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Abstract. Sphingolipids, a major class of lipids in cell membranes, play diverse roles in biology. They are synthesized by
a highly conserved biosynthetic pathway that leads to the production of ceramides, the major precursors of most complex
sphingolipids. Almost all known stress stimuli including inflammatory agonists, chemotherapeutics, and saturated fatty acids
induce the synthesis of ceramide and its metabolites. A panoply of recent studies has implicated ceramides in the development
of the metabolic comorbidities of obesity such as diabetes and cardiovascular diseases. In particular, inhibition of ceramide
biosynthesis in rodents ameliorates insulin resistance, diabetes, cardiomyopathy, atherosclerosis, and steatohepatitis. These
data implicate ceramides as major contributors to the development of metabolic diseases. This review summarizes recent
findings on this emerging class of bioactive lipids with an emphasis on studies using in vivo models to understand their role
in metabolic disease.
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1. Introduction

The majority of obese individuals develop insulin
resistance, a condition characterized by impaired cel-
lular responses towards insulin [1]. If not controlled,
prolonged insulin resistance increases risk for Type
2 Diabetes and cardiovascular disease [2]. A large
body of evidence suggests that lipid-induced insults
(lipotoxicity) in metabolic tissues drives the initia-
tion and progression of insulin resistance, diabetes
and metabolic disorders [3].

As fatty acids enter cells, they are rapidly con-
verted to acyl-CoA’s before undergoing one of three
metabolic fates. They can be coupled to (a) glyc-
erol to produce glycerolipids (e.g. triacylglycerol,
diacylglycerol, phosphatidylcholine, etc.), (b) car-
nitine for delivery into mitochondria to produce
acyl-CoA for ATP production or cholesterol syn-
thesis, or (c) serine to generate sphingolipids (e.g.
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ceramide, sphingomyelin). Sphingolipids are the
least abundant (∼20% of glycerolipids) [4, 5]. How-
ever, when they accumulate above a critical threshold,
they impair insulin action in adipose tissue, skele-
tal muscle, and/or the liver [6, 7] and modulate
energy metabolism [7, 8]. Moreover, adiponectin
appears to elicit its anti-diabetic and cardioprotective
actions by activating receptors with intrinsic cerami-
dase activity to degrade ceramides [9, 10]. In addition,
saturated fatty acids (SFAs) induce their antagonis-
tic effects on insulin signaling in peripheral tissues,
such as the skeletal muscle, by enhancing activation
of TLR-4 receptor signaling to increase biosynthesis
of ceramides [6]. In this review, we provide a per-
spective on in vivo studies implicating ceramides in
the development of metabolic diseases.

2. Ceramide synthesis and metabolism

Although ceramides are prevalent in the diet,
they are largely degraded in the mammalian intes-
tine [11]. Their production in animal tissues is
driven by a conserved de novo ceramide synthesis
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pathway which begins in the endoplasmic reticu-
lum with the condensation of palmitoyl-CoA and
serine, catalyzed by the enzyme serine palmitoyl-
transferase (Spt 1-3), to produce 3-ketosphinganine
(Fig. 1) [12]. Three subsequent reactions follow:
3-ketosphinganine reductase (3Ksn) generates sph-
inganine, which is then n-acylated by (dihydro)
ceramide synthase (Cers 1–6) to produce dihydroce-
ramide. Then, desaturases (Des1 and 2) introduce a
distinctive double bond in dihydroceramide to pro-
duce ceramides. The diversity in the sphingolipid
family results from a family of mammalian Cers
(Cers1–6), which add fatty acids of different chain
lengths to the sphingoid backbone, leading to the ulti-
mate generation of ceramide with variable acyl chain
lengths ranging from 14-carbon to 34-carbon atoms
(Fig. 1) [13]. Importantly, ceramides with varying
acyl chain compositions are generated in specific tis-
sue and cell types depending on the physiological and
pathological state which show differential effects on
the development of metabolic diseases [14, 15]. The
double bond introduced by dihydroceramide desat-
urase imparts many of ceramide’s unique biophysical
properties [12].

3. Regulation of ceramide production in
obesity

The question as to how and when ceramides accu-
mulate in obesity has attracted considerable attention.
The initial assumption was that increased supply
of the substrates palmitate and serine from over-
nutrition was the major source of tissue ceramides
in obesity. However, recent studies have revealed
that tissue ceramides are also regulated by hormonal
cues, which modulate rates of ceramide synthesis and
degradation [6, 16]. In this section, we will present
evidence gained over the years that has led to the
refinement of the initial hypothesis.

3.1. Ceramides in obesity induced inflammation

Obesity is associated with chronic low grade
inflammation characterized by increased recruitment
and activation of macrophages to adipose tissue,
resulting in augmented expression and secretion of
inflammatory cytokines [17, 18]. These inflammatory
cytokines (e.g. TLR4 agonists, TNF-�, interleukins,
etc.) all increase levels of sphingolipids, generally
without affecting glycerolipids [19]. The prevailing
wisdom is that these inflammatory triggers work

in concert with excessive nutrient availability to
drive sphingolipid production. Circulating inflamma-
tory cytokines consistently show a particularly tight
association with circulating ceramides and insulin
resistance [19, 20].

Several findings support the involvement of the
innate immunity receptor toll-like receptor 4 (TLR4),
which is either stimulated or amplified by satu-
rated fats, as an important modulator of lipid-induced
insulin resistance and ceramide synthesis [6]. Indeed,
the preponderance of data reveal that TLR4-induced
ceramide synthesis is an essential component of
fat-induced insulin resistance. Lipopolysaccharide
(LPS), a TLR4 agonist, selectively upregulates de
novo ceramide synthesis. Moreover, mice lacking
TLR4 fail to accumulate ceramide in the presence
of elevated saturated fatty acids (Fig. 1) [6, 21,
22]. These data establish TLR4 signaling as an
essential component linking saturated fats to the
modulation of ceramide synthesis and anabolic
metabolism. Mechanistically, these effects are par-
tially mediated by activation of the Nod-like receptor
(Nlrp3) inflammasome, which senses ceramides to
induce caspase-1 cleavage in macrophages and adi-
pose tissue, and by contributing to the development
of insulin resistance by inhibiting AKT activation
[23, 24].

3.2. FGF21-adiponectin-ceramide axis

The adipokine adiponectin has received consider-
able attention for its potential anti-diabetic actions.
Adiponectin regulates glucose and lipid homeostasis
through actions in the liver, adipose, and pancre-
atic tissue [25–27]. In addition, adiponectin regulates
lipid spillover into non-adipose tissue by governing
rates of lipid synthesis, oxidation and lipolysis, as
well as by inhibiting inflammation. These beneficial
effects of adiponectin were previously thought to be
mediated by AMPK, a serine/threonine kinase [25].
However, the Scherer group has recently demon-
strated that adiponectin receptors AdipoR1 and 2
stimulate deacylation of ceramide, yielding sph-
ingosine that can be converted into sphingosine
1-phosphate (S1P) by sphingosine kinases [9]. The
resulting sphingosine and/or S1P prevent apopto-
sis of pancreatic �-cells and cardiomyocytes and
exert an anti-diabetic effect. Moreover, once syn-
thesized, S1P is transported to the extracellular
environment and binds to the S1P receptors to
activate AMPK [9]. Consistent with this, Tanabe
et al. initially showed that crystal structures of
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Insulin

Fig. 1. Schematic illustration of ceramide synthesis and its action in metabolic tissues. Free fatty acids, palmitate and inflammatory agonists
stimulate the synthesis of ceramides. Excess accumulation of ceramides in insulin responsive tissues inhibits AKT/PKB resulting in reduced
insulin response. In addition, ceramides, elicit its deleterious effect by inhibiting mitochondrial function and inducing ER stress. Inhibition
of ceramide synthetic pathway improves insulin sensitivity. Similarly, FGF21 and adiponectin exhibits its beneficial effect partially by
regulating rates of conversion of ceramide to sphingosine. Abbreviations of enzymes: Cers: Ceramide synthase; Des: desaturase; Ksn:
3-ketosphinganine reductase; Smase: sphingomyelinase; Sptlc: serine palmitoyltransferase.

human AdipoRs possess a hydrophobic binding
pocket potentially resembling that of the cerami-
dases [28]. More recently, Vasiliauskaite-Brooks
et al. showed that purified adiponectin recep-
tors possess inherent ceramidase enzymatic activity
(Fig. 1) [10]. Moreover, they solved the crystal
structure in the presence of ceramide, obtaining a
final entity bound to a fatty acid product of the
reaction [10].

FGF21, a member of fibroblast growth factor
(FGF), has garnered a considerable amount of atten-
tion because of its ability to modulate glucose and
lipid homeostasis and whole-animal energy utiliza-
tion [29, 30]. In a series of elegant studies, Scherer
and colleagues recently demonstrated that FGF21
stimulates adiponectin secretion in rodents, thereby
decreasing ceramide levels. Interestingly, the deletion
of adiponectin renders rodents’ refractory to FGF21,
at least with regards to its effects on ceramide levels
and energy metabolism. Collectively, these studies
demonstrate the presence of an FGF21-adiponectin-
ceramide axis that modulates glucose and energy
homeostasis (Fig. 1) [31].

3.3. Ceramide, gut microbiota, and obesity

Oral transplantation of cecal microbiota derived
from obese mice into lean germ free mice leads to an
increase in hepatic triglyceride content [32], which
demonstrates that alteration of the gut microbiota
contributes to the development of obesity and its
comorbidities. However, the mechanisms linking gut
microbiota to metabolic homeostasis have been elu-
sive. Recently, Gonzalez and colleagues found that
gut microbiota regulate a bile acid/intestinal FXR axis
to alter ceramide pathways, which may led to hepatic
triglyceride accumulation [33]. Moreover, their study
goes on to demonstrate that depleting the gut micro-
biota with antibiotics reduces transcripts encoding for
the genes involved in ceramide biosynthesis in the
ileum and cecum and lowers serum ceramide levels,
an effect mediated by the intestinal FXR receptor. The
authors further present data suggesting that improve-
ments in hepatic steatosis result from FXR dependent
downregulation of ceramide and hepatic Srebp1c
and Cidea [33]. Their work further demonstrated
that intestinal FXR modulates ceramides content in
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the gut to reduce hepatic mitochondrial acetyl-CoA
levels and pyruvate carboxylase activities, thereby
attenuating hepatic gluconeogenesis [34].

4. Ceramides influence glucose homeostasis

Substantive evidence accumulated over the past
decade has convincingly demonstrated that sphin-
golipids, especially ceramides and its metabolites,
are key mediators of insulin resistance and related
metabolic comorbidities [35]. Early studies identify-
ing roles for ceramide in insulin resistance came from
direct application of ceramide analogs to isolated
skeletal muscles and cultured adipocytes [36, 37].
These studies revealed that ceramide inhibits insulin-
stimulated glucose uptake and glycogen synthesis
[38]. Subsequent to that, implementation of pharma-
cological and genetic strategies to inhibit synthesis
of ceramide or glucosylceramides in rodent models
of obesity was shown to increase insulin sensitivity
[35]. Moreover, profiling studies revealed an inverse
relationship between ceramides and insulin sensi-
tivity in rodents, non-human primates and humans
[39, 40]. The strength of the relationship is partic-
ularly strong when inflammation is considered in
concert [6, 22, 41]. Mechanistically, cell-autonomous
ceramide accumulation has been shown to inhibit
AKT/PKB phosphorylation by activating protein
phosphatase 2A, and blocking the translocation of
AKT/PKB to the plasma membrane through PKCζ

activation (Fig. 1) [42–44]. Studies using lipid infu-
sion or isolated muscles reveal that ceramides are
obligate intermediates linking saturated fatty acids,
but not unsaturated ones, to the development of
insulin resistance [6, 45–47].

In rodents, manipulation of ceramide synthesis
or degradation pathways through pharmacologic or
genetic means have profound effects on modulating
insulin sensitivity [35]. Importantly, pharmacologi-
cal inhibition of the ceramide biosynthetic enzymes
SPT or DES1 using myriocin or fenretinide, respec-
tively, elicits dramatic improvements in insulin action
and glucose homeostasis in a high fat fed mice,
fructose fed hamsters, leptin or leptin receptor defi-
cient rats or mice, and dexamethasone treated rats
or mice. [7, 48–50]. Moreover, mouse models bear-
ing haploinsufficiency of either Sptlc2 or Des1,
which are essential for ceramide synthesis, show
substantial improvements in insulin sensitivity when
exposed to high fat diet and/or dexamethasone [7, 51].
Another approach to reduce ceramide levels in

rodents involves the overexpression of acid cerami-
dase, which converts ceramides into sphingosine. In
cultured cells, the transgene negated the inhibitory
effects of palmitate on insulin signaling [42, 45].
This approach was also efficacious in vivo, as overex-
pression of ceramidase in adipose tissue or the liver
resolved impaired glucose tolerance [52].

Researchers are starting to obtain greater clarity
on the influence of acyl chain length on ceramide
action. Much of the work comes from cells or
animals lacking one of the six-ceramide synthase
enzymes (Cers1–6) that catalyze the n-acylation
of sphinganine [13]. Studies involving the abla-
tion of Cers2 and Cers6 in mice came to the
common conclusion that C16-ceramides contributed
to insulin resistance [14, 15]. First, the Brüning
group demonstrated that genetic deletion of Cers6,
the enzyme that adds the C16-acyl-chain, protects
mice from HFD-induced obesity, glucose tolerance
and insulin resistance [14]. Second, Summers and
colleagues demonstrated that haploinsufficiency for
Cers2 reduced C24-ceramides, but elicited a com-
pensatory increase in C16-ceramides. The elevation
of C16-ceramides led to impairments in glucose
tolerance and insulin sensitivity [15]. Mechanis-
tic studies suggest that the C16-ceramides impair
metabolic homeostasis by inhibiting mitochondrial
�−oxidation. Interestingly, genome wide association
studies have identified a common Cers2 polymor-
phism, introducing a single amino acid substitution at
position 115, that is strongly associated with insulin
resistance [15, 53].

4.1. Ceramides in adipose tissue

We recently completed a study doing a careful
analysis of the role of ceramides in adipose tissue
in vivo. The work was an offshoot of our stud-
ies with myriocin, a potent inhibitor of the enzyme
SPT isolated from the fungus Isaria Sinclairii. The
reagent has been used in a series of studies to reduce
ceramides in rodents, which ameliorates insulin resis-
tance and various other metabolic disorders in obese
mice, rats, and hamsters [7, 48, 49, 54–57]. We
found that it induced a broad spectrum of changes
in the adipose bed including reduced adipocyte size,
increase recruitment of M2 macrophages, and ele-
vated numbers of brown/beige adipocytes in white
adipose tissue, particularly in the subcutaneous depot
[58]. We then found that adipose-specific ablation of
Sptlc2 recapitulated the effects of myriocin including
the improvement in insulin sensitivity and glucose
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Fig. 2. Model for Ceramide sensing in adipocytes and its systemic effects. (a) Ceramides are essential for the differentiation of pre-adipocytes
into adipocytes. Ablation of Sptlc1/2 and pharmacological inhibition of ceramides biosynthesis in pre-adipocytes blocks differentiation.
(b) Adipocyte ceramides serve as nutritional determinants to promote lipid storage and inhibit thermogenic capacity hence promoting
“whitening” rather than “beigeing/britening” of adipocytes. Ablation of ceramide synthesis in mature adipocytes of obese mice promotes
beigeing/britening of adipocytes which improves insulin sensitivity and mitochondrial function in adipocytes and has systemic effects on
improving mitochondrial function, energy expenditure, glucose homeostasis and resolving hepatic steatosis.

tolerance, resolution of hepatic steatosis, recruitment
of beige adipocyte in the adipose tissue, and improved
mitochondrial function [58]. These adipose-specific
changes were sufficient to increase whole-body
energy expenditure. Based on these findings, we pro-
posed that ceramides act as nutrient signals that direct
the adipocyte towards a hypo-metabolic, rather than
thermogenic phenotype (Fig. 2).

In congruence with these findings, Jiang et al.
demonstrated that ectopic ceramides inhibit the
browning of beige adipocytes, suggesting that
endogenous ceramides could be autonomous reg-
ulators of adipocyte function [59]. We applied a
similar approach in the aforementioned study, using
various pharmacological reagents to manipulate lev-
els of endogenous ceramides. Collectively, the work
shows that the actions on the adipocyte were cell-
autonomous and driven by ceramides, but not other
sphingolipids.

Scherer and colleagues [52] used another approach
to selectively reduce adipose ceramides. Specifically,
they overexpressed acid ceramidase (Asah1) in adi-
pose tissue. Though they did not report effects on

adipose tissue browning/beiging, transgene induction
in adipose tissue quickly (i.e. within 3 days) resolved
hepatic steatosis and improved glucose tolerance, an
effect that was similar to that observed with Sptlc2
ablation in adipose tissue [58].

Of note, recent papers by the Proia and Park
laboratories found that ablation of either Sptlc1 or
2, respectively, in adipose tissue impaired adipose
differentiation and elicited a lipodystrophic pheno-
type [60, 61]. In these studies, the authors used
an adiponectin-Cre-recombinase line from Jackson
Laboratories that expresses the transgene earlier in
development [62]. We hypothesize that this accounts
for the difference in phenotype. In concordance with
their work, our studies in primary cells show that
myriocin is a potent inhibitor of adipocyte differen-
tiation [58].

Adipose tissue preferentially expresses a ceramide
synthase (i.e. Cers6) that makes the deleterious
C16-ceramides. Associations between adipose C16-
ceramides and metabolic dysfunction have been
observed [14]. Moreover, Cers6 expression is dramat-
ically increased in obese individuals [14]. Turpin et al.



6 L. Ying et al. / Ceramide dependent lipotoxicity in metabolic diseases

generated mice lacking Cers6 in brown adipose tis-
sue [14]. BAT-specific inhibition of Cers6 resolved
hepatic steatosis, improved glucose tolerance, and
enhanced mitochondrial �-oxidation and energy
expenditure. These studies further highlight the
importance of ceramide accumulation in BAT in reg-
ulating systemic metabolic homeostasis.

5. Ceramides in the liver

Nonalcoholic fatty liver disease is characterized
by an increased accumulation of triglycerides in hep-
atocytes. The condition is a major health problem
that predisposes individuals to cardiovascular dis-
ease, liver cancer and cirrhosis [63]. The condition
results from insulin resistance in adipose tissue, lead-
ing to increased lipolysis that liberates fatty acids
destined for the liver, causing impairments in hep-
atic lipid oxidation. [64]. In mice and humans, the
degree of hepatic steatosis and/or insulin resistance
positively correlates with hepatic ceramides [65, 66].
Pharmacological inhibition of SPT by myriocin or
DES1 by fenretinide in rodent models of obesity
reduces hepatic lipid accumulation [49, 50].

The aforementioned studies on the CERS enzymes
again support roles for C16-ceramides in promoting
fat deposition in the liver via impaired lipid oxidation.
In particular, Turpin et al. [14] demonstrated deple-
tion of Cers6 from the liver protected obese mice from
steatohepatitis and insulin resistance. Conversely,
Cers2 depletion led to compensatory increases in
CerS6 and C16-ceramides and predisposed mice to
diet-induced steatohepatitis [15]. A subsequent study
showed that mice lacking Cers5, which also con-
tributes to C16-ceramide synthesis, exhibit reduced
C16-ceramide content in liver, improved glucose
metabolism and insulin sensitivity, and protection
from hepatic steatosis [67].

The Scherer lab used the aforementioned system
enabling inducible expression of acid ceramidase
to study the role of ceramides in the liver. Over-
expression of acid ceramidase (Asah1), which
results in decreased hepatic ceramides, protected
the animals from hepatic steatosis and improved
insulin sensitivity [52]. This protection appeared
to result from changes in hepatic lipid uptake,
as they found that ceramide-induced transloca-
tion of the lipid transport protein CD36 to the
cell membrane. PKCζ was an obligate interme-
diate in this newly identified ceramide action.
Similarly, in liver specific inducible overexpression

of adiponectin receptor (AdipoR), adiponectin
decreased hepatic ceramide content, improved hep-
atic insulin resistance and protected against hepatic
steatosis by increasing AdipoR-induced ceramidase
activation [68].

6. Ceramides in muscle

Despite the abundance of data from interventional
studies indicating that ceramides improve insulin
sensitivity, the relative importance of ceramides as
regulatory factors in skeletal muscle metabolism has
been contentious. The controversy stems from discor-
dance in lipidomic profiling studies, as some groups
have shown strong associations between muscle
ceramides and insulin resistance [69–76], while oth-
ers have found no such relationship [77–80]. Indeed,
this issue has been discussed further in a recently pub-
lished Crosstalk “debate” sponsored by the Journal
of Physiology where investigators took oppositional
positions about the roles for ceramides as modulators
of muscle function [81, 82]. Despite this contention,
the initial in vitro studies convincingly demonstrated
that increasing ceramide content in skeletal muscle
cells potently inhibits insulin signaling [42, 83, 84].
Conversely, pharmacological inhibition of ceramide
synthesis or increased degradation of ceramides in
myotubes, attenuates palmitate induced inhibition of
insulin signaling [85]. Moreover, inhibiting ceramide
synthesis was shown to negate palmitate-induced
insulin resistance in isolated muscle strips and lipid-
infused rodents [6, 7]. Nonetheless, muscle-specific
manipulations of ceramide content have not been con-
ducted. To further hone the tissue-specific role of
ceramides in muscle, these studies should be pursued
in the future.

7. Ceramides in beta cells

Blocking ceramide production prevents the
destruction of beta cells in rodent models of type 2
diabetes. Whether this is due to autonomous actions
within the beta cell or is a consequence of its
insulin-sensitizing properties is unclear. However,
studies in cultured cells suggest that ceramide may
have autonomous actions within the cell type. In
particular, fatty acids have been shown to impair
insulin secretion and insulin gene transcription, in
addition to inducing apoptosis. The chronic adverse
effects of FFAs on �-cell function and viability are
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potentiated in the presence of hyperglycemia, a phe-
nomenon that has been termed gluco-lipotoxicity
[24]. Ceramide has been shown to accumulate
in �-cells exposed to either saturated fatty acids
(lipotoxicity) or to hyper-physiologic glucose envi-
ronment [86]. Moreover, ceramides are capable of
inhibiting insulin gene expression, blocking prolif-
eration, and inducing apoptosis both in mouse and
human islets [87–96]. Glycosylated derivatives of
ceramide (i.e. gangliosides) have been identified as
putative antigens that contribute to the auto-immune
response [97–100]. These in vitro studies suggest
that ceramides could contribute to the decline in �-
cell function that underlies diabetes. However, their
roles in vivo (e.g. with tissue specific knockouts) have
not been studied in sufficient detail and are essen-
tial for delineating the roles of ceramides in �-cell
function.

8. Ceramides in central nervous system

Data gleaned over the past decade have estab-
lished the role of hypothalamic insulin and leptin
signaling in modulating energy and glucose home-
ostasis [101, 102]. In particular, the Clegg laboratory
found that introducing saturated fatty acids into the
brain disrupts insulin signaling in the hypothalamus
at the level of AKT/PKB [103]. In addition, the Sum-
mers group reported that ceramides accumulate in
hypothalamus following either high fat diet feeding
or acute lipid infusion [6]. Taken together these stud-
ies raise the interesting possibility that ceramides
accumulate in the hypothalamus to modulate energy
homeostasis. In support of this hypothesis, Contr-
eras and colleagues recently demonstrated ceramide
induced lipotoxicity in the hypothalamus modu-
lates weight gain by reducing brown adipose tissue
thermogenesis [104].

Additional studies suggest that glucosylated
ceramides within the CNS may modulate periph-
eral metabolism. In particular, neuronal expression of
glucosylceramide synthase (GCS), which regulates
the synthesis of ceramide metabolite glucosylce-
ramide, has also been implicated as a modulator of
body weight and energy homeostasis [105]. Mice
deficient in glycosphingolipids in the hypothala-
mus developed progressive obesity and displayed a
decrease in sympathetically mediated thermogenesis
[105]. Moreover, rAAV-mediated Ugcg (encoding for
GCS) delivery to the hypothalamic arcuate nucleus
led to ensuing elevations in nuclear glucosylce-

ramides which ameliorated obesity. Mechanistically,
GCS-depleted neurons displayed inadequate leptin
receptor [42] activation, requiring neuronal ganglio-
sides GM1 and GD1a to be recruited to the ObR
upon ligand stimulation [105]. Although these obser-
vations suggest the essential requirement of GCS in
regulating food intake, we cannot distinguish whether
the obese phenotype in this animal model results from
the lack of glucosylceramides or the accumulation of
ceramides.

Although nascent, studies accumulated in recent
years have refined our understanding of ceramide-
mediated lipotoxicity in the hypothalamus in
regulating energy homeostasis. These data raise inter-
esting questions as to which orexigenic signals are
modulated by ceramides or its metabolites.

9. Ceramides in the heart and vasculature

An estimated 65% of people that die a cardiovas-
cular death have either impaired glucose tolerance or
diabetes [106]. Interestingly, inhibition of ceramide
biosynthesis shows beneficial effects in several
rodent models of cardiovascular diseases, including
atherosclerosis, hypertension and cardiomyopathy
[107–110]. Of note, ceramide has been identified
as surrogate biomarkers that predict cardiovascular
events, and clinical tests are being made available to
patients [111].

Whether this protective effect of ceramide deple-
tion interventions is due to improvements in glucose
homeostasis or a result of autonomous effects in
the vasculature or heart is unclear [24]. For exam-
ple, the atherogenic effects of ceramide could also
be due to autonomous effects on the vessel wall.
Ceramides also induce transcytosis of oxidized low-
density lipoproteins across endothelial cells, leading
to the retention of lipids in the vascular wall [112] and
promote monocyte adhesion to vessel walls [113],
which provides a mechanism that could contribute to
plaque formation. Furthermore, vascular dysfunction
critically underlies cardiovascular diseases, including
hypertension. Both myriocin and haploinsufficency
for Des1 protect mice from diet-induced impairment
in vascular function, negating hypertension [114].
Studies in isolated vessels exposed to palmitate imply
that ceramides may also have autonomous actions in
the vessel [114]. Ceramide was an obligate interme-
diate linking palmitate to the impairment in vascular
reactivity. These effects were due to ceramide
induced co-localization of protein phosphatase 2A
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(PP2A) with eNOS, leading to the inhibition of
eNOS phosohorylation and its dissociation from
AKT/PKB [114].

Obesity is associated with an increased incidence
of cardiac dysfunction and cardiomyopathy that con-
tributes to morbidity and mortality from cardiac
infarction. Ceramides have been found in patho-
logical specimens and worsen lipotoxicity induced
cardiomyopathy [115]. Pharmacological or genetic
inhibition of ceramide synthesis in a model of
lipotoxic cardiomyopathy (i.e. cardiac specific over-
expression of human lipoprotein lipase) abrogates
apoptosis and cardiac contraction [115]. However,
heart-specific deletion of Sptlc2 impairs cardiac func-
tion [116], making it difficult to ascertain whether
ceramides that regulate cardio-lipotoxicity were
generated within the cardiomyocyte.

10. Conclusion

The redundancy of approaches utilized in rodent
models so far strongly suggests that therapeutic
strategies that reduce pathological ceramides should
improve insulin sensitivity and help patients achieve
better glycemic control. Moreover, such clinical
interventions should delay or prevent the various co-
morbidities of obesity, such as diabetes and heart
disease. Nonetheless, a number of questions still
remain [24, 117]. Firstly, our understanding of the
tissue-specific roles of ceramides in disease etiology
is still not fully defined. To this end, the advent of
novel mouse tools enabling tissue-specific manipula-
tion of ceramides will help to identify which tissues
are most sensitive to ceramide accumulation. Sec-
ondly, though initial studies identified a couple of key
mechanisms (i.e. regulation of AKT) for ceramide
actions, the plethora of effects elicited by ceramide
seems to be unlikely to be fully explained solely by
this PP2A-AKT axis. Identifying additional molecu-
lar mechanisms will be crucial for understanding the
roles of ceramides. Thirdly, ceramides are intermedi-
ate metabolites of the complex sphingolipids which
are not in a static state and have a high degree of
turnover. A better understanding the regulatory nodes
in the ceramide biosynthetic pathway that are mod-
ulated during metabolic abnormalities could lead to
the identification of better therapeutic targets. Despite
these questions, the data thus far obtained place
ceramides at the nexus of a nutrient signaling net-
work that has profound effects on a wide variety of
metabolic disease processes.

Acknowledgments

We wish to thank Prof. Scott A Summers for the
critical reading of the manuscript. This work was sup-
ported by a grant from the Vice President Research
Office, Funding Seed Grant Incentive, University of
Utah (To BC). We apologize for the many excellent
studies that were not discussed because of limited
space. The figures in this manuscript were partially
adapted from Servier Medical Art.

References

[1] Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking
obesity to insulin resistance and type 2 diabetes. Nature.
2006;444(7121):840-6.

[2] Meigs JB, Rutter MK, Sullivan LM, Fox CS, D’Agostino
RB Sr, Wilson PW. Impact of insulin resistance on risk
of type 2 diabetes and cardiovascular disease in peo-
ple with metabolic syndrome. Diabetes Care. 2007;30(5):
1219-25.

[3] Unger RH, Scherer PE. Gluttony, sloth and the metabolic
syndrome: A roadmap to lipotoxicity. Trends Endocrinol
Metab. 2010;21(6):345-52.

[4] Meikle PJ, Wong G, Tan R, Giral P, Robillard P,
Orsoni A, et al. Statin action favors normalization of the
plasma lipidome in the atherogenic mixed dyslipidemia of
MetS: Potential relevance to statin-associated dysglycemia.
J Lipid Res. 2015;56(12):2381-92.

[5] Wentworth JM, Naselli G, Ngui K, Smyth GK,
Liu R, O’Brien PE, et al. GM3 ganglioside and
phosphatidylethanolamine-containing lipids are adipose
tissue markers of insulin resistance in obese women. Int
J Obes (Lond). 2016;40(4):706-13.

[6] Holland WL, Bikman BT, Wang LP, Yuguang G, Sargent
KM, Bulchand S, et al. Lipid-induced insulin resistance
mediated by the proinflammatory receptor TLR4 requires
saturated fatty acid-induced ceramide biosynthesis in mice.
J Clin Invest. 2011;121(5):1858-70.

[7] Holland WL, Brozinick JT, Wang LP, Hawkins ED, Sargent
KM, Liu Y, et al. Inhibition of ceramide synthesis ame-
liorates glucocorticoid-, saturated-fat-, and obesity-induced
insulin resistance. Cell Metab. 2007;5(3):167-79.

[8] Guenther GG, Edinger AL. A new take on ceramide: Starv-
ing cells by cutting off the nutrient supply. Cell Cycle.
2009;8(8):1122-6.

[9] Holland WL, Miller RA, Wang ZV, Sun K, Barth BM,
Bui HH, et al. Receptor-mediated activation of ceramidase
activity initiates the pleiotropic actions of adiponectin. Nat
Med. 2011;17(1):55-63.

[10] Vasiliauskaite-Brooks I, Sounier R, Rochaix P, Bellot
G, Fortier M, Hoh F, et al. Structural insights into
adiponectin receptors suggest ceramidase activity. Nature.
2017;544(7648):120-3.

[11] Vesper H, Schmelz EM, Nikolova-Karakashian MN, Dille-
hay DL, Lynch DV, Merrill AH Jr. Sphingolipids in food
and the emerging importance of sphingolipids to nutrition.
J Nutr. 1999;129(7):1239-50.



L. Ying et al. / Ceramide dependent lipotoxicity in metabolic diseases 9

[12] Merrill AH, Jr. De novo sphingolipid biosynthesis:
A necessary, but dangerous, pathway. J Biol Chem.
2002;277(29):25843-6.

[13] Park JW, Park WJ, Futerman AH. Ceramide synthases as
potential targets for therapeutic intervention in human dis-
eases. Biochim Biophys Acta. 2014;1841(5):671-81.

[14] Turpin SM, Nicholls HT, Willmes DM, Mourier A,
Brodesser S, Wunderlich CM, et al. Obesity-induced
CerS6-dependent C16:0 ceramide production promotes
weight gain and glucose intolerance. Cell Metab.
2014;20(4):678-86.

[15] Raichur S, Wang ST, Chan PW, Li Y, Ching J, Chaurasia
B, et al. CerS2 haploinsufficiency inhibits beta-oxidation
and confers susceptibility to diet-induced steatohep-
atitis and insulin resistance. Cell Metab. 2014;20(4):
687-95.

[16] Bikman BT, Summers SA. Ceramides as modulators of cel-
lular and whole-body metabolism. The Journal of clinical
investigation. 2011;121(11):4222-30.

[17] Hotamisligil GS. Inflammation and metabolic disorders.
Nature. 2006;444(7121):860-7.

[18] Hotamisligil GS, Murray DL, Choy LN, Spiegelman
BM. Tumor necrosis factor alpha inhibits signaling
from the insulin receptor. Proceedings of the National
Academy of Sciences of the United States of America.
1994;91(11):4854-8.

[19] de Mello VD, Lankinen M, Schwab U, Kolehmainen
M, Lehto S, Seppanen-Laakso T, et al. Link between
plasma ceramides, inflammation and insulin resistance:
Association with serum IL-6 concentration in patients with
coronary heart disease. Diabetologia. 2009;52(12):2612-5.

[20] Majumdar I, Mastrandrea LD. Serum sphingolipids and
inflammatory mediators in adolescents at risk for metabolic
syndrome. Endocrine. 2012;41(3):442-9.

[21] Sims K, Haynes CA, Kelly S, Allegood JC, Wang E,
Momin A, et al. Kdo2-lipid A, a TLR4-specific agonist,
induces de novo sphingolipid biosynthesis in RAW264.7
macrophages, which is essential for induction of autophagy.
The Journal of biological chemistry. 2010;285(49):
38568-79.

[22] Schilling JD, Machkovech HM, He L, Sidhu R, Fujiwara
H, Weber K, et al. Palmitate and lipopolysaccharide trigger
synergistic ceramide production in primary macrophages.
The Journal of biological chemistry. 2013;288(5):2923-32.

[23] Vandanmagsar B, Youm YH, Ravussin A, Galgani JE,
Stadler K, Mynatt RL, et al. The NLRP3 inflammasome
instigates obesity-induced inflammation and insulin resis-
tance. Nature medicine. 2011;17(2):179-88.

[24] Chaurasia B, Summers SA. Ceramides - Lipotoxic Induc-
ers of Metabolic Disorders. Trends Endocrinol Metab.
2015;26(10):538-50.

[25] Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida
S, et al. Adiponectin stimulates glucose utilization and
fatty-acid oxidation by activating AMP-activated protein
kinase. Nature medicine. 2002;8(11):1288-95.

[26] Ouchi N, Kihara S, Arita Y, Okamoto Y, Maeda K,
Kuriyama H, et al. Adiponectin, an adipocyte-derived
plasma protein, inhibits endothelial NF-kappaB signal-
ing through a cAMP-dependent pathway. Circulation.
2000;102(11):1296-301.

[27] Kadowaki T, Yamauchi T, Kubota N. The physiological
and pathophysiological role of adiponectin and adiponectin

receptors in the peripheral tissues and CNS. FEBS letters.
2008;582(1):74-80.

[28] Tanabe H, Fujii Y, Okada-Iwabu M, Iwabu M, Nakamura Y,
Hosaka T, et al. Crystal structures of the human adiponectin
receptors. Nature. 2015;520(7547):312-6.

[29] Kharitonenkov A, Larsen P. FGF21 reloaded: Challenges
of a rapidly growing field. Trends in endocrinology and
metabolism: TEM. 2011;22(3):81-6.

[30] Kharitonenkov A, Shiyanova TL, Koester A, Ford AM,
Micanovic R, Galbreath EJ, et al. FGF-21 as a novel
metabolic regulator. The Journal of Clinical Investigation.
2005;115(6):1627-35.

[31] Holland WL, Adams AC, Brozinick JT, Bui HH, Miyauchi
Y, Kusminski CM, et al. An FGF21-adiponectin-ceramide
axis controls energy expenditure and insulin action in mice.
Cell Metabolism. 2013;17(5):790-7.

[32] Backhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy
A, et al. The gut microbiota as an environmental fac-
tor that regulates fat storage. Proceedings of the National
Academy of Sciences of the United States of America.
2004;101(44):15718-23.

[33] Jiang C, Xie C, Li F, Zhang L, Nichols RG, Krausz KW,
et al. Intestinal farnesoid X receptor signaling promotes
nonalcoholic fatty liver disease. The Journal of Clinical
Investigation. 2014.

[34] Xie C, Jiang C, Shi J, Gao X, Sun D, Sun L, et al. An
Intestinal Farnesoid X Receptor-Ceramide Signaling Axis
Modulates Hepatic Gluconeogenesis in Mice. Diabetes.
2017;66(3):613-26.

[35] Chavez JA, Summers SA. A ceramide-centric view of
insulin resistance. Cell metabolism. 2012;15(5):585-94.

[36] Wang CN, O’Brien L, Brindley DN. Effects of cell-
permeable ceramides and tumor necrosis factor-alpha on
insulin signaling and glucose uptake in 3T3-L1 adipocytes.
Diabetes. 1998;47(1):24-31.

[37] Summers SA, Garza LA, Zhou H, Birnbaum MJ. Reg-
ulation of insulin-stimulated glucose transporter GLUT4
translocation and Akt kinase activity by ceramide. Mol Cell
Biol. 1998;18(9):5457-64.

[38] Galadari S, Rahman A, Pallichankandy S, Galadari A,
Thayyullathil F. Role of ceramide in diabetes mellitus:
Evidence and mechanisms. Lipids in Health and Disease.
2013;12:98.

[39] Brozinick JT, Hawkins E, Hoang Bui H, Kuo MS, Tan
B, Kievit P, et al. Plasma sphingolipids are biomarkers
of metabolic syndrome in non-human primates maintained
on a Western-style diet. International Journal of Obesity.
2013;37(8):1064-70.

[40] Haus JM, Kashyap SR, Kasumov T, Zhang R, Kelly KR,
Defronzo RA, et al. Plasma ceramides are elevated in obese
subjects with type 2 diabetes and correlate with the severity
of insulin resistance. Diabetes. 2009;58(2):337-43.

[41] Samad F, Hester KD, Yang G, Hannun YA, Bielawski
J. Altered adipose and plasma sphingolipid metabolism
in obesity: A potential mechanism for cardiovascular and
metabolic risk. Diabetes. 2006;55(9):2579-87.

[42] Chavez JA, Knotts TA, Wang LP, Li G, Dobrowsky RT, Flo-
rant GL, et al. A role for ceramide, but not diacylglycerol, in
the antagonism of insulin signal transduction by saturated
fatty acids. J Biol Chem. 2003;278(12):10297-303.

[43] Salinas M, Lopez-Valdaliso R, Martin D, Alvarez A,
Cuadrado A. Inhibition of PKB/Akt1 by C2-ceramide



10 L. Ying et al. / Ceramide dependent lipotoxicity in metabolic diseases

involves activation of ceramide-activated protein phos-
phatase in PC12 cells. Molecular and Cellular Neuro-
sciences. 2000;15(2):156-69.

[44] Stratford S, DeWald DB, Summers SA. Ceramide dis-
sociates 3’-phosphoinositide production from pleckstrin
homology domain translocation. The Biochemical Journal.
2001;354(Pt 2):359-68.

[45] Powell DJ, Turban S, Gray A, Hajduch E, Hundal HS.
Intracellular ceramide synthesis and protein kinase Czeta
activation play an essential role in palmitate-induced insulin
resistance in rat L6 skeletal muscle cells. The Biochemical
Journal. 2004;382(Pt 2):619-29.

[46] Watson ML, Coghlan M, Hundal HS. Modulating ser-
ine palmitoyl transferase (SPT) expression and activity
unveils a crucial role in lipid-induced insulin resistance
in rat skeletal muscle cells. The Biochemical Journal.
2009;417(3):791-801.

[47] Hu W, Ross J, Geng T, Brice SE, Cowart LA. Dif-
ferential regulation of dihydroceramide desaturase by
palmitate versus monounsaturated fatty acids: Implications
for insulin resistance. The Journal of Biological Chemistry.
2011;286(19):16596-605.

[48] Ussher JR, Koves TR, Cadete VJ, Zhang L, Jaswal
JS, Swyrd SJ, et al. Inhibition of de novo ceramide
synthesis reverses diet-induced insulin resistance and
enhances whole-body oxygen consumption. Diabetes.
2010;59(10):2453-64.

[49] Yang G, Badeanlou L, Bielawski J, Roberts AJ, Han-
nun YA, Samad F. Central role of ceramide biosynthesis
in body weight regulation, energy metabolism, and the
metabolic syndrome. Am J Physiol Endocrinol Metab.
2009;297(1):E211-24.

[50] Bikman BT, Guan Y, Shui G, Siddique MM, Holland WL,
Kim JY, et al. Fenretinide prevents lipid-induced insulin
resistance by blocking ceramide biosynthesis. J Biol Chem.
2012;287(21):17426-37.

[51] Li Z, Zhang H, Liu J, Liang CP, Li Y, Li Y, et al. Reducing
plasma membrane sphingomyelin increases insulin sensi-
tivity. Mol Cell Biol. 2011;31(20):4205-18.

[52] Xia JY, Holland WL, Kusminski CM, Sun K, Sharma AX,
Pearson MJ, et al. Targeted Induction of Ceramide Degrada-
tion Leads to Improved Systemic Metabolism and Reduced
Hepatic Steatosis. Cell Metab. 2015;22(2):266-78.

[53] Eleanor Wheeler AL, Liu C-T, Hivert M-F, Strawbridge RJ,
Podmore C, Li M, Yao J, Sim X, Hong J, Chu AY, Zhang W,
Wang X, Chen P, Maruthur NM, Porneala BC, Sharp SJ, Jia
Y, Kabagambe EK, Chang L-C, Chen W-M, Elks CE, Evans
DS, Fan Q, Giulianini F, Go MJ, Hottenga J-J, Hu Y, Jackson
AU, Kanoni S, Kim YJ, Kleber ME, Ladenvall C, Lecoeur
C, Lim S-H, Lu Y, Mahajan A, Marzi C, Nalls MA, Navarro
P, Nolte IM, Rose LM, Rybin DV, Sanna S, Shi Y, Stram DO,
Takeuchi F, Tan SP, van der Most PJ, Van Vliet-Ostaptchouk
JV, Wong A, Yengo L, Zhao W, Goel A, Larrad MTM,
Radke D, Salo P, Tanaka T, van Iperen EPA, Abecasis G,
Afaq S, Alizadeh BZ, Bertoni AG, Bonnefond A, Böttcher
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