions still remain. (a) Which ceramides and 
ceramide metabolites play the most quantitatively significant role 
in metabolic adaptation, and which are most critically important 
for disease onset? (b) What tissues are most sensitive to ceramide 
deposition? (c) How are small changes in ceramide and glucosyl-
ceramides sensed intracellularly? How do small increases have 
such profound effects on metabolism?

Of  course,  the  most  relevant  question  today  is  whether 
ceramide deposition plays an important role in the pathogen-
esis of metabolic diseases in humans. Thus far, the only studies 
conducted in people have been correlative in nature, compar-
ing sphingolipid levels in serum or tissues with one or more 
disease readouts. In comparison, studies in mice have been able 
to apply  interventional  techniques  (e.g., ceramide synthesis 
inhibition) to determine the importance of ceramide in meta-
bolic disease. In the majority of human studies, ceramides in 
serum, liver, adipose tissue, or muscle have positively associated 
with parameters associated with metabolic disease (e.g., insu-
lin resistance, hepatic steatosis, etc.) (130–133). However, some 
studies have shown no such relationship (134). Whether these 
data mean that ceramide is uniquely relevant to the mouse, and 
not to people, is open for debate. Alternative explanations are 
that ceramide metabolites, and not ceramides themselves, are 
the relevant antagonists of tissue function in the obese or that 
scientists are simply looking in the wrong tissue or subcellular 
locale. Addressing the issues listed above could provide clarity 
in this dilemma.

In summary, inhibition of ceramide synthesis has a remark-
ably broad spectrum of metabolic benefits in obese rodents and 
therefore holds promise as a therapeutic strategy for treating a 
variety of metabolic diseases. The conserved metabolic adapta-
tions caused by ceramide are likely an evolutionarily conserved 
response to a suboptimal extracellular environment and could 
be a major mechanism underlying the onset of metabolic dis-
ease. But more work must be done to develop an understanding 
of the nuanced regulatory events linking ceramide deposition 
to metabolic adaptation as well as to determine the validity of 
ceramide modulation as a strategy for relieving disease symp-
toms in the obese.
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