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Abstract
Until recently, sphingolipid physiology was primarily the domain of oncologists and
immunologists. However, mounting evidence implicates ceramides and their derivatives in various
aspects of metabolism via directly impacting the insulin receptor as well as modulating critical
target cell survival and proliferation.

More recent observations suggest a strong link between a number of adipokines and ceramide
catabolism. Here, we aim to briefly review the available data on the established metabolic effects
of sphingolipids in various cell types and will discuss how adipokines exert a critical influence on
the steady state levels of these lipid mediators.
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Introduction
Individuals with a history of diabetes present with an elevated risk for a number of
complications, including hypertension, micro- as well as macrovascular complications and
deteriorating kidney function. A major mediator of diabetes, with its associated
dysregulation in carbohydrate and lipid metabolism, is the resistance to the actions of the
hormone insulin in tissues such as liver, muscle and adipose tissue, with a concomitant
unopposed action of glucagon. Recent advances in the field have implicated elevated
intracellular ceramide levels as key mediators of insulin resistance [1]. This esoteric and
rather heterogeneous class of lipids is composed of a sphingosine backbone conjugated to a
fatty acid derivative. A number of physiological effects have been attributed to this diverse
class of sphingolipids ubiquitously present in all cell types. The cellular sphingolipid
biosynthetic and degradative machineries are quite active and subject to multiple levels of
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regulation by cell type- and nutritional status-specific events, altogether providing a pathway
that experiences a high flux through its intermediates. This makes it challenging to predict
what intermediate metabolites will actually accumulate in a specific cell or in plasma upon
genetic or pharmacological inhibition of the key regulatory components.

Key lipid mediators for insulin resistance and metabolic dysfunction:
Diacylglycerols (DAGs) versus Ceramides

The involvement of lipids in insulin resistance has been widely observed and is an accepted
mechanism. Whether plasma circulating lipids or the accumulation of lipids within insulin-
responsive cell types should be considered as the main driver for this phenomenon is still
under investigation. A study by Kuhlmann and colleagues in 2003 showed that in normal
weight, non-diabetic adults, intramyocellular triglyceride content is a strong predictor of
muscle insulin resistance [2]. Although this study correlated intramyocellular triglyceride to
insulin resistance, there have been studies suggesting other intracellular lipids, mainly
diacyglycerol and ceramides that play a more major role in mediating insulin resistance [3,
4]. A recent study by Holland et al showed that rats that were infused with either lard oil,
which is high in saturated fatty acids, or soy oil, which is primarily unsaturated fatty acids,
had increased skeletal muscle diacyglycerol content along with reduced skeletal muscle
glucose uptake, and reduced Akt phosphorylation, a mediator of insulin intracellular action
[5]. However, only infusion of lard oil increased intramuscular ceramide content.
Interestingly, when ceramide accumulation was blocked by treatment with myriocin, an
inhibitor of de novo ceramide synthesis, glucose uptake and Akt phosphorylation were
normalized in the lard-infused rats, but not in the soy-infused mice. This study not only
showed that saturated and unsaturated fats have differential mechanisms of promoting
insulin resistance, but also demonstrated that intracellular accumulation of ceramides can
indeed result in insulin resistance in insulin responsive tissues. Thus, the discrepancies
between studies that correlate insulin resistance to ceramide accumulation post-lipid
infusion and those that do not may be attributed to the ratio of saturated to unsaturated fatty
acids in the lipid infusion. Furthermore, since plasma free fatty acids in humans are a
mixture of both unsaturated and saturated fatty acids, both mediators probably play a role in
mediating peripheral insulin resistance. Foods such as butter, cream, and red meats—all rich
in saturated fat but not unsaturated fat—have become a common staple in our Western diet
[6]. Ceramides are therefore likely to play a more important and clinically relevant role in
individuals developing diet-induced obesity in developed nations than previously thought.

Production of Ceramides and Sphingosine 1-phosphate
Ceramides are typically generated via 3 different pathways (Fig. 1). De novo synthesis
occurs via the addition of a serine moiety to a palmitoyl-CoA. This reaction is catalyzed by
the enzymes serine palmitoyl transferase-1 or -2 and results in the production of 3-
ketosphinganine. Via the addition of another fatty acyl-CoA and a desaturation reaction by
dihydroceramide desaturase, the final product, ceramide is produced. Depending on the
fatty-acyl CoA moieties used, these lipids can have a diverse range of sizes, though
commonly C16 through C24 ceramides are the most biologically relevant. The alternative
pathway is the direct generation of ceramide via the cleavage of sphingomyelin by
sphingomyelinase. From here, ceramides can be phosphorylated by ceramide kinase, or
degraded via ceramidase activity to sphingosine. Sphingosine kinase is then able to
phosphorylate this molecule to generate sphingosine-1-phosphate (S1P). The degradation of
S1P is subsequently controlled by S1P-lyase, which irreversibly cleaves and destroys it.
Finally, the third pathway, the so-called “salvage pathway”, is able to produce ceramides
from the direct breakdown of sphingolipids to sphingosine, which can be converted to
ceramides by the enzyme ceramide synthase. Alterations in the enzymatic activity in any of
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these steps can drastically alter the intracellular levels of these lipid moieties; a process
which can be favorable or deadly for a cell, depending on the physiological conditions [7].
Given that three separate pathways can be active in parallel, inhibition of any one of them
may have profound consequences for cellular physiology, or only a marginal effect,
depending on the specific cell type, developmental stage and nutritional setting.

Sphingolipid Synthesis and Metabolism
Ceramides are important members of the sphingolipid family and are essential building
blocks for the structure of the phospholipid bilayer that constitutes the cell membrane. Other
than structural roles, ceramides also play a part in cell signaling, inflammation, and
apoptosis. In the cell, ceramides are synthesized through the three different pathways that we
outlined above. The de novo pathway of ceramide generation occurs in the endoplasmic
reticulum and is composed of four sequential enzymatic reactions and regulated by its rate-
limiting enzyme, serine palmitoyl-CoA transferase (SPT) [8]. Once generated, ceramides are
the common precursor to an array of complex sphingolipids and they can also be
glucosylated, deacylated, and phosphorylated to produce a variety of downstream
metabolites and signaling molecules.

The de novo pathway can be induced by an increase in dietary serine, oxidative stress, and
oxidized LDLs [8]. Furthermore, SPT has a high specificity for its substrate, palmitoyl-CoA,
the saturated fatty acid that is required for formation of the sphingoid backbone of
ceramides. Thus, a diet that is high in saturated fat can effectively drive de novo ceramide
synthesis and promote ceramide accumulation in peripheral tissues [9]. In 2002, Chang et al
showed that gram negative bacteria infection (via lipopolysaccharide) and induction of
inflammatory cytokines such as TNFα and IL-1 can both increase the mRNA expression and
activity of SPT in macrophages and ultimately drive de novo ceramide synthesis [10].
Considering that expanding fat pads secrete a wide variety of inflammatory cytokines,
including TNFα and IL-1, dysfunctional and inflamed fat pads are likely to contribute to the
accumulation of ceramides in tissues [11].

Independent of the de novo synthesis pathway, ceramides are also generated by neutral
sphingomyelinase (N-SMase)-catalyzed hydrolysis of sphingomyelin in cell membranes.
Studies have shown that inflammation can induce N-SMase activity and drive ceramide
synthesis [12, 13].

Plasma Ceramides and Insulin Resistance
Human and murine plasma is a rich source of ceramides, typically reported to circulate in
the low micromolar range (0.5-10μM) [14-16]. The most abundant of the plasma ceramides
are those with long chain fatty acyl groups including C24:0, C24:1 and C22:0 [15]. 75% of
these ceramides are contained in VLDL and LDL particles, with the rest partitioning into
HDL particles, with the distribution of the varying ceramide species remaining consistent
between the different lipoprotein particles, with few exceptions [17]. While the association
with lipoproteins is well established, we cannot rule out other mechanisms of transport, such
as serum albumin or via packaging into exosomes [18]. Due to their stable association with
lipoproteins, one could postulate that the primary source of circulating ceramides is hepatic
in origin. This hypothesis was supported by isolating hepatocytes from obese mice and
confirming that these cells secrete a significantly greater amount of ceramide compared to
lean controls [19]. This question as to what plasma ceramide levels really reflect is far from
being resolved. For the moment, plasma ceramides primarily serve as useful biomarkers for
metabolic dysfunction, and future work will need to establish specific biological functions
for individual sphingolipid subspecies.
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Many clinical studies have reported elevated circulating ceramides in patients with type 2
diabetes, and further that these levels correlate with the severity of insulin resistance [15, 19,
20]. These correlative studies are supported by in vivo evidence showing that LDL particles
containing ceramide were capable of inducing insulin resistance when infused into lean mice
[19]. Insulin-stimulated glucose uptake was reduced in L6 myotubes exposed to the same
LDL containing ceramides [19]. This data supports a possible role of liver derived
ceramides contained in LDL particles as a mediator of systemic insulin resistance.

Other studies have shown that total ceramide levels highly correlate with a number of
parameters involved in insulin resistance. Elevated ceramides correlate with both elevated
circulating TNFα and interleukin-6 [15, 21]. Furthermore, following gastric bypass surgery,
plasma ceramides levels decreased, as did circulating levels of TNFα. These reductions
were correlated with a dramatic improvement in insulin sensitivity in these patients [22].
Together these studies help to link circulating ceramides, inflammation and the subsequent
insulin resistance in a number of different states of obesity and type 2 diabetes.

Role of Sphingolipids in Macrophages
Ceramides

Macrophages are primarily known for their role in the innate immune system, highly
important for controlling infections and repairing damaged tissue. Macrophage infiltration
into adipose tissue during states of obesity plays a primary driving force for the insulin
resistant state of this overly expanded adipose tissue[23-26]. As obesity progresses,
macrophages turn from an alternatively activated anti-inflammatory phenotype (M2), to a
more classically activated pro-inflammatory phenotype (M1) [27]. M1 macrophages
produce a number of pro-inflammatory cytokines, including TNFα, a factor that can
increase ceramide levels in several tissues. As Ceramide and its degradation product
sphinosine-1-phosphate (S1P), have been implicated in altering sensitivity to insulin as well
as mediating processes such as apoptosis, it is of great importance to determine the
significance of these lipids on the macrophage population. The role and function of
ceramides in macrophages has therefore been explored in great detail over the last decade.
Primary reports on experiments with macrophages showed that cultured macrophages (the
“Raw264” cell line) are able to ramp up ceramide production upon exposure to
lipopolysaccharide [28]. However, this claim has recently been challenged by a group who
showed that LPS alone was unable to induce this increase in ceramide production in bone
marrow derived macrophages (BMDMs). Rather, LPS could act in concert with palmitate
exposure to create a synergistic increase in C16 ceramides [29]. Both groups are in
agreement that LPS -mediated increases in ceramide content are dependent on TLR-4
receptor and mediated by de novo synthesis pathways. However, differences between the
two groups were manifest in that the former group shows that TLR-4 mediated activation of
NF-κB leads to increased SPT1 (serine palmitoyl transferase) production, while the latter
group refutes this claim. They show that upon LPS stimulation of bone marrow-derived
macrophages, expression of SPT1 does not change at the RNA level (based on RT-QPCR),
while SPT2 is elevated, though only slightly. They further substantiate this claim by
demonstrating that the de novo synthesis pathway is the predominant mediator of ceramide
production. Additional evidence for this mechanism relates to the fact that a dramatic rise in
3-ketosphinganine, the immediate downstream product of the condensation reaction
performed by SPT1/2, is present [29]. Differences in the findings between these two groups
may be based on cell-intrinsic properties, while the former used the cultured myoblast cell
line C2C12 and cultured macrophages, the latter used primary macrophages. If the SPT
pathway is already saturated in the primary isolates, the expression may be rendered less
responsive to treatment with LPS. Notwithstanding the details, a fairly large body of
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literature implicates ceramides as mediators of a number of key physiological processes
within the macrophage [30].

Recent work has shown that ceramides may be critically important in the activation of PI3-
kinase by TLR-4 in macrophages [31, 32]. A short-term challenge of macrophages with LPS
results in a burst of ceramide production occurring via the sphingomyelinase degradation
pathway. This burst of ceramide production occurs within 30 seconds, but is normalized
within 30 minutes following the initial stimulation. The PI3-kinase pathway is of critical
importance for signaling during macrophage activation through signal transduction
components, including but not limited to Akt, mTOR and NFκB. These observations
highlight the pivotal role of LPS-mediated ceramide production for LPS mediated PI3-
kinase activation [31, 32]. Ceramide generation by LPS stimulation is highly apoptotic
under conditions in which the PI3-kinase pathway is inhibited with the small molecule
inhibitor LY294002. However, many groups have shown that in other cell types, ceramides
inhibit the activity of PI3-kinase. Therefore, the authors suggest that this may be a
macrophage, or even alveolar macrophage-specific finding.

Ceramide-1-phosphate in macrophages
Another important component in this signaling cascade is the phosphorylation of ceramide.
Ceramide-1 phosphate is generated via the phosphorylation of ceramide by ceramide kinase.
Ceramide-1-phosphate (C-1-P) is capable of stimulating cell division in bone marrow-
derived macrophages in mice [33, 34]. Withdrawal of serum from mouse BMDM cultures
results in cell death, and that this process correlates with an elevation in sphingomyelinase
activity. This activation is further characterized by a concomitant accumulation of ceramide
with a corresponding decrease in C-1-P. These authors go on to show that C-1-P improves
the viability of these cells following serum withdrawal by preventing activation of
caspase-9. More importantly however, they show that C-1-P can inhibit acid
sphingomyelinase directly, and hypothesize that this may be the direct mechanism for the
prevention of the rise in ceramides and improved cell viability [33].

C-1-P is further able to activate PI3 kinase, and that this results in downstream activation of
the MAPK/JNK pathway, though p38 MAPK was not involved in this process [34]. This
activity leads to activation of NFκB. All of these findings were underscored by the
observation that C-1-P levels rise in macrophages following macrophage colony-stimulating
factor (mCSF) treatment, which ultimately results in cell division [34]. This provides
compelling evidence that C-1-P can activate the PI3-kinase pathway, leading to cell cycle
progression, though no mechanism for this activation has been offered thus far. This remains
a question of great interest in the context of the observation that C-1-P and ceramide both
activate the PI3-kinase pathway [34, 35]. A strong possibility is that these components may
feed into the sphingosine-1-phosphate pathway, S-1-P representing a lipid mediator which
activates specific receptors of the G protein coupled receptor upstream of the PI3-kinase
pathway.

Sphingosine-1 Phosphate
Sphingosine-1-phosphate is generated by sphingosine kinase–mediated phosphorylation of
sphingosine, which is a lipid metabolite generated from the breakdown of ceramides by
ceramidase. S1P can signal through any one of its 5 receptors identified so far, all of which
are GPCRs, each signaling through a variety of G proteins including Gi, Gs and Gy. These
receptors play a diverse role in cellular homeostasis with knockout animals of the individual
receptors showing a wide variety of phenotypes. S1P receptor 1 knockout mice are not
viable as a result of an extreme vascular instability phenotype [36]. Receptor −2 and −3
knockouts are viable, however S1P receptor-2 knockouts present with seizures and deafness
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in certain genetic backgrounds, while S1P receptor-3 knockouts present with reduced
viability though with an enhanced sepsis outcome [36]. The S1PR4 and S1PR5 receptor
knockout mice have no obvious phenotype that has been described so far. Of interest
clinically is the pharmacologic agonist FTY720, an immunosuppressive drug used in the
treatment of multiple sclerosis and transplant rejection. This drug binds with high affinity to
all of the S1P receptors and is proposed to cause receptor down-modulation and
internalization upon binding. So even though it acts as a strong agonist initially, the
associated down-regulation of the S1P receptors is functionally equivalent to antagonist
action. Systemically, this results in the sequestration of lymphocytes within lymph organs
[37].

S1P and the macrophage
Clearly, S1P is an important regulator of immune function. Macrophage treatment with LPS
skews the macrophage phenotype toward a pro-inflammatory state, characterized by
expression of iNOS and increased secretion of TNFα and macrophage chemoattractant
protein 1 (MCP-1). Various groups have shown that co-treatment of macrophages with LPS
and S1P inhibits this phenotypic switch and clamps macrophages in a more anti-
inflammatory state characterized by expression of arginase 1 [38]. Furthermore, treatment
with a highly specific S1P receptor 1 agonist (SEW2871) resulted in a similar anti-
inflammatory response, while the specific antagonist VPC44116 was capable of inhibiting
this phenotypic switch [38]. S1P receptor 2 deficient macrophages showed a blunted
response to LPS, but respond similarly to SEW2871 treatment. These changes were all
shown to be dependent on the NFκB, a transcription factor whose activation through LPS
increases production of inflammatory mediators in the macrophage such as TNFα. S1P
inhibits this pathway, as does SEW2871, and this phenomenon critically depends on
receptor 1 [38].

S1P receptor response in atherosclerosis models
S1P levels in the blood positively correlate with HDL levels, and therefore it was suggested
that S1P may play an important role in atherosclerotic lesions. The S1P receptor 3 deficient,
whole body knockout mouse displays changes in the atherosclerotic plaque formation on the
ApoE−/− background [39]. These lesions were not smaller in volume, yet contained
significantly fewer macrophages than the wild type lesions [39]. Bone marrow
transplantation to an ApoE-deficient mouse from a S1P-R3 knockout mouse again
demonstrated reduced macrophage infiltration of the plaques; however this effect
diminished compared to the whole body knockout, leading various groups to hypothesize
that S1PR3 may play in important role in the endothelial response during atherosclerotic
development [39]. Another paper, though later retracted for different reasons, showed
similar findings in the S1P-R2 deficient mouse on an ApoE−/− background [40].
Surprisingly, no findings have been reported on S1PR1's role in the atherosclerotic
progression; however FTY720, the agonist which down-modulates receptors, has been
shown to decrease atherosclerotic lesion development in ApoE-deficient mice [41].

Excessive signaling of S1P
Sphingosine-1-phosphate is degraded by sphingosine lyase (SGPL). The SGPL knockout
mouse presents with profound lymphopenia and neutrophilia and typically dies around week
4. In this mouse, serum S1P levels are highly elevated, as are the levels of circulating
ceramide [42]. Furthermore, these mice are acutely inflamed, presenting with elevated C-
reactive protein (CRP), TNFα and IL-6. Furthermore, an injection of LPS into these mice
was lethal to the knockouts, while this was not the case in wildtype controls. Intraperitoneal
injection of thioglycolate shows neutrophil and macrophage trafficking defects, and that
there is a lack of L-selectin on the neutrophils in the knockouts [42]. A bone marrow
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transplant from SGPL mice into wild type mice recapitulates the findings from the knockout
mouse. In the S1P-R4 knockout background, SGPL deficient mice normalize their
neutrophil and cytokine levels and aberrant S1P-R4 signaling may be a primary defect
resulting in this extreme phenotype of the mice. Finally, they show that G-CSF and IL-17
are elevated in the SGPL null mice, and that this causes increased neutrophil production.
This results from a defect in neutrophil egress from the blood, an event which regulates the
secretion of Granulocyte colony-stimulating factor (G-CSF) and down regulates further
production of these cytokines. Therefore, it is the lack of L-selectin on neutrophils which
results in an inability of macrophages to egress from the blood, causing apparently
uncontrolled expression of G-CSF, thereby driving the neutrophilia phenotype. Interestingly
the findings presented in this SGPL mouse are reminiscent of the findings in the treatment of
wildtype mice with FTY720 which also results in severe lymphopenia.

FTY720 and mucosal immunity
As describe above, FTY720 is an immunosuppressant and works as an agonist of all the S1P
receptors. Its true mechanism of action is due to its extremely high affinity for its receptors,
which are effectively internalized and not recycled [37]. Clinically, this drug's resulting
immunosuppressive effects are attributed to lymphocyte sequestration in lymphoid organs,
thereby achieving excellent anti-inflammatory effects. However similar to many other anti-
inflammatory and immune-suppressive drugs, a significant increase in number of infections
per patient has been reported upon long-term treatment with FTY720 [37]. To investigate
the role this compound has on gut mucosal immunity, a fluorescent enteric pathogen known
as Citrobacter Rodetium was used. C. Rodentium is easily cleared by wild type, drug-naive
mice within 14 days. However, FTY720 exposure significantly impaired the ability to clear
the infection. 14 days post infection, the treated mice still displayed significant colonization
of their colons, ceca and spleens, whereas in the untreated group, no pathogen colonization
could be detected. Further, mucosal thickening and epithelial hyperplasia was apparent in
the colons of treated mice. This was associated with a significant increase in number of
neutrophils present in and around these tissues. IL6 and TNFα were elevated compared to
vehicle on day 14 post infection, indicating a systemic inflammatory response despite anti-
inflammatory treatment. These results indicate that FTY720 works effectively in the clinic
for its intended purpose. Nevertheless, excessive S1P receptor signaling and down
modulation of the receptors may have significant negative side effects on individuals and the
treatment response must therefore be monitored carefully.

Role of Sphingolipids in Hepatocytes
Concomitant with the rise in obesity, the prevalence of non-alcoholic fatty liver disease
(NAFLD), a newly emerging obesity-related disorder, has also been rising steadily [43].
NAFLD is a chronic liver disease that ranges histologically from simple steatosis in its
mildest form to nonalcoholic steatohepatitis (NASH) in the more severe form, which is
characterized by hepatocyte inflammation and fibrosis. Furthermore, NASH can potentially
develop into cirrhosis and hepatocellular carcinoma in extreme cases [43]. Recent data from
the National Health and Nutrition Examination Survey has estimated that NAFLD may
affect up to 30% of the general population and 80% of obese and diabetic individuals,
making it the most common liver dysfunction in the United States [44, 45].

Due to its increasing prevalence and detrimental health consequences the need to identify
the mechanisms that mediate the pathogenesis and progression of NAFLD has become
increasingly important. In 1998, Day et al proposed the “two-hit” hypothesis for the
pathogenesis of NAFLD. According to these authors, hepatic lipid accumulation or steatosis
represents the “first hit,” which makes the liver vulnerable to various additional insults that
can ultimately result in the inflammation, fibrosis, and cell death observed in NASH, and
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this concept was further elaborated on by others [46, 47]. Concurrently, Unger et al.
introduced the notion of lipotoxicity, which demonstrated that accumulation of lipids,
especially saturated fatty acids, in non-adipose tissue leads to cell dysfunction and death
[48]. These two concepts were further elaborated on in 2005 when Yamazaki et al identified
that the deposition of lipids in the liver, especially triacylglycerol, as an essential step on the
path to the development of NAFLD [49], though a much more nuanced understanding of the
relationship of hepatic lipid accumulation, NAFLD and insulin resistance has emerged [50].
In addition, additional evidence implicates sphingolipids and their derivatives as important
players in NAFLD and its progression to NASH [51].

Ceramides and the liver
Even though ceramide synthesis is ubiquitous in all tissues in the body, many recent in vitro
and in vivo studies suggest that the liver is an important site for ceramide production.
Nikolova et al showed that treatment of hepatocytes with pro-inflammatory cytokines
including TNFα and IL-1β, and strong pro-inflammatory compounds such as
lipopolysaccharide (LPS) can all trigger rapid turnover of sphingomyelin and intracellular
ceramides [52]. The rapid turnover of sphingomyelin and ceramides is attributed to the
inflammation-mediated induction of N-SMase. However, inflammation induced activation
of the de novo ceramide synthesis should not be ruled out as a contributor. As early as 1998,
Memon et al confirmed this in vivo by administering LPS in Syrian hamsters, which resulted
in a 2-fold increase of hepatic SPT mRNA and activity within 16 hours. Hepatic
sphingomyelin and ceramides also showed a 2.5-fold increase under these conditions [53].
These studies suggest that infection and the resulting inflammation regulate hepatic
ceramide accumulation at the transcriptional level.

LPS induces inflammation by activating Toll-like receptors (TLRs), specifically TLR4.
These receptors are essential for mounting inflammatory responses in innate immunity. In
addition, studies have shown that saturated fatty acids can serve as agonists for TLR4
[54-56]. Furthermore, studies exposing H4IIE rat liver hepatoma cells to saturated fatty
acids (such as palmitate) resulted in significant accumulation of ceramides in the cells [57].
Holland et al showed that TLR4 is an upstream signaling component required for saturated
fatty acid-induced ceramide biosynthesis in liver by both in vitro and in vivo studies [58].
This further affirmed the notion that TLR4 is a major player in hepatic ceramide production.
In addition, this study also revealed that TLR4 activation by saturated fatty acids can induce
insulin resistance. Thus, these findings not only established a plausible mechanism of how
saturated fatty acids induce ceramide synthesis but also linked dysregulation of fatty acid
metabolism to hepatic ceramide accumulation.

Ceramides and hepatic dysfunction
Liver dysfunction prompts ceramide levels in both liver and plasma to increase
correspondingly. Ichi and colleagues induced hepatic necrosis by administering carbon
tetrachloride to mice, a potent pro-fibrotic agent and detected a significant increase in both
hepatic and plasma ceramide concentrations [59]. Obese mice with hepatic steatosis also
have increased hepatic ceramide content [60].

A major contributor in the development of hepatic steatosis is the upregulation of peripheral
tissue lipolysis, primarily in adipose tissue, leading to an increased delivery of free fatty
acids (FFAs) to the liver [46, 61]. Once in the liver, the FFAs are converted into
triglycerides, diacyglycerol, and ceramides or oxidized in the mitochondria to ultimately
maintain proper systemic carbohydrate homeostasis [62]. Triglycerides are exported from
the liver as VLDL. When the net influx of FFAs is greater than the secretion of triglycerides
or oxidation, lipids such as triglyceride and ceramides accumulate in the liver resulting in
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steatosis [46]. Obesity-associated insulin resistance prompts an increased rate of FFA influx
into liver is increased, thereby resulting in NAFLD.

Additional evidence for the importance of ceramides in mediating the development of
hepatic steatosis has recently emerged. In 2007, Holland et al showed that blocking de novo
ceramide synthesis using myriocin, an SPT inhibitor, reduced macrovesicular hepatic
steatosis, hepatic triglyceride content, and SOCS-3 expression, a cytokine mediated gene
that is generally seen upregulated in NAFLD [5]. In parallel, mice in this study also showed
improved insulin sensitivity as judged by restored Akt signaling, and this was seen in liver
and muscle [5]. Studies like these lend support to the notion that ceramides promote insulin
resistance and they are indeed directly involved in the development of NAFLD.
Nevertheless, it is still not clear whether ceramide accumulation directly mediates hepatic
steatosis or rather is the result of ceramide-induced insulin resistance.

Another aspect of the role of ceramides in the pathogenesis of NAFLD arises from studies
involving adiponectin and its role in NAFLD. Adiponectin is an adipocyte-derived secretory
protein that has been widely studied for its insulin sensitizing, anti-inflammatory, and anti-
apoptotic effects on a number of cell types [63, 64]. In 2002, a study by Yamauchi et al
found that adiponectin exerts a hepatoprotective role by decreasing FFA influx, de novo
lipogenesis, and increasing hepatic FFA β-oxidation [65]. Additional studies showed that
adiponectin improved insulin sensitivity, thereby leading to reduced hepatic
gluconeogenesis [66, 67]. The mechanisms underlying these effects exerted by adiponectin
have been a topic of ongoing research. In 2011, we found that the adiponectin receptors
(AdipoR1 & R2) potently mediate ceramidase activity, thereby leading to an enhanced
break-down of ceramides, in an adiponectin ligand-dependent manner [68]. Data from this
study showed that adiponectin injections can potently reduce hepatic ceramides in vivo.
Furthermore, mice with hepatic overexpression of AdipoR1 and R2 through adenoviral
infection have significantly improved insulin sensitivity and reduced hepatocyte apoptosis
when challenged with a high fat diet [68]. Similarly, clinical studies have shown that
patients with advanced steatosis have reduced expression of hepatic AdipoR2 [69].
Considering that the liver is a major target organ of adiponectin action [70], the beneficial
metabolic effects of adiponectin have been linked to the lowering of intracellular ceramides.
Furthermore, these studies not only confirm that hepatic ceramides are important in the
development of NAFLD, but also suggests that they play a more important role as causative
factors for the induction of insulin resistance and inflammation that ultimately results in the
progression to NASH.

Ceramides and progression to NASH
Insulin resistance and inflammation are known contributors to NAFLD's progression to
NASH. Ceramides contribute to systemic insulin resistance by impairing insulin sensitivity
in skeletal muscle and liver [5], and are likely to exert similar effects in other tissues as well.
At the molecular level, ceramides disrupt the insulin-signaling cascade at the level of Akt
activation [71, 72]. The resulting insulin resistance promotes lipolysis and increased FFA
delivery to liver, thus increasing hepatic lipid accumulation [62]. Ceramides also interact
with TNFα signaling in the liver to increase mitochondrial generation of reactive oxygen
species (ROS), resulting in apoptosis and recruitment of inflammatory cells leading to
worsening of hepatic inflammation [73]. In addition, the pro-inflammatory cytokine IL-1 is
increased in NASH and also induces ceramide synthesis [1]. Ceramides have also been
shown to induce the pro-inflammatory transcription factor nuclear factor kappa light chain
enhancer of activated B cells (NF-κB). Therefore, once its production is induced by
cytokines, ceramides can sustain and amplify inflammation through this positive feedback
system [74]. Considering its role in both insulin resistance and inflammation, it seems like
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ceramide accumulation may provide the important “second hit” in the development towards
full-blown NASH.

Role of Sphingolipids in Adipocytes
Once viewed simply as a passive reservoir for triglycerides, adipose tissue is now
recognized as an active endocrine organ that plays a central role in the pathogenesis of
obesity associated insulin resistance [75]. Although skeletal muscle is the major tissue
responsible for peripheral glucose uptake, adipose tissue also expresses the insulin receptor
and is responsible for clearing a portion of plasma glucose [76]. Early work on insulin
resistance in adipose tissue showed that the cytokine TNFα, which is upregulated in adipose
tissue during obesity, is able to induce insulin resistance by attenuating insulin signaling at
the level of insulin receptor and by suppressing the expression of the insulin responsive
glucose transporter GLUT4 [77, 78]. The mechanism by which TNFα induces these effects
is not clear. In 1996, Long et al. demonstrated that TNFα mediates ceramide biosynthesis
through the sphingomyelin pathway in 3T3-L1 adipocytes. The resulting rise in intracellular
ceramide levels is concomitant with a 60% decrease of GLUT4 mRNA content.
Furthermore, treatment of 3T3-L1 adipocytes with C8-ceramide, a membrane-permeable
short chain analogue of ceramide, also decreased GLUT4 mRNA content, suggesting that a
ceramide initiated signal transduction pathway exist in the adipocyte and plays a role in
facilitating TNFα's control on GLUT4 expression [79]. Studies in 3T3-L1 adipocytes have
shown that TNF-alpha can also cause insulin resistance by increasing the sphingolipid
ganglioside GM3, which can attenuate insulin signaling at the level of the insulin receptor
[80]. Clinical studies in humans have linked sphingolipid content in adipose tissue to
systemic metabolic health. In 2007, Kolak et al showed that obese individuals with liver
steatosis had increased inflammation, ceramide content, and sphingomyelinase activity in
adipose tissue compared to their counterparts without liver steatosis [81]. Thus, it is evident
that a strong link exists between adipose sphingolipids, inflammation, and insulin resistance,
and adipose tissue plays an integral role in this process.

Role of Sphingolipids in β cells
Early indications that ceramides played a significant role came from studies of ZDF rats, a
rodent model of β cell failure. These animals present early in life with β cell hyperplasia
followed by subsequent failure. Elevated circulating triglycerides in these rats leads to
inappropriate deposition of lipids in β cells, and this accumulation causes elevated ceramide
content in islets [48]. These ceramides lead to β cell death, and inhibition of the ceramide
synthase with fumonisin B rescues cultured ZDF islets from this lipid mediated apoptosis
[48]. Follow up studies revealed that these ceramides are generated via the de novo synthesis
pathway, and that inhibition of the rate limiting enzyme in this pathway is sufficient to
reduce ceramide accumulation and apoptosis of the islets in vivo [82]. Consistent with a role
of ceramides in β cell death are additional recent observations from our laboratory. These
results show that the adipokine adiponectin is can rescue β cells from apoptosis in vivo via
its ability to decrease intracellular ceramides [68].

In light of the compelling evidence arguing that ceramides are toxic to the β cells, a
mechanism for this action has been sought in recent years. A common theme emerging from
these studies is that ceramides are capable of causing endoplasmic reticulum stress, and that
this is partly responsible for the death of β cells. Consistent with this theme is that reduction
of ceramides in an insulin secreting β cell line results in decreased ER stress while
improving cell survival [83]. Another aspect of ceramide action relates to the fact that they
can alter mitochondrial function, and β cells have a very limited tolerance with respect to
altered mitochondrial function. This is further highlighted by the treatment of INS-1 cells
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with a cell permeable ceramide. This markedly reduces the mitochondrial membrane
potential, leading to a concomitant increase in cytosolic cytochrome c [84, 85]. While the
direct effects of ceramides on mitochondrial membrane integrity are still subject to
discussions, this remains a plausible mechanism which has been better defined in other
organs, such as the heart.

Role of sphingolipids in the heart
The mammalian heart is a highly aerobic organ deriving approximately 60% of its energy
from the direct utilization of lipids via oxidative phosphorylation. Although the heart is well
equipped to handle lipids, states of excess lipid deposition occur under conditions of insulin
resistance and type 2 diabetes and are linked to diastolic dysfunction in both human and
rodent studies [86, 87]. Key mediators of the dysfunction in the heart under these conditions
are thought to be ceramides. In vitro studies have shown that short and long chain ceramides
can inhibit mitochondrial respiration [88]. This effect is produced via a membrane
dependent inhibition of mitochondrial complexes I and III [88]. Similar to the situation in β
cells, short chain cell permeable ceramides are directly toxic to isolated rat cardiac myocytes
via induction of apoptotic cell death [89]. From these results, we can see that ceramides are
directly toxic to cardiomyocytes, in large part via inhibition of mitochondrial respiration.
However, most studies were performed on isolated cells and mitochondria. The role in vivo
role of ceramides in whole animal cardiac physiology remains less well defined.

Lipoprotein lipase is an enzyme on the surface of cells which mediates the cleavage of fatty
acyl groups from circulating lipoprotein particles, thereby stimulating uptake of these lipids
into proximal tissues. Overexpression of lipoprotein lipase in the heart results in lipid
accumulation and cardiac dysfunction as characterized by left ventricular dilation (LVD)
and decreased contractility [90]. Treatment with myriocin, an inhibitor of the de novo
ceramide synthesis pathway, corrected both LVD and the loss of contractility, further
highlighting the importance of ceramides in diastolic dysfunction during lipid overload in
the heart [90].

With respect to acute cell injury, ceramides are greatly elevated during ischemic cardiac cell
death in vivo [89]. Recent evidence implicates adiponectin as a potent cardioprotective
factor through its activation of cellular ceramidases [68]. Overexpression of adiponectin
prevents cardiac cell death upon induction of apoptosis in vivo, while loss of adiponectin
enhances cardiac damage and increases mortality [68]. These studies build upon previously
published experiments that highlight adiponectin knockout mice as more susceptible to
cardiac ischemic death, though a ceramide-dependent mechanism was not tested [91].
Altogether, these studies put ceramides at the center of cardiac health and fitness and
emphasize the importance of lipid homeostasis in the mammalian heart.

How do leptin, adiponectin and FGF21 alter sphingolipids
Adipose tissue secretes a wide array of unique factors, adipokines, which have been widely
discussed in the literature with respect to their function as regulators of whole body
metabolism and insulin sensitivity [75]. Among these adipokines, leptin is one of the most
active regulators of body weight and food intake. Dysregulation of leptin usually results in
obesity and eventually insulin resistance and type 2 diabetes [92-95]. Rats treated with leptin
display systemic improvements in insulin sensitivity and suppress de novo ceramide
synthesis [48, 96]. More recently, Bonzon-Kulichenko et al. have demonstrated that central
leptin infusion in the hypothalamus in mice reduces total ceramide content in WAT via
action through the autonomic nervous system. Central leptin represses serine palmitoyl
transferase (SPT), the rate-limiting enzyme of ceramide production in WAT by 30%.
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Furthermore, the reduction of ceramides in WAT coincides with improved systemic insulin
sensitivity; suggesting that reduction of WAT ceramides contributes to improvements in
systemic insulin sensitivity [97]. As discussed in the various sections above on adiponectin
action in specific target tissues, adiponectin exerts its beneficial metabolic effects by
lowering cellular ceramide levels. Furthermore, adiponectin is potently anti-apoptotic in the
context of cardiomyocytes and pancreatic β cells in vivo through the lowering of cellular
ceramides. The adiponectin receptors, AdipR1 and AdipoR2 exhibit ceramidase activity in
an adiponectin dependent manner [68]. Whether the receptors themselves contain the
ceramidase activity or they sequester or induce a ceramidase upon activation is still unclear.
FGF21 has been the target of much interest [98]. Expressed primarily in the liver upon
prolonged fasting, it can also be synthesized in other tissues. In a similar fashion as
adiponectin, FGF21 mediates potent beneficial effects on carbohydrate and lipid metabolism
[99] and effectively lowers ceramides [100]. These effects critically rely on FGF21's ability
to stimulate adiponectin release from the adipocyte. Thiazolidinediones (TZDs), agonists for
the nuclear receptor PPARγ, are potent inducers of FGF21 and adiponectin, and in turn
lower plasma ceramide levels as well. Based on our own work and that of others, we
propose a model in which there is a linear relationship between TZD exposure, leading to
the induction of FGF21, which in turn triggers increased release of adiponectin from
adipocytes, that prompts a systemic lowering of ceramides [100, 101].

These observations highlight the dual role of the adipocyte, both as a source of lipotoxic
fatty acids as well as a source for potently anti-lipotoxic adipokines that include, but may
not be limited to, leptin, adiponectin and FGF21 that exert protective roles for susceptible
cell types, both during times of maximal FFA release from the adipocyte during fasting as
well in the postprandial state.

“Healthy” adipose tissue rescues systemic ceramide accumulation
In the past, we have generated several mouse models that display the ability to massively
expand their subcutaneous adipose tissue. We define “healthy” tissue as a tissue that can
undergo a very high level of expansion without the usual side effects of obesity, i.e. adipose
tissue displaying increased levels of adipogenesis, effective recruitment of precursor cells,
proper angiogenesis, lack of hypoxia and fibrosis, with limited infiltration of immune cells
and subsequent inflammation [102]. We have achieved that by either local overexpression of
adiponectin [103] or overexpression of the mitochondrial protein mitoNEET [104]. In both
cases, systemic insulin sensitivity is fully preserved, and minimal ectopic lipids accumulate
under those conditions. This highlights the powerful effects that adipose tissue can exert as a
“metabolic sink” for excess lipids, that can effectively be neutralized in subcutaneous
adipose tissue rather than being deposited ectopically in other tissues, where they give rise to
ceramides.

Concluding remarks
Lipids are a highly heterogeneous class of bioactive molecules that play diverse functions
within the cell. Here, we have outlined the important functions of metabolites of the
ceramide and sphingosine pathways with respect to cellular and systemic metabolic function
(Fig. 2). The involvement of ceramides in the development of diabetes and metabolic
syndrome is an emerging field in metabolism research. While the liver is an important site of
ceramide synthesis, it is clear that the manipulation of the sphingolipid pathways in other
tissues, particularly the adipocyte, may also potently affect the systemic sphingolipid pool.
The accumulation of ceramides in the liver can potentially promote hepatic steatosis and
further its development into steatohepatitis. This finding suggests that the “cross-talk”
between adipose tissue and liver may be important in the development of liver dysfunction
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and other metabolic impairments. Sphingolipid metabolism is a potent upstream mediator of
the insulin sensitizing and anti-inflammatory effects of the key known adipokines, such as
leptin, adiponectin and FGF21. One of the key challenges in the field in the future remains
to build a better understanding of the actions of these adipokines on their key target tissues
and how that translates into measurements of individual sphingolipid subspecies in plasma.
This also entails a better understanding of what distinct physiological role the many different
subspecies play at the level of the individual target cells, which - though currently a
daunting task - will unquestionably contribute in major ways towards an improved holistic
understanding of metabolic dysfunction.
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Highlights

• Ceramides are key mediators of insulin resistance and apoptosis

• Key tissues affected are the liver, adipose tissue, immune cells

• Additional tissues affected include the heart, pancreatic β cells and muscle

• Pharmacological or genetic disruption of ceramide synthesis improves
metabolism

• Plasma ceramides serve as markers for the Metabolic Syndrome
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Fig. 1.
Ceramides can be synthesized through three different pathways: de novo biosynthesis,
sphingomyelinase pathway, and the salvage pathway. The de novo pathway of ceramide
generation is regulated by its rate-limiting enzyme, serine palmitoyl-CoA transferase (SPT).
Furthermore, SPT has high specificity for its substrate, palmitoyl-CoA, a saturated fatty acid
that is required for the formation of the sphingoid backbone of ceramides. Distinct from the
de novo pathway, ceramides can also be generated by neutral sphingomyelinase (N-SMase)-
catalyzed hydrolysis of sphingomyelin in cell membranes. Finally, ceramides can also be
synthesized through the “salvage pathway” by breakdown of complex sphingolipids
mediated by ceramide synthase.
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Fig. 2.
Overview of the key target tissues and cell types discussed here in the context of metabolic
effects of sphingolipids. One of the major unresolved questions remains what the major
sources for circulating sphingolipids are and whether there are differences in the tissue
origins of different ceramide subspecies circulating in plasma.
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