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Editorial on the Research Topic

The Role of Ceramides in Diabetes and Cardiovascular Disease

INTRODUCTION

The lipotoxicity hypothesis, first described by the late Roger Unger nearly 30 years ago (1, 2), posits
that the excessive delivery of fatty acids to the heart, vasculature, liver, muscle, pancreas and adipose
tissue gives rise to the tissue damage that underlies diabetes and cardiovascular disease. Under
lipotoxic conditions, the quantity of fatty acids delivered to these tissues exceeds their energy needs
and their storage capacity, leading to the aberrant formation of lipid metabolites that impair tissue
function. This Research Topic of Frontiers in Endocrinology evaluates the role of ceramides and its
metabolites in the tissue damage that drives these cardiometabolic disorders.

Ceramides are products of a biosynthetic pathway that adds fatty acids to a sphingoid scaffold
derived from palmitoyl-CoA and serine (3). Quantitatively, ceramides and other sphingolipids are
minor constituents of the cellular lipidome; they are present at far lower levels than the glycerolipids
that comprise the bulk of lipid droplets and cellular membranes (4). The ceramides presumably
accumulate when the glycerolipid pathway is saturated, and the residual fatty acids become available
as substrates for the enzymes that produce sphingolipids.

In the first article of the series, entitled “Too Much of a Good Thing? An Evolutionary Theory to
Explain the Role of Ceramides in NAFLD,” Poss and Summers present a conceptual framework
that explains the evolutionary basis of the ceramide actions that elicit tissue dysfunction. We
speculate that—at an early point in evolution—ceramides conferred upon cells and organisms a
survival advantage by protecting membranes from detergent-like fatty acids. They do this by
altering membrane properties and by changing metabolic programs; these adaptations facilitate the
uptake and storage of fatty acids while decreasing utilization of glucose (Figure 1). As ceramide
levels increase further, they induce apoptosis and fibrosis, which helps protect organisms from
fragile cells that have become compromised by fatty acid overload. While these actions may provide
a short-term advantage, the chronic changes in metabolism (e.g., decreased glucose utilization and
increased fat deposition) elicit the insulin resistance and dyslipidemia that are early signs of disease
progression. Moreover, the increased susceptibility to cell death elicits the terminal organ damage
that drives cardiometabolic disease. This set of conserved actions would thus explain many of the
key features of the diseases associated with dyslipidemia and obesity.

The other articles in this series provide evidentiary support for this hypothesis, describing in
careful and thoughtful detail the means by which ceramides alter tissue function. Moreover, they
highlight the numerous instances where inhibition of the enzymes required for ceramide
biosynthesis ameliorate diabetes and heart disease.
n.org March 2021 | Volume 12 | Article 66788514
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In the article “Sphingolipid Metabolism and Signaling in
Skeletal Muscle: From Physiology to Physiopathology,” Tan-
Chen et al. discuss the ceramide actions that decrease insulin-
stimulated glucose utilization in muscle. They also review the
numerous interventional studies in rodents that reveal that
lowering ceramides ameliorates insulin resistance.

In “Ceramides in Adipose Tissue,” Li et al. discuss the studies
indicating that ceramides inhibit glucose uptake, enhance lipid
storage, and decrease mitochondrial efficiency of the adipose
depots. Interestingly, they also note that ceramides inhibit
phosphorylation of hormone-sensitive lipase, providing
another mechanism by which ceramides work to lower cellular
FFA levels.

In “Sphingolipids in the Heart: From Cradle to Grave,”
Kovilakath et al. discuss the contribution of sphingolipids to
myocardial lipotoxicity and coronary artery disease, two of the
key pathogenic features of major adverse cardiac events. The
authors describe the key studies indicating that ceramides have
deleterious actions on heart function, while its downstream
metabolite sphingosine 1-phosphate is cardioprotective.

In “The Role of Ceramides in Diabetes and Cardiovascular
Disease Regulation of Ceramides by Adipokines,” Field et al.
review how the broad swath of anti-diabetic and cardioprotective
actions of adiponectin—including its prevention of apoptosis of
cardiomyocytes and pancreatic b-cells—result from the
acceleration of ceramide degradation. Remarkably, they and
Frontiers in Endocrinology | www.frontiersin.org 25
others have found that the adiponectin receptors are ceramidases
that are activated by ligand binding (4, 5).

Beyond these mechanistic studies on the tissue-specific roles
of ceramides, additional articles discuss the potential therapeutic
value of these studies on ceramides.

In their article “Ceramides and Ceramide Scores: Clinical
Applications for Cardiometabolic Risk Stratification,” Hilvo
et al. discuss the numerous studies showing that clinical risk
scores based on serum ceramides demarcate patients that are at
risk for cardiometabolic disorders.

Lastly, Raichur discusses work on ceramide-targeted
therapies, concluding that “Ceramide Synthases Are Attractive
Drug Targets for Treating Metabolic Diseases.”

Collectively, these studies describe the exciting body of evidence
indicating that ceramides are drivers of diabetes and heart disease.
They delineate the novel mechanisms by which ceramides
influence metabolism and increase susceptibility to apoptosis and
fibrosis. Moreover, they reveal the exciting potential of therapeutic
strategies that block ceramide accumulation, which could emerge
as treatments for a wide range of cardiometabolic pathologies.
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Salt Lake City, UT, United States, 2Division of Endocrinology, Department of Internal Medicine, Fraternal Order of Eagles

Diabetes Research Center, Carver College of Medicine, University of Iowa, Iowa City, IA, United States

Adipose tissue is a key nutrient-sensing depot that regulates excess energy storage

and consumption. Adipocytes, the key components of the adipose tissue, have unique

ability to store excess energy in the form of triglycerides, sense systemic energy

demands, and secrete factors (lipids, peptides, cytokines, and adipokines) to regulate

other metabolic tissues. The presence of various types of adipocytes (white, brown,

and beige) characterized by the number/size of lipid droplets, mitochondrial density,

and thermogenic capacity, further highlights how intricate is the communication of these

cell-types with other metabolic tissues to sense nutrients. In obesity the inherent capacity

of adipose tissue to store and sense nutrients is compromised, causing spillover of the

intermediate lipid metabolites into circulation and resulting in their ectopic deposition in

tissues not suitable for lipid storage, a phenomenon known as lipotoxicity. This results

in a spectrum of cellular dysfunction, that underlies various metabolic diseases. Of

the numerous lipid classes implicated in eliciting lipotoxicity, sphingolipid: ceramides

are among the most deleterious as they modulate signaling pathways involved in

regulating glucose metabolism, triglyceride synthesis, apoptosis, and fibrosis. Notably,

recent experimental studies have strongly implicated ceramides in the development of

numerous metabolic diseases such as insulin resistance, diabetes, cardiomyopathy,

hepatic-steatosis, and atherosclerosis. Herein we discuss and summarizes recent

findings that implicate ceramides as a key contributor to adipocyte dysfunction underlying

metabolic diseases and how depletion of ceramides can be exploited to improve

metabolic health.

Keywords: metabolism, adipocytes, diabetes, insulin, ceramides

INTRODUCTION

Metabolic diseases represent a significant health burden that impacts millions of households
worldwide. According to the World Health Organization (WHO) global report, ∼422 million
adults were living with diabetes in 2014 (1), and that cardiovascular diseases account for 31%
mortality worldwide (2). The epidemic of obesity is one of the major causes of these metabolic
disorders. Accumulation of neutral lipids, such as triglycerides, in key insulin target tissues, has
been postulated to inhibit metabolic functions, however, they are less likely to be deleterious. On the
other hand, there is growing evidence for the involvement of other lipidmetabolites in inducing this
metabolic outburst (3–5). Notably, recent studies suggest that the accumulation of sphingolipids,
namely ceramides and it’s metabolites, play essential roles in the development of insulin resistance
in tissues such as skeletal muscle, liver and, adipose tissue in obese rodents, and humans (6–20). In
mice, blocking ceramide production improves insulin sensitivity, prevents β-cell failure, resolves
hepatic steatosis, hypertriglyceridemia, and prevents atherosclerosis, and heart failure (6–22).
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Enhancing ceramide degradation also endows these
metabolic benefits, and adiponectin exerts their antidiabetic,
cardioprotective, and insulin-sensitizing actions through
activating its receptors, which are ligand-activated ceramidases
(23). In humans, ceramides predict the occurrence of major
adverse cardiac events, such that the numerous clinics have
started to offer serum ceramide tests as prognostic measures of
cardiovascular risk (24, 25).

In this review, we intend to provide a perspective on ceramides
and ceramide metabolites in the maintenance of adipose tissue
homeostasis and how adipose tissue ceramides contribute to the
development of metabolic diseases.

CLINICAL ASSOCIATION OF ADIPOSE
CERAMIDE CONTENT WITH OBESITY
AND INSULIN RESISTANCE

As it is apparent in this series, numerous studies have shown that
manipulation of ceramide synthesis or degradation pathways in
rodents through pharmacologic and genetic interventions have
profound effects on insulin sensitivity (6, 12, 26, 27). Despite the
lack of these interventions in humans, clinical studies highlight a
strong association between serum/plasma ceramides and adverse
outcomes in metabolic and cardiovascular diseases (28–33). In
adipose tissue, ceramide content has been associated with the
development of insulin resistance in numerous human studies
consisting of small cohorts. In one of these studies, Yki-Jävinen
et al. profiled adipose tissue from 20 individuals of Finish descent
and demonstrated that adipose tissue ceramides are elevated
in individuals with insulin resistance independent of obesity
(34). Consistent with this observation, we found that in a small
cohort of individuals with Asian descent (18 individuals) various
ceramide species are elevated in the adipose tissues of subjects
with type 2 diabetes independent of obesity (35). Furthermore,
Brüning et al. profiled 20 individuals of European descent and
found that various ceramide species are elevated in the adipose
tissues of obese individuals (20). Brüning et al. went on to
further demonstrate that in a larger cohort of similar descent
(439 individuals), mRNA expression of CERS6 in adipose tissue
positively correlates with Body Mass Index, body fat content, and
hyperglycemia while negatively correlating with glucose infusion
rate during euglycemic-hyperinsulinemic clamps (20).

REGULATION OF CERAMIDE SYNTHESIS
IN ADIPOSE TISSUE

Overnutrition is the major cause of obesity that results
in the increased supply of macronutrients into the living
body. They are digested, absorbed, and broken down into
numerous small molecules like palmitate and serine, which
are the key determinant of the elevated ceramide levels (4).
Moreover, consumption of high levels of saturated fat but not
unsaturated fat increases ceramide accumulation (36), while
limiting the cellular serine pool reduces ceramide accumulation
(37). Palmitate in addition to its role as a major substrate for
ceramide synthesis also induces expression of genes involved

FIGURE 1 | De novo ceramide synthesis pathway and its hormonal regulators

in adipose tissue. Schematic of the de novo ceramide synthesis pathway and

regulators of ceramide synthesis discussed in the text. Black arrow indicates

the key steps in de novo ceramide synthesis; solid green arrow indicates the

factors that stimulate ceramide synthesis; dashed green arrow indicate the

putative uptake and red arrows and lines indicate factors that reduce or

metabolize ceramide. AdipoR, Adiponectin receptor; ASAH1, Acid ceramidase

1; β-AR, β-adrenergic receptor; CERS1-6, Ceramide synthase 1-6; DES1-2,

Dihydroceramide desaturase 1-2; KDSR, 3-ketodihydrosphingosine

reductase; LPS, Lipopolysaccharide; SPT, Serine palmitoyltransferase; TLR4,

Toll-like receptor-4; TNFR, Tumor necrosis factor receptor. This figure was

drawn using the Servier Art.

in sphingolipid biosynthesis and metabolism (38). Although,
palmitate increases ceramide accumulation in most cell types,
in cultured 3T3-L1 adipocytes they do not stimulate ceramide
accumulation (39). In contrast, numerous studies in rodents
and humans have demonstrated an increased accumulation of
ceramides in adipose tissue under conditions of nutrient excess
(i.e., obesity) (20, 34, 35). Although it is not clear how nutrient
excess or lipotoxic conditions increases adipose tissue ceramide
content; it could potentially be due to increased trafficking of
ceramides from circulation into the adipocyte. Despite this,
recent studies implicate ceramides in adipose tissue act as an
important secondary messenger that sense changes in nutrient
status and regulates the whole-body metabolic homeostasis (35,
40). To optimally regulate nutrient homeostasis, ceramides level
in the adipose tissue is tightly regulated by various systemic
or intracellular signaling pathways that include a variety of
hormonal factors associated with obesity and metabolic diseases
independent of the dietary content (4, 6, 23, 35, 38). Here
we summarize these key hormonal regulators of adipose tissue
ceramide content (Figure 1).

Ceramide and Inflammation
Adipose tissue inflammation is a hallmark of obesity
characterized by the increased recruitment and activation

Frontiers in Endocrinology | www.frontiersin.org 2 June 2020 | Volume 11 | Article 4078
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of macrophages to adipose tissue (41). This results in increased
expression and secretion of inflammatory cytokines such as
tumor necrosis factor (TNF)-α, interleukins, and chemokines
which increase levels of ceramides without affecting glycerolipids
such as diacylglycerol (42). The excess nutrient supply in
conjunction with various triggers of inflammation is a key
determinant of ceramide biosynthesis and exhibits a tight
association with ceramides and insulin resistance (42, 43).
Moreover, saturated fatty acids that accrue in obesity induce the
activation of toll-like receptors-4 (TLR4), resulting in increased
inflammation and augmented mRNA expression of various
enzymes involved in de novo ceramide biosynthesis (44, 45).
Mechanistically, saturated fatty acids do not bind directly to the
TLR4 receptors, but require TLR-dependent priming to induce
inflammatory signaling (46). In contrast, mice lacking systemic
TLR4 exhibit reduced accumulation of ceramides in response
to saturated fatty acids in numerous tissues (38). These data
indicate TLR4 is an essential component linking saturated fats
to modulation of ceramide synthesis (47–49). However, future
studies are warranted to delineate if these consequences were
due to autonomous effects in adipocytes, immune cells or due to
cross-talk among these cells. Interestingly in one of the earlier
seminal studies, inflammatory cytokine TNF-α was also found
to induce ceramide accumulation via coordinated changes in
the ceramide generating (e.g., SPT) and metabolizing enzymes
(e.g., sphingomyelinase) that induce hydrolysis of sphingomyelin
(50–52). Mechanistically, ceramides elicit inflammation-induced
insulin resistance at least in part by activation of the Nod-like
receptor (Nlrp3) inflammasome that induce caspase-1 cleavage
in macrophages and adipose tissue, which thereon inhibits
Akt/PKB activation and results in the development of insulin
resistance (53).

Ceramides and β-adrenergic Agonists
The induction of the thermogenic program as a means to
increase energy expenditure has gained notoriety in recent
years given its high therapeutic potential to combat obesity.
Cold exposure or β-adrenergic agonists (e.g., norepinephrine,
isoproterenol, etc.), that activates β-adrenergic receptors in
adipocytes, increases the thermogenic capacity of adipocytes by
elevating the expression of thermogenic genes such as Ucp1,
Pgc1a, and Prdm16 (54). We recently found that exposing
mice to cold temperatures for 5-days reduced ceramides,
dihydroceramides, and sphinganine in the adipose tissue while
also reduced expression of the ceramide biosynthetic genes
Sptlc2 and CerS6 (35). We further demonstrated that systemic
inhibition of ceramide biosynthesis or adipocyte-specific ablation
of Sptlc2 increased the recruitment of beige adipocytes in the
adipose tissue and improved mitochondrial function (35).

In parallel with these findings, Jiang et al. demonstrated
that ceramides inhibit the browning of beige adipocytes
cultured ex vivo, suggesting that endogenous ceramides could
be autonomous regulators of adipocyte function (55). Indeed,
using a similar ex vivo assay, we found that pharmacological
manipulation of endogenous ceramides content modulates
beige adipocytes’ function (35). More recently, using a newly
developed flux assay to monitor rates of ceramide production,

we found that β-adrenergic agonists rapidly and completely
shut down ceramide biosynthesis in primary adipocytes by
inhibiting activation of hormone sensitive lipase (HSL) (6).
Collectively, the work shows that the β-adrenergic’s actions on
the adipocyte were cell-autonomous and driven by ceramides,
but not other sphingolipids.

Ceramides and Adiponectin
Adiponectin, the antidiabetic and cardioprotective adipokine
is predominantly produced and secreted from metabolically
healthy adipocytes and regulates glucose and lipid homeostasis by
exerting pleiotropic effects on numerous tissues such as the liver,
pancreatic β-cells, kidney, heart, bone, and immune cells (56–
59). Mechanistically, these effects of adiponectin were initially
thought to be mediated by AMPK, a serine/threonine kinase
(59). Owing to the sequence homology between adiponectin
receptors (AdipoR) and other progestin and adipoQ receptor
family members (PAQR) with ceramidases, and ability of human
AdipoRs to promote ceramidase activity in ceramidase deficient
yeast, the Scherer group hypothesized that the adiponectin
might elicit its broad spectrum of actions by deacylating
ceramides (23). Herein, the Scherer group recently demonstrated
that the activation of adiponectin receptors AdipoR1 and 2
via adiponectin stimulates deacylation of ceramides yielding
sphingosine that can be converted to sphingosine 1-phosphate
(S1P) by sphingosine kinase, an effect that is dependent on a
critical residue in the predicted ceramidase motif in AdipoRs
(23). In a subsequent study, the Scherer group found that
overexpression of AdipoRs in the adipose tissue or liver is
sufficient to reduce ceramide accumulation in these depots
owing to their increased ceramidase activity (60). Conversely,
acute inhibition of adiponectin in adipose tissue increased
accumulation of the most abundant ceramide species (C16 : 0)
in adipose tissue and reduced sphingosine content, further
highlighting the presence of ceramidase activity in AdipoRs that
requires adiponectin (61). Consistent with this, Tanabe et al.
initially showed that crystal structures of human AdipoRs possess
a hydrophobic binding pocket potentially resembling that of
the ceramidases (62). Using x-ray crystallography, Vasiliauskaite-
Brooks et al. recently showed that purified adiponectin receptors
possess inherent ceramidase enzymatic activity (63). They further
went on to solve the crystal structure of adiponectin receptors
in the presence of ceramide, obtaining a final entity bound
to a fatty acid product of the reaction (63). From the clinical
perspective, increased ceramide accumulation in plasma and
tissues is inversely correlated with adiponectin in obese and
insulin resistant subjects (64, 65).

LOWERING CERAMIDE ACCUMULATION
IMPROVES ADIPOCYTE FUNCTION

We recently found that pharmacological inhibition of ceramide
biosynthesis in obese mice, using myriocin (a selective inhibitor
of SPT, the first rate-limiting enzyme in the ceramide synthetic
pathway), induced profound changes in the adipose tissue.
Importantly, this intervention significantly reduced adipocyte
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FIGURE 2 | Schematic of ceramide dependent molecular mechanisms that

modulate adipocyte function. Ceramides gauge adipocyte energy stores via

the following mechanisms: inhibit insulin-stimulated Akt/PKB thus inhibiting

glucose uptake and metabolism; inhibit HSL activation in response to

β-adrenergic receptor activation thereby attenuating lipolysis and release of

free fatty acid and inhibit mitochondrial efficiency. β-AR, β-adrenergic receptor;

IR, Insulin receptor; HSL, Hormone sensitive lipase; Akt/PKB, Protein kinase B;

PDK1, phosphoinositide dependent kinase-1; PKA, Protein kinase A; PP2A,

Protein phosphatase 2A; PKCζ, protein kinase Cζ. This figure was drawn using

the Servier Art.

size, increased recruitment of M2 macrophages, and elevated
numbers of brown/beige adipocytes in white adipose tissue,
particularly in the subcutaneous depot (35). We further found
that the effects observed following myriocin treatment could be
recapitulated by ablation of Sptlc2, specifically in the adipocyte,
including the improvement in insulin sensitivity and glucose
tolerance, resolution of hepatic steatosis, increased recruitment
of M2 macrophages, recruitment of beige adipocytes in the
adipose tissue, and improvement in mitochondrial respiration
(35). Interestingly, these adipocyte-specific but not macrophage-
specific changes were sufficient to increase whole-body energy
expenditure and resolve hepatic steatosis. The increased
recruitment of M2macrophages into adipose tissue accompanied
by Sptlc2 inhibition in the adipocyte, further highlight the cross-
talk between adipocytes and macrophages to maintain adipose
tissue homeostasis. However, future studies determining how
adipocyte ceramides modulate M2 macrophages recruitment
either via expression and secretion of an adipokine/cytokine or
ceramide are warranted. In a subsequent study, we demonstrated
that these newly identified ceramide effects were driven in part by
PP2A dependent inhibition of hormone sensitive lipase (HSL) (6)
(Figure 2). Based on these findings, we proposed that ceramides
act as nutrient signals that direct the adipocyte into a diminished
metabolic state, rather than an active thermogenic state.

More recently, we found that inhibition of DES1 in adipose
tissue improved glucose metabolism and resolved hepatic

steatosis. Interestingly, these observed improvements were
independent of browning/beiging of adipose tissue (6). Using an
alternative approach to selectively reduce adipose ceramides by
overexpressing ASAH1 in adipose tissue, Scherer et al. found
that ceramide reduction, as early as within 3-days, resolved
hepatic steatosis and improved glucose tolerance (40). Again,
these effects were shown to be independent of adipose tissue
browning/beiging as there were no changes observed in body
weight (40).

Recent papers from the two independent laboratories found
that ablation of either Sptlc1 or 2, respectively, in adipose tissue
impaired adipose differentiation and exhibited lipodystrophy (66,
67). These differentiated effects between the two studies might
arise due to the difference in animal models that were used.
Specifically, the aforementioned studies used an adiponectin-
Cre-recombinase line from Jackson Laboratories (68) that
expresses the recombinase earlier in development, compared to
the adiponectin-Cre-recombinase line used in our study that is
expressed late during adipocyte differentiation and was obtained
from Scherer laboratory (69). We hypothesize that this accounts
for the differences in phenotypes observed in these studies.
In support of this, our studies in primary pre-adipocyte show
that myriocin is a potent inhibitor of adipocyte differentiation
whereas inhibition of ceramide synthesis in fully differentiated
adipocytes promote browning/beiging (35).

C16 Ceramide Is the Deleterious Species
Causing Adipocyte Dysfunction
To understand which ceramide species account for the adipose
tissue dysfunction, Brüning et al. profiled various ceramide
species in adipose tissue isolated from rodents (20). They
found that C16-ceramides species were highly enriched in
adipose tissue, which was supported by the finding of CerS6,
the enzyme essential for synthesizing C16-ceramides species,
robustly elevated in various rodent models of obesity. This
finding was reinforced by the fact that CERS6 expression
is dramatically increased in obese individuals (20). Brüning
et al. went on to generate mice lacking CerS6 in brown
adipose tissue and demonstrated that these mice exhibited
resolution in hepatic steatosis, improved glucose tolerance, and
enhanced mitochondrial β-oxidation and energy expenditure
(20). These studies further highlight the importance of
ceramide accumulation in BAT in regulating systemic metabolic
homeostasis. Using the alternate approach, Hoch et al. found
that mice lacking CerS5, another enzyme that produces C16-
ceramides, presented with reduced weight gain and improved
systemic metabolic health, including glucose tolerance and white
adipose tissue inflammation after high fat diet feeding (70).

CERAMIDE CENTRIC MOLECULAR
MECHANISMS THAT IMPAIR
ADIPOCYTE FUNCTION

The broad spectrum of changes observed in adipocyte function
due to ceramide intervention results from a series of cell-
autonomous ceramide action. We hypothesize that these
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mechanisms are part of an evolutionarily-conserved pathway
that were originally intended to protect cells from excess
accumulation of detergent-like fatty acids during times of fuel
surplus. Specifically, these activities would reduce mitochondrial
efficiency, decrease availability of glucose-and thus increase
reliance on fatty acids-for energy production, and block the
release of fatty acids from lipid droplets (Figure 2).

Ceramides Regulate Adipose Tissue
Glucose Uptake and Metabolism
In cultured adipocytes, ceramides inhibit insulin-stimulated
glucose uptake by blocking the translocation of GLUT4 (71).
Consistent with these initial findings, pharmacological inhibition
of ceramide biosynthesis via myriocin, adipose tissue-specific
reductions in ceramide accumulation via inhibition of SPT2,
and DES1 or overexpression of ASAH1 increases adipose tissue
glucose uptake and metabolism (6, 35, 40). This result from
ceramide’s ability to attenuate activation of Akt/PKB, that is
obligate for insulin-stimulated glucose uptake (4). Ceramides
regulate Akt/PKB by at least two known mechanisms in
numerous cell types: First, ceramides activate atypical protein
kinase C (PKCζ) which in turn phosphorylates a key residue
in the plekstrin homology domain of Akt/PKB, preventing it
from being recruited and activated at the plasma membrane in
response to insulin (72–74). The second mechanism involves
the dephosphorylation of Akt/PKB by protein phosphatase
2A(PP2A). Ceramides may activate PP2A either directly (75), or
indirectly by displacing the PP2A inhibitory protein I2PP2A (76).
Inhibition of PP2A, with either inhibitor (e.g., okadaic acid) or by
overexpressing the SV40 Small T antigen (which blocks access of
PP2A to its substrates), negate the effect of ceramides in Akt/PKB
in numerous cell types (Figure 2) (77–80).

Of these two knownmechanisms, Hajduch et al. demonstrated
that in adipocytes the predominant mechanism via which
ceramide inhibit Akt/PKB is exclusively mediated by PKCζ (81)
as inhibition of PP2A (with okadaic acid) did not prevent
ceramide induced insulin action. Moreover, these authors went
on to show that adipocytes tend to favor this mechanism due to
the preferential sub-localization of ceramide in caveolin enriched
membranes (81).

Ceramides Regulate Adipose Tissue
Thermogenic Program
The emerging studies, as discussed above, have highlighted
the role of adipose ceramide in the modulation of energy
homeostasis. We recently found that ceramide actions on energy
homeostasis were due to its ability to selectively impair non-
shivering thermogenesis by modulating browning/beiging of
the adipose tissue (35). Mechanistically, ceramide analogs were
shown to attenuate the expression of key thermogenic genes (e.g.,
Ucp1, Pgc1a, Prdm16, etc.) in beige adipocytes ex vivo (35, 55).
Conversely, pharmacological intervention that reduced ceramide
synthesis in beige adipocytes ex vivo increased expression of
various thermogenic genes in both rodents and humans. This
effect seems to be mediated, at least in part, by ceramides’

ability to inhibit lipolysis by blocking the activation of HSL via
PP2A (6) (Figure 2).

Ceramides Regulate Adipose Tissue
Mitochondrial Bioenergetics
Ceramides impair mitochondrial function and respiratory
capacity by inhibiting oxidative phosphorylation and promoting
mitochondrial fragmentation in numerous cell-types including
adipocytes (19, 20, 82) (Figure 2). In adipocytes, short-chain
ceramide analogs acutely disrupt components of the electron
transport chain and β-oxidation (20, 35). Inhibition of genes
encoding for SPTLC2, CERS6, and DEGS1 in adipose tissue,
results in reductions in adipose tissue ceramide and leads to
improvements in mitochondrial energetics (6, 20, 35).

OUTLOOK AND FUTURE DIRECTION

The data described in this review and others in this series,
identify ceramides as critical lipid metabolite that modulate
adipose tissue function, homeostasis, and contribute to metabolic
disease. Moreover, interventions that reduce ceramide synthesis
in adipose tissue, delay, or prevent various comorbidities of
obesity, such as insulin resistance and liver steatosis. These
discoveries, while exciting, raise several essential questions to be
answered to validate ceramide as a potential therapeutic target.

First, can additional mechanisms be identified to explain
ceramide action? Although initial studies identified a couple of
key mechanisms (i.e., regulation of Akt) for ceramide actions,
the numerous effects (e.g., regulation of thermogenic program,
mitochondrial function) elicited by ceramide seems unlikely to
be fully explained solely by PP2A-Akt axis or PKCζ-Akt axis.
Therefore, identifying additional molecular mechanisms will be
crucial for understanding the roles of ceramides such that the
therapeutic strategy could be developed accordingly.

Second, what is the role of immune-cell ceramide content
in maintaining adipose tissue homeostasis? How do ceramides
regulate these cell populations and how do they interact with
adipocytes to gauge nutrient content?

Third, how do β-adrenergic’s inhibit ceramide synthesis in
adipose tissue? Delineation of the molecular targets downstream
of the β-adrenergic receptor may offer additional interventional
strategies to target ceramide synthesis.

Fourth, are there additional regulators (nutrients/enzymes)
that modulate intracellular ceramide content? The recent
development of the ceramide flux assays coupled with secondary
biochemical assays might favor the identification of more
regulators and lead to additional strategies to safely target
ceramide synthesis for its therapeutic use.

Fifth, how various enzymes in sphingolipids synthesis and
degradation pathways coordinate to maintain lipid homeostasis,
particularly in response to various local and systemic stimuli.

The future research elucidating these important queries
holds great promise in not only understanding how ceramides
modulate nutrient sensing that underlies metabolic disease
processes but also potentially identifying new therapeutic targets
to combat metabolic diseases epidemic.
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Ceramide synthases (CerS) are central enzymes required for the de-novo synthesis of

ceramides and other sphingolipids. They catalyze the addition of different acyl-chains

to a sphingoid base, and thus account for much of the rich diversity in the sphingolipid

family. Recent studies have demonstrated that the acyl-chain is an important determinant

of ceramide function, such that a small subset of ceramides (e.g., those containing

the C16 or C18 acyl-chain) alter metabolism by inhibiting insulin signaling or inducing

mitochondrial fragmentation. Herein I discuss the therapeutic potential of targeting

certain ceramide synthase isoforms for the treatment of obesity, insulin resistance,

steatohepatitis, and other metabolic disorders.

Keywords: ceramides, sphingolipids, C16 ceramide, insulin resistance, obesity, NAFLD, NASH and mitochondrial

dysfunction

INTRODUCTION

The increasing burden of metabolic diseases such as diabetes and heart disease is alarming, not
only in developed countries, but throughout the world. Some prevalent metabolic disorders, such
as non-alcoholic steatohepatitis (NASH), have no approved pharmacotherapies (1, 2). Unhealthy
lifestyles fuel these pathologies, as combinations of sedentary lifestyles and poor dietary habits
promote the delivery of excess saturated fatty acids and carbohydrates into non-adipose tissues
such as liver and skeletal muscle, impairing their function (3, 4). Numerous studies reveal that the
conversion of these excess fuels into sphingolipids such as ceramides is a critical event that leads to
the cellular defects that accompany obesity (5, 6).

Clinical studies confirm that excess saturated fatty acid intake elevates levels of serum and tissue
ceramides (7). Contrastingly, polyunsaturated fat intake reduces serum ceramides (7). In rodents,
inhibiting ceramide biosynthesis using genetic and pharmacological approaches ameliorates
atherosclerosis, hepatic steatosis, insulin resistance and obesity (8).

Two primary pathways produce ceramides in cells (Figure 1): (a) a de novo synthesis enzyme
cascade that starts with the condensation of a saturated acyl-CoA (typically palmitoyl-CoA) and
amino acid (typically serine) to produce the sphingoid backbone; and (b) a salvage pathway
that involves the re-acylation of sphingosine. In both cases, ceramides (or dihydroceramides, in
the case of the de novo synthesis pathway) are produced by ceramide synthases (CerS) through
N-acylation of the sphingoid base. Mammalian CerS exists in six isoforms (CerS1-6) with differing
preferences for specific fatty acid chain lengths. CerS1 attaches C18 fatty acyl CoA to the sphingoid
base; CerS2 attaches very long fatty acyl CoAs such as C22–C24; CerS3 attaches C26–C34 acyl
CoA; CerS4 attaches C18–C20 fatty acyl CoA; and CerS5 and 6 have specificity for C14–C16
fatty acyl CoA. Thus, the CerS enzymes determine the acyl-chain composition of ceramides. CerS
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FIGURE 1 | Two primary pathways produce ceramides in cells: (a) de novo synthesis (b) re-acylation of sphingosine (salvage pathway).

expression, structure, localization, knock-out phenotypes,
and association with other diseases have been reviewed
comprehensively (9).

Ceramides can be further modified by the addition of

different head groups, and the number of estimated bioactive
sphingolipids range from 4,000 to 60,000 (10). The ceramides

themselves have emerged as important signaling molecules

that contribute to cellular stress responses (11). A primary

mechanism through which ceramide promotes insulin resistance
is by decreasing the activity of Akt/PKB, which is an essential

facilitator of cellular glucose uptake. Ceramide blocks the

activity of Akt/PKB by independent mechanisms: by enhancing

Akt dephosphorylation via protein phosphatase 2A (PP2A)
and by blocking the translocation of Akt via PKCz (12).

Other ceramide actions have been identified that contribute

to triglyceride production, mitochondrial dysfunction, and
ultimately apoptosis (13).

Several genetic and pharmacological studies targeting de

novo ceramide biosynthesis focused on the first enzyme in
the pathway: serine palmitoyltransferase (SPT). Inhibiting this

enzyme in rodents reduces global ceramide levels and ameliorates
many forms of metabolic diseases (14). However, SPT is not
a viable therapeutic target, owing to safety issues that result

from the extreme diminution of all sphingolipids (15, 16).
Therefore, therapeutic approaches focusing on a more limited
subset of detrimental ceramides subspecies may represent a new
strategy for therapeutic intervention. Fortunately, two recent
reports demonstrated that the sphingolipid acylation patterns
influences disease progression (17, 18), thus suggesting that the
CerS enzymes might be viable targets.

CLINICAL CORRELATIONS BETWEEN
SPECIFIC CERAMIDES AND THE
METABOLIC SYNDROME IN HUMANS

Studies in clinical cohorts reveal striking relationships
between serum or tissue ceramides and various measures of
cardiometabolic disease. However, considerable variability exists
regarding the precise sphingolipids that are most commonly
elevated in a diseased individual. In the following paragraphs,
I will focus on the larger studies that reveal specific roles for
certain ceramides in diabetes and NASH.

Insulin Resistance and Diabetes
Insulin resistance, a condition typically defined as an inability
of insulin to appropriately clear glucose from the bloodstream,
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is a risk factor for diabetes, heart disease, and NASH. Clinical
observations reveal that circulating ceramides packaged in
LDL (low-density lipoprotein) negatively associate with insulin
sensitivity (19). The authors also demonstrated that infusion of
LDL-containing ceramides into healthy mice attenuated whole
body glucose clearance and increased levels of inflammatory
markers (19), thus confirming that circulating lipids can be
taken into tissues to alter metabolism. These authors also
demonstrated that LDLs containing C16:0 and C24:0 ceramides
reduced glucose uptake in cultured myotubes by inhibiting
insulin signaling and decreasing translocation of the GLUT4
glucose transporter (19). In the Dallas Heart Study, consisting of
1,557 participants without type 2 diabetes assessed for metabolic
biomarkers, fat depots and plasma ceramides over a period of
7 years, the saturated C16 and C18 ceramides correlated with
insulin resistance (i.e., homeostatic model assessment of insulin
resistance, HOMA-IR), total body fat and visceral adipose tissue
(20). In contrast, healthiermetabolic profiles were associated with
longer-chain polyunsaturated fatty acid ceramides C24:2, C30:10,
and C32:11 (20). Similarly, an evaluation of plasma sphingolipids
in a large cohort of Chinese individuals in Singapore revealed
that C16, C18, and C20 ceramides containing a d16:1 backbone
correlated positively with body mass index (BMI) and HOMA-
IR (21). By comparison, hexosylceramides and ceramides with
a d18:2 backbone negatively correlated with HOMA-IR and
BMI (21). Off note, this study comprehensively assessed both
the d16:1 and d18:2 backbone of sphingolipid species, whereas
most of the studies generally focus on most abundant d18:2
backbone (21). Another interesting clinical study investigated
ceramide subspecies and their ratios to determine the best
predictors of diabetes (22). The authors identified C18/16 ratios
as an independent marker for risk of diabetes incidence (22).
Moreover, this ratio decreased in individuals following weight
loss of 5% or more (22). A prospective study has revealed
significant reductions in circulating very long chain ceramides
(C20, C20:1, C22.1, C24, C26, C26:1) in type 1 diabetic patients
that also associated with the development of nephropathy (23).

Liver Disease
A clinical study consisting of 406 patients with chronic viral
hepatitis revealed that levels of sphingosine, sphinganine, and
certain ceramides significantly associated with the severity of liver
fibrosis in HCV-infected patients (compared to HBV-infected
patients) (24). Moreover, Apostolopoulou et al. demonstrated
that elevation of various sphingolipids species in the liver
and serum of NASH patients compared to non-alcoholic fatty
liver and control subjects (25). Specifically, in NASH, hepatic
dihydroceramides (16:0, 22:0, and 24:1) and lactosylceramides
increased significantly. Total serum dihydroceramides and
hepaic dihydroceramides (22:0 and 24:1) increased significantly
in NASH and strongly associated with whole body insulin-
resistance (25). Additional analysis shows that sphingolipid
species correlated with hepatic oxidative stress and inflammation
(25). In a prospective study consisting of 31 children diagnosed
with non-alcoholic fatty liver disease (NAFLD), Wasilewska
et al. demonstrated significant, positive correlation between
total serum concentration of ceramides with insulin and also

with HOMA-IR (26). Additionally, this study reveals that
total ceramide concentration and specific (saturated fatty acyl)
subspecies of ceramides such as C14, C16, C16:1, C18, and C18:1
were significantly higher in children with NAFLD compared to
controls (26). Lastly, a randomized clinical trial conducted to
determine the influence of dietary saturated and polyunsaturated
fat on fatty liver development found that saturated fat markedly
induces liver fat and serum ceramides (27). The effect was
pronounced on C16 ceramides, whereas dietary polyunsaturated
fat prevents liver fat accumulation and associated with reduced
total ceramides (27).

Bariatric Surgery
The benefits of bariatric surgery on obesity and metabolic
disease are well-established, including an almost immediate
remission of type 2 diabetes and hyperlipidemia. In this
context, surgically induced weight loss, which was associated
with the improvement in insulin sensitivity and a decrease
in proinflammatory cytokines, was shown to decrease plasma
ceramide levels. Numerous serum ceramides, including the C16
subspecies, decreased in a time-dependent manner post-surgery
(28). Subsequently, another study reveals a significant, time-
dependent reduction of serum C22 and C24 ceramides after
laparoscopic sleeve gastrectomy (29).

Taken together, these clinical observations suggest that
increases of saturated fatty acyl C16-18 ceramides, as well as
several other sphingolipid species, are apparent in obese, fatty
liver and insulin resistant individuals. The heterogeneity in
species is a result of the dysregulated changes in ceramide
biosynthesis in different organs. In this context, several
mechanistic studies have found that the supply of saturated
fat is sufficient to induce ceramides and cause metabolic
dysfunction. For example, oversupply of saturated fatty acids
by lipid infusion or diet promotes ceramide accumulation and
activates inflammatory pathways, induces insulin resistance,
impairs mitochondrial function, and stimulates endoplasmic
stress and lipotoxicity. Blocking ceramide synthesis negates these
saturated fatty acid actions (6, 8). Beyond saturated fatty acids,
other factors, such as inflammatory signaling pathways, increase
the rate of ceramide synthesis.

The above human lipodomic data (Table 1) also suggest
that altered ratios of ceramide subspecies are associated with
the comorbidities of diabetes and obesity. In this context,
recent comprehensive sphingolipid analysis in rodent metabolic
disease mouse models suggests that the ratio of long-chain
ceramide species to very long-chain ceramide species in liver
is a key marker of metabolic disease (32). Below I will discuss
interventional studies in rodents suggest that accumulation of
toxic species of ceramides such as C16 may play a role during
progression of simple steatosis to NASH in humans.

CERS ENZYMES AS THERAPEUTIC
TARGETS

The studies described above suggest that therapeutic
interventions that reduce ceramides could have utility for
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TABLE 1 | Altered ceramide ratios in insulin resistance, diabetes, and fatty liver

disease.

Altered circulating/tissue long and very long chain ceramide ratios

associated with insulin resistance and diabetes

Neeland et al. (20) Increased C16 and C18 ceramides in serum correlated

with insulin resistance, total body fat, and visceral fat

tissue

Elevated levels of C24:2, C30:10, and C32:11 ceramides

in serum associated with healthier metabolic profiles

Chew et al. (21) Increased C16, C18, and C20 ceramides in serum

correlated positively with body mass index (BMI) and

HOMA-IR

Hilvo et al. (22) Increased C18 ceramide in serum shows the strongest

association with incident diabetes.

Study identifies C18/16 ratios as an independent marker

for risk of incidence of diabetes

Klein et al. (23) Very long chain ceramides (C20, C20:1, C22.1, C24,

C26, and C26:1) are significantly reduced in serum of

type 1 diabetic

Bergman et al. (30) Higher levels of C18 ceramide in skeletal muscle

association with insulin resistance and inflammation

Perreault et al. (31) C18-ceramide levels increased in the skeletal muscle

cells isolated from individuals with type 2 diabetes

Increased dihydroceramides/long chain ceramide with

fatty liver diseases

Apostolopoulou

et al. (25)

Total serum dihydroceramides and hepatic

dihydroceramides (16:0, 22:0, and 24:1) increased in

NASH

Hepatic dihydroceramides (22:0 and 24:1) increased

significantly in NASH and strongly associated with whole

body insulin-resistance

Wasilewska et al.

(26)

Serum saturated ceramides species such as C14, C16,

C16:1, C18, and C18:1 significantly higher in children

with NAFLD

Rosqvist et al. (27) Dietary saturated fat markedly induces the fatty liver

development, associated with increase serum total

ceramides specifically pronounced effect observed in

C16 ceramides

Dietary polyunsaturated fat prevents fatty liver

development associated with reduced serum

total ceramides

treating insulin resistance and fatty liver disease. More recent
efforts have interrogated the value of targeting the CerS
enzymes to alter the acyl-composition of ceramides to treat the
comorbidities of obesity. These interventions are producing
promising results.

CerS1 and Muscle Insulin Resistance
Skeletal muscle is the primary organ responsible for insulin-
mediated glucose uptake and utilization. During obesity, excess
energy is delivered to muscle in the form of non-esterified fatty
acids (NEFA) or lipoprotein-bound triglycerides. Excess delivery
of these fatty acids to skeletal muscle causes insulin resistance,
as the muscles adapt to the use of more plentiful energy source.
This condition increases one’s risk for type 2 diabetes and
cardiovascular disease (33). Mechanistic studies have suggested
that diacylglycerols (34) and ceramides (6) may contribute to
skeletal muscle insulin resistance development.

CerS1 is the predominant isoform in muscle and the C18
ceramides that it produces are the major ceramide subspecies
found in the tissue (9). Recent clinical observations identified
higher levels of C18 ceramide in association with insulin
resistance and inflammation in skeletal muscle (30). Another
study found that C18-ceramide levels increased in skeletal
muscle cells isolated from individuals with type 2 diabetes
(31). To study the role of CerS1 in metabolic pathologies,
researchers turned to rodent loss-of-function models (35). In
these studies, high fat induced obesity led to an increase in C18
ceramides in muscle (35). Global ablation of CerS1 protected
mice from high fat diet-induced weight gain. Moreover, the
intervention increased energy expenditure, reduced adiposity,
and improved insulin and glucose tolerance (35). Subsequently,
the authors developed skeletal muscle-specific CerS1 knockout
mice, demonstrating that tissue-specific ablation of the gene also
improved glucose tolerance and insulin sensitivity (35). These
observations suggest key roles for skeletal muscle C18 ceramides
in the pathophysiology of obesity associated insulin resistance
[Figure 2; (35)].

Turner et al. evaluated CerS1 as a potential drug target using
novel small molecule inhibitors of the enzyme. The researchers
developed P053, a specific inhibitor of CerS1 that displays
nanomolar potency (36). PO53 displayed selectivity for CerS1 in
mice by reducing C18 ceramide concentrations in skeletal muscle
without changing other subspecies of ceramides (36). PO53-
treated animals showed improved skeletal muscle mitochondrial
beta-oxidation relative to vehicle treated group (36). However,
PO53 treated animals did not show any improvement in glucose
tolerance and insulin sensitivity, despite having decreased
intramuscular C18 ceramides (by∼50%) (36). This is in apparent
contrast to the studies using genetic knockouts, which markedly
altered glucose disposal. The contradictory observations could
relate to differences in the diet induced obesemousemodels used,
the duration of the study or the degree of CerS1 inhibition that
was achieved: (a) C57BL/6N mice were used in the knockout
study, while the PO53 study used smaller C57BL/6J mice;
(b) the knockout animals were fed for 12 weeks while the
PO53 study were treated for only 4–6 weeks; and (c) the
PO53 pharmacological treatment had a more modest effect
on ceramides, reducing them by ∼50%, compared to >90%
reduction in skeletal muscle of the knockout animals (35, 36).
Therefore, further investigation of CerS1 inhibitors is warranted.

CerS6 and NASH
NASH, characterized by hepatocellular lipid accumulation
(steatosis) along with inflammation and varying degrees of
fibrosis, is a serious condition affecting 1.5–6.45% of the
population (1). Once afflicted, ∼10–15% of NASH patients
progress to cirrhosis (37). The estimated annual economic
burden of NASH in the USA is $103 billion (38). NASH has no
FDA-approved therapy, prompting many companies to race for
approval of the first NASH-targeted drugs (38). Current disease
management is primarily focused on promoting weight loss
through lifestyle interventions, weight loss medication, and/or
bariatric surgery (39). Limited prospective data are available on
these options (39).
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FIGURE 2 | Unhealthy food habits promote the delivery of excess saturated fatty acids and carbohydrates that lead to increased biosynthesis of C16 and C18

ceramides in the liver and skeletal muscle, respectively. CerS6 mediated C16 ceramide plays critical role in the fatty liver development via (a) increased insulin

resistance (b) increased de-novo lipogenesis, (c) mitochondrial dysfunction, and (d) increased endoplasmic reticulum stress. CerS1 mediated C18 ceramide is involved

in the development of skeletal muscle insulin resistance.

The pathology was originally interpreted to result from
“dual-hits.” The first hit, the steatosis that characterizes
NAFLD, predisposes individuals to the second hits that include
inflammation (40). More recently, complex “multiple-hit”
hypotheses have been proposed, as numerous other factors
including oxidative stress, mitochondrial dysfunction, and other
insults are implicated in the pathology (41). Each stage is defined
by specific risk factors and pathological mechanisms (42). As
noted above, a number of studies indicate that sphingolipids such
as ceramides, which can induce each of these elements, including
inflammation, oxidative stress, and mitochondrial dysfunction,
to drive NASH (13). Myriocin, a potent inhibitor of SPT, inhibits
NASH progression in rodents (43, 44).

Several studies suggest that altering ceramide acylation
patterns through CerS inhibition could also alter disease
progression. Mice lacking both copies of the CerS2 gene
display numerous liver abnormalities such as hepatocyte death
and chronic apoptosis and regeneration (45, 46). The animals
develop hepatoadenoma at 3–4 months of age, markedly reduced
body weight, and hepatocarcinoma (around age 1 year) (45,
46). Furthermore, homozygous CerS2 knockout mice display
decreased lipid accumulation and uptake in the liver (47). These
animals displayed the expected reduction in very long chain acyl
ceramides; however, they had a compensatory increases in C16-
ceramides (45, 46). This was interesting, as the C16-ceramides
had been associated with hepatic insulin resistance (48) and
disruption of the mitochondrial respiratory chain (49).

We subsequently studied heterozygous CerS2 knockout mice,
which show a more modest pathology than their homozygous
counterparts. The heterozygous CerS2 knockout mice show
normal lifespan and no liver phenotype on normal chow diet
(17) but phenotypes emerged when they were challenged with
an obesogenic high fat diet (HFD). On the HFD, they displayed
increased liver weight, triglycerides, macrophage infiltration,
circulating liver enzymes, and plasma cholesterol, all of which
are indicative of liver damage (17). These mice also displayed
slightly impaired glucose tolerance, high fasting, and fed insulin
levels, increased glucose mediated insulin secretion, reduced
insulin sensitivity, decreased ambulatory activity, and increased
fat to lean mass (17). As in the aforementioned study of the
homozygous animals, the liver abnormalities were associated
with reduced levels of very long chain ceramides coupled with the
compensatory increase in C16-ceramides (17). In these studies,
the increase in C16-ceramides could be explained by increased
expression of CerS6. No changes were apparent on the normal
chow diet. Mechanistic studies in primary hepatocytes obtained
from the heterozygous CerS2 knockout mice revealed that the
alteration in ceramide acylation attenuated insulin signaling and
induced mitochondrial dysfunction (17). To recapitulate the
compensatory increase of CerS6 expression, we overexpressed
CerS6 in wild-type primarymouse hepatocytes. This intervention
increased accumulation of C16 ceramides and compromised
mitochondrial function, increased triglyceride accumulation and
attenuated insulin signaling (17).

Frontiers in Endocrinology | www.frontiersin.org 5 July 2020 | Volume 11 | Article 48319

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Raichur Ceramide Synthases: Potential Drug Targets

Additional studies in mice have shown that diet induced
NAFLD is associated with liver ceramide acylation patterns
that paralleled the profile of the CerS2 knockouts. In general,
high fat diets lead to increases in CerS6 expression and a
concomitant elevation of C16-ceramides (50). Of note, in one
study, overexpression of CerS2 was protective, presumably
because it prevented the induction of CerS6 (50). In that
study, CerS6 was shown to induce sterol regulatory element
binding protein-1 (SREBP-1) cleavage and decrease levels
of INSIG-1, leading to increased de-novo lipogenesis (DNL)
(50). SREBP-1 is a master regulator of DNL in the liver and
one of the primary insults that is dysregulated in the NASH
pathophysiology (42). These authors reproduced our work
(17), showing that CerS2 heterozygotes were susceptible
to diet-induced steatohepatitis, exhibiting a pronounced
endoplasmic reticulum (ER) stress response (50). The
involvement of ER-stress was novel, but not surprising;
Cinar et al. previously demonstrated that HFD-induced
hepatic insulin resistance was associated with increased ER
stress that was associated with elevated hepatic C16 and C18
ceramides (51).

Bruning et al. obtained the strongest evidence to date
that CerS6 was pathogenic. They demonstrated that levels of
CerS6 were increased in visceral and subcutaneous adipose
tissue of obese humans, correlating positively with BMI and
insulin resistance (18). These authors also found that the CerS6
product C16 ceramides were elevated in the visceral adipose
of obese humans (18). They subsequently created CerS6 null
mice, which allowed for a precise determination of the role
of the enzyme in the development of obesity and fatty liver
disease. The CerS6 null mice had the expected reduction in
C16 ceramides. On a non-obesogenic chow diet, they had no
obvious phenotype. However, the CerS6 null mice were protected
from HFD-induced obesity (18). The change in body mass was
completely explained by a reduction in adiposity, including a
decrease in adipocyte size, serum leptin, adipose macrophage
infiltration, and adipose pro-inflammatory gene expression
(18). Additionally, the CerS6 null mice displayed improved
insulin sensitivity and glucose tolerance (18). Turpin et al. also
produced tissue-specific knockout mice, excising the gene from
macrophages, brown adipocytes, and liver (18). Deletion of
CerS6 from the brown adipose depots reduced diet induced
obesity and improved mitochondrial beta oxidation, leading to
elevations in energy expenditure (18). Liver-specific CerS6 null
mice displayed a partial protection from diet induced obesity
but a robust protection from glucose intolerance and insulin
resistance explained by enhanced insulin signaling relative to
wild type animals (18). Deletion of CerS6 from macrophages had
no effect (18).

Brüning’s group later identified a novel molecular
mechanism through which CerS6 derived C16:0 ceramides
alter mitochondrial dynamics, determining that the lipids
interacted with mitochondrial fission factor (52). Deficiency
of either CerS6 or mitochondrial fission factor encoded
by the Mff gene protected mice from fatty acid-induced
mitochondrial fragmentation in vitro. Moreover, the
two proteins genetically interacted in vivo, participating

in a linear pathway that accounted for obesity-induced
mitochondrial fragmentation (52). Of note, an independent
study reported that germline CerS6 knockout mice suffer
neurobehavioral defects (53). This developmental defect
was not observed by Brüning’s group, which did not report
any abnormal behavioral side effects of CerS6 deletion (18).
These differences could be possibly explained by different
knockout mouse generation strategies that were used (18, 53).
However, from the safety pharmacology prospective it may
be advisable to restrict compound use during pregnancy
and/or to develop compounds that spares central nerves
systems (CNS).

To develop therapeutic approaches to inhibit CerS6, we
tested whether selective ablation of CerS6 using antisense
oligonucleotides (ASO) was sufficient to reverse metabolic
abnormalities in mice that were made obese by high fat diet
(DIO mice) or leptin deficiency (ob/ob mice) (54). Delivery
of the CerS6 ASO selectively reduced CerS6 expression by
90%, predominantly in the liver. CerS6 knockdown reduced
C16:0 ceramides by about 50% in both liver and plasma (54).
CerS6 ASO treatment efficiently lowered body weight gain
and reduced body fat and fed (and fasted) blood glucose
levels (1% reduction in HbA1c). Moreover, CerS6 inhibition
improved oral glucose tolerance and insulin sensitivity (54).
Both genetic knockout and ASO mediated genetic knock-down
studies clearly demonstrated that inhibition of CerS6 activity
ameliorated metabolic diseases including insulin resistance, type
2 diabetes and obesity [Figure 2; (17, 18, 54)]. Therefore, further
discovery of selective small molecule therapeutics targeting CerS6
inhibition is warranted.

CerS5 and Obesity
Gosejacob et al. developed CerS5 knockout mice and
demonstrated that CerS5 null mice are viable and fertile
and do not show any obvious morphological and phenotypic
alterations on normal chow diet (55). However, when challenged
with high fat diet CerS5 knockout animals protected against
diet induced obesity and associated with reduced levels of
leptin relative to wild type animals (55). Additionally, on diet
induced obesity CerS5 knockout animals displayed improved
glucose tolerance, insulin sensitivity, and reduced white adipose
inflammation compared to wild type animals (55). This was
also in contrast to the Brüning study, which showed no effect of
CerS5 depletion (52).

CONCLUSIONS

Clinical observations and experimental studies in rodents
suggest that specific ceramides have distinct roles in the
pathophysiology of various human diseases. Studies reveal that
altering sphingolipid acylation patterns impacts hepatic steatosis,
adiposity, adipocyte size, adipokine secretion, macrophage
infiltration, inflammation, insulin sensitivity, mitochondrial
dysfunction, and ER stress. In particular, the ratio of long-chain
ceramides (e.g., C16 and C18) to very long-chain ceramides (e.g.,
C24:0 or C24:1) appears to be a key factor in the development
of metabolic disease. Therefore, inhibition of CerS6, and perhaps
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CerS1 and CerS5, may serve as an attractive therapeutic
approach for treating insulin resistance, obesity, fatty liver,
and NASH.
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Non-alcoholic fatty liver disease (NAFLD), which ranges from the relatively benign and

reversible fatty liver (NAFL) to the more advanced and deadly steatohepatitis (NASH),

affects a remarkably high percentage of adults in the population. Depending upon

severity, NAFLD can increase one’s risk for diabetes, cardiovascular disease, and

hepatocellular carcinoma. Though the dominant histological feature of all forms of

the disease is the accumulation of liver triglycerides, these molecules are likely not

pathogenic, but rather serve to protect the liver from the damaging consequences

of overnutrition. We propose herein that the less abundant ceramides, through

evolutionarily-conserved actions intended to help organisms adapt to nutrient excess,

drive the cellular events that define NAFL/NASH. In early stages of the disease process,

they promote lipid uptake and storage, whilst inhibiting utilization of glucose. In later

stages, they stimulate hepatocyte apoptosis and fibrosis. In rodents, blocking ceramide

synthesis ameliorates all stages of NAFLD. In humans, serum and liver ceramides

correlate with the severity of NAFLD and its comorbidities diabetes and heart disease.

These studies identify key roles for ceramides in these hepatic manifestations of the

metabolic syndrome.

Keywords: fatty liver, ceramide, NASH, NAFL, NAFLD (non alcoholic fatty liver disease)

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is reaching epidemic proportions, affecting 25% of
the adult population worldwide (1, 2). It consists of two disease states of varying severity:
the relatively benign simple fatty liver termed non-alcoholic fatty liver (NAFL) and the more
severe non-alcoholic steatohepatitis (NASH). NASH can lead to hepatic scarring (cirrhosis) and
fibrosis, which contribute to hepatocellular carcinoma (HCC), the most common liver cancer and
the third leading cause of cancer-related death in the USA. Moreover, NAFLD increases one’s
risk for cardiometabolic disorders including type-2 diabetes and coronary artery disease. These
interrelated cardiometabolic disorders account for a sizable proportion of global deaths and overall
health expenditures.

The defining feature of NAFL is the accumulation of large lipid droplets in hepatocytes.
NASH is a worsened condition characterized by additional hepatocellular ballooning, lobular
inflammation, and fibrosis. These histological characteristics of NASH reveal serious tissue
damage that can result in organ failure. Though the most striking histological feature of NAFLD
across all stages is the accumulation of triglycerides, these lipids are likely inert markers of the
condition, rather than being bioactive drivers of the pathology. Instead, studies have identified
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roles for sphingolipids such as ceramides in each stage of
NAFLD and in many features of NASH: fat accumulation, insulin
resistance, mitochondrial dysfunction, apoptosis, and fibrosis.
The purpose of this review is to discuss the relevant evidence
in both human and animal studies for the role of ceramides in
each element of these liver pathologies. Moreover, we propose a
unifying, evolutionary theory to explain why ceramides initiate
these deleterious actions.

SPHINGOLIPID BIOSYNTHESIS AND
DEGRADATION

Sphingolipids are a richly diverse lipid class, comprising over
4,000 distinct species that serve a wide variety of biological roles.
Their de novo synthesis starts in the endoplasmic reticulum
with the condensation of fatty and amino acids to produce the
basic sphingoid scaffold. A series of enzymatic reactions follow
that produce ceramides, which are the precursors for the more
abundant sphingolipids (e.g., sphingomyelins, gangliosides).
Sphingolipids play integral roles in membrane structure and
fluidity as well as cellular growth and function, including
initiation of a coordinated stress response and ultimately
apoptosis (3). Circulating factors associated with metabolic
disorders including saturated fats, inflammatory cytokines, and
glucocorticoids invariably stimulate biosynthesis of ceramides
(4, 5).

The first enzyme in the biosynthetic pathway is serine
palmitoyl transferase (SPT), which condenses amino (e.g., serine)
and fatty acids (e.g., palmitoyl-CoA) to produce the sphingoid
backbone (6). The third step in the pathway, catalyzed by one
of six different (dihydro)ceramide synthases (CERS1-6), accounts
for much of the diversity in sphingolipids by adding acyl chains
to the sphingoid scaffold (7). These enzymes show variable
substrate specificities and tissue distributions. CERS2 is the
primary isoform in the liver, adding the C24 and C24:1 acyl-
chains. These very-long-chain ceramides appear benign. CERS5
and 6 add the C16-acyl chains, producing the ceramides that
are most strongly implicated in cardiometabolic diseases. CERS6
produces C16-ceramides that contribute to NAFLD and adipose
tissue dysfunction (8, 9). CERS5 appears to have a deleterious role
in the heart (10). Other articles in this review series will offer a
more in-depth analysis of the unique roles and distributions of
distinct ceramide species.

The product of the CERS reactions, during de novo
biosynthesis, are the dihydroceramides. Dihydroceramide
desaturases introduce a double bond into the d4 position of the
sphingoid backbone of dihydroceramides to produce the more
abundant ceramides (11). Despite the structural similarities
between ceramides and dihydroceramides, differing by only
a double bond, the two molecules exhibit radically different
functional roles in cellular signaling and metabolism (12, 13).
Mammals contain two desaturases: a ubiquitously expressed
DES1 and a skin- and gut-specific DES2 that inserts an additional
hydroxyl group in the d4 position to generate phytoceramides.

Following their synthesis in the ER, ceramides and
dihydroceramides traffic to the Golgi apparatus where they

are converted into complex sphingolipids through the addition
of various head groups (e.g., phosphocholine to produce
sphingomyelin; sugar moieties to produce the glucosylceramides
and gangliosides; phosphate to produce ceramide-1-phosphate;
or acyl-CoAs to produce the 1-O-acylceramides). Ceramides can
be re-formed by the hydrolysis of the choline head group from
sphingomyelins or through a salvage pathway that involves the
re-acylation of sphingosine (via CERS enzymes) produced by
ceramidase-mediated ceramide degradation (14, 15). Receptors
for adiponectin, an anti-diabetic and cardioprotective adipokine,
are ligand-activated ceramidases (16, 17). Studies in rodents have
demonstrated hepatoprotective effects of adiponectin in multiple
modes of liver injury. Moreover, adiponectin is an independent
risk factor for NAFLD in diverse clinical cohorts (18–22).
The rate of adiponectin-stimulated ceramide degradation thus
appears to influence the progression of NAFLD and other
cardiometabolic diseases.

Experimental manipulations of the enzymes that control
ceramide synthesis or metabolism have produced a wealth of data
about the role of ceramides in in the progressive stages of NAFL
and NASH, as well as associated comorbidities including insulin
resistance and cardiovascular disease. These will be discussed in
depth below.

CERAMIDES IN NAFL

NAFL, or simple fatty liver, is characterized in humans by
≥5% macrovesicular fat accumulation in hepatocytes without
substantial inflammation or hepatocellular damage (1). NAFL
is considered relatively benign and is asymptomatic. Studies
demonstrate no direct relationship between the extent of steatosis
and survival in humans (23). In the current progressive model of
NAFLD development, however, NAFL precedes the more severe
liver disease states such as NASH, cirrhosis and HCC.

Though increased hepatic triglyceride deposition precedes
NASH, triglycerides are likely inert storage molecules that do not
directly elicit the cellular dysfunction that causes NASH (24, 25).
In accordance with this theory, inhibiting triglyceride synthesis
at the level of DGAT2 reduces steatosis, but enhances fibrosis,
oxidative stress, and lipid peroxidation (26, 27). The bioactive
ceramides are more likely to drive the pathology. In accordance
with this theory, a number of studies have identified correlations
between ceramides and different measures of NAFLD/NASH in
humans (28–37).

Interventional studies in rodents invariably demonstrate that
ceramides are necessary for NAFL development. One such study
was performed using mice that allow for conditional depletion of
the Degs1 gene that encodes DES1. Deletion of the gene allows
the investigator to acutely replace the ceramides in tissues with
dihydroceramides lacking the key double bond (13). Deleting
Degs1 from adult mice either prevented or reversed hepatic
steatosis in ob/ob mice by blunting lipid uptake (via the fatty
acid translocase CD36) and decreasing expression of lipogenic
genes (e.g., Srebf1). Similarly, liver-specific ablation of the Degs1
gene encoding DES1 (or liver-targeted knockdown of Degs1
using shRNA) reversed high fat diet-induced hepatic steatosis
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FIGURE 1 | Mechanisms of ceramides contribute to NALF and NASH/fibrosis. (A) In NAFL, ceramides promote lipid accumulation ultimately resulting in

hepatosteatosis. In promoting steatosis, ceramides stimulate the translocation of CD36 to its active site on the plasma membrane via obligate intermediate PKCζ

where it facilitates uptake and esterification of free fatty acids. Ceramide action on PKCζ also upregulates transcription of Srebpc1 and inhibits Akt. Ceramides also

reduce mitochondrial efficiency, promoting fat as a preferred substrate. (B) Ceramides promote fibrosis through TGF-β signaling, CREB3L1 proteolysis, stellate cell

activation, and hepatocellular apoptosis. Srebpc1, sterol regulatory element binding protein 1; S1P/S2P, site 1 protease, site 2 protease; TM4SF20, transmembrane 4

super family 20; CREB3L1, CAMP responsive element binding protein 3. Figure was created with BioRender.com.

(13). Similar findings were reported using mice that allow for
inducible, liver-specific overexpression of acid ceramidase (38)
or liver-specific deletion of CERS6 (9), which lower ceramides,
normalize lipid uptake andmetabolism, and resolve diet-induced
hepatic steatosis. Thus, depleting ceramides from the liver, by
either blocking their synthesis or stimulating their degradation,
resolves NAFL. In each of these studies, the interventions also
resolved other features of the metabolic syndrome including
insulin resistance and serum hypertriglyceridemia.

Though the studies in the preceding paragraph have
demonstrated that ceramides are necessary for NAFL, relatively
few have evaluated whether they are sufficient to drive the
pathology using gain-of-function approaches. In vivo, the closest
has been studies by the Gonzalez laboratory, which found
that intestinal Farnesoid X receptors induced ceramides which
traveled to the liver to stimulate steatosis. In these studies, they
administered C16-ceramides to antibiotic-treated mice, finding
that they induced steatosis and increased expression of the
lipogenic gene Srebp1c and other transcriptional markers of
steatosis (e.g., Cidea, Fasn, etc.) (39). In vitro, overexpression of
CERS6 overexpression in primary hepatocytes was shown to be

sufficient to increase levels of C16-ceramides, induce triglyceride
accumulation, impair mitochondrial respiration, and antagonize
insulin signaling (40).

CERAMIDES, LIPID UPTAKE, AND
TRIGLYCERIDE SYNTHESIS

Several mechanisms explain the ceramide-induction of hepatic
steatosis (Figure 1A).

First, ceramides increase lipid uptake into the liver, at least
in part by stimulating the translocation of the CD36 fatty acid
translocase to the plasma membrane (13, 38). This event involves
the atypical protein kinase C zeta (PKCζ) (38), a ceramide
effector that has several roles in lipid and glucose metabolism.
Addition of exogenous short-chain ceramide analogs activates
PKCζ in H4IIe hepatocytes and overexpression of dominant
negative PKCζ negates ceramide-induced CD36 translocation.
In some tissues, this ceramide-PKCζ axis also impairs glucose
utilization through diminished activation of Akt (protein
kinase B) (41).
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FIGURE 2 | Pharmacological inhibition of de novo ceramide synthesis prevents high fat diet (HFD) induced NASH. (A) Simplified schematic of ceramide de novo

synthesis pathway, demonstrating the target of Myriocin (in red). (B) Graphical summary of the beneficial effects of Myriocin treatment in HFD-fed Sprague-Dawley

rats. HFD-induced NAFLD related effects are shown in black with the beneficial effects of Myriocin treatments shown with red lines. Figure was created with

BioRender.com.

Second, ceramides activate signaling pathways that induce
triglyceride synthesis, in part by inducing the master
transcriptional regulator sterol response element binding
protein (SREBP). These are potently induced by ceramides and
during NAFLD pathogenesis (39). In fact, gene variants and
polymorphisms of Srebpf1 are associated with increased risk of
NAFLD development (42). In vitro, ceramides are sufficient to
stimulate hepatic Srebpf1 gene expression, activating a number
of downstream targets that facilitate triglyceride production and
fatty acid elongation (43). This phenomenon is independent
of intracellular cholesterol levels, mediated by ceramides
regulating posttranscriptional physiological processing of
Srebpf1. Similarly, liver specific DES1 depletion in mice displays
a striking downregulation of SREBPs (13). This mechanism is
likely driven through the aforementioned ceramide-PKCζ axis,
which is established as a contributor to hypertriglyceridemia and
hepatic steatosis in mice (44). Indeed, several studies have shown
that PKCζ regulates SREBP-mediated triglyceride synthesis.

NAFL TO NASH TRANSITION/NASH

The transition from NAFL to NASH worsens an individual’s
prognosis, as NASH is considerably more likely to progress to
HCC and cirrhosis, and ultimately mortality, than the relatively
benign NAFL (1, 45). Meta-analyses have also identified fibrosis
grade as an independent risk factor for liver and cardiovascular-
related mortality (46). Understanding this transition is essential
for developing clinical interventions to prevent end stage liver

disease and improve patient outcomes. NASH differs from
NAFL in that steatosis is accompanied by lobular inflammation,
hepatocellular ballooning degeneration, and fibrosis. NAFLD has
a complicated bidirectional relationship with insulin resistance,
which is considered a driving factor for progression to more
severe liver disease states (47).

NASH patients have elevated liver ceramides and increased
hepatic expression of ceramide synthesizing genes (29, 30, 32,
48, 49). Ceramides have also been observed as a signature of the
NASH disease state in disparate mouse models of the condition,
including those that are not obese. For example, an unbiased
comparison of two diet-mediated mouse NASH models, the
methionine choline deficient and the atherogenic diets, identified
alterations in sphingolipid metabolism as a common feature
in both (34). This study included a thorough exploration of
histological, transcriptional, and lipidomic changes in both
models. Despite considerable differences in the mechanisms
of these two NASH models, both exhibited decreases in
cholesterogenesis, transcriptional upregulation of ceramide
synthases, and increased de novo sphingolipid synthesis resulting
in elevated ceramides, dihydroceramides, and glucosylceramides.
In accordance, NASH patients that undergo a weight loss-based
lifestyle intervention that reverses the condition show a reduction
in circulating ceramides and hepatic expression of pro-ceramide
synthesizing genes (32).

In rodents, several studies have shown that pharmacological
reduction of ceramides prevents NASH onset (Figure 2).
The majority have utilized myriocin, which is a potent and
irreversible inhibitor of serine palmitoyltransferase. One such
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study used high fat diet feeding in adult Sprague-Dawley rats
and demonstrated that myriocin prevented steatosis and fibrosis
(50). In this experiment, ceramide depletion led to inactivation of
signaling by c-Jun N-terminal kinase (JNK), a kinase implicated
in inflammatory responses and the regulation of apoptosis.
Moreover, myriocin normalized levels of inflammatory cytokines
such as TNF-α, IL-1β, and IL-6. A similar study, also conducted
in Sprague-Dawley rats fed a high fat diet, demonstrated that
myriocin normalized body weight, serum transaminase, and
serum triglycerides (28). Studies in cultured hepatocytes showed
that myriocin normalized expression profiles of genes involved
in fatty acid metabolism and restored autophagy. A final study
performed in Wistar rats demonstrated that myriocin treatment
for 7 days following establishment of high fat diet induce NAFLD
was sufficient to lower ceramides, improve whole body insulin
tolerance, and reduce hepatic steatosis (51). Ceramides are also
elevated in livers of mice exposed to carbon tetrachloride, a
toxin that is commonly used to mimic NASH, fibrosis, and
cirrhosis (52).

Unfortunately, no studies involving direct manipulation of
ceramide synthesizing genes to increase or decrease ceramides in
the context of NASH have been published to date.

CERAMIDES, CELL DEATH, AND FIBROSIS

Apoptosis is an essential element in the cascade of events that
cause NASH. In both in vitro and in vivomodels, administration
of pan-caspase inhibitors or targeted genetic ablation of specific
caspases suppresses apoptosis, and fibrosis (53). Ceramides
have long-been known to induce apoptosis, as they increase
mitochondrial outer membrane permeability to cytochrome C,
leading to caspase activation (54). Blocking ceramide production
negates the pro-apoptotic effects of many different cellular insults
(55), including the saturated fatty acids and cytokines implicated
in NASH. Ceramides have also been demonstrated to induce
hepatocellular necrosis through induction of mitochondrial
failure (56).

Ceramides alter mitochondrial membrane permeability by
several different mechanisms. They recruit the pro-apoptotic
protein BAX to mitochondria, where it oligomerizes and
increases membrane permeability (57). Ceramides bind
voltage-dependent anion channel 2, which further increases
mitochondrial outer membrane permeability (58). Ceramides,
through extensive hydrogen bonding with themselves, are
capable of forming channels in membranes that allow passage
of small proteins (59–62). And, ceramides inhibit pro-survival
signaling by the protein kinase Akt/PKB (63). This latter effect
on Akt/PKB accounts for the ability of ceramides to induce
insulin resistance (63, 64).

Ceramides may also directly participate in the fibrosis
signaling pathways that control collagen deposition (Figure 1B).
In fact, hepatic stellate cells, the major extracellular matrix
producing cells of the liver, exhibit increased ceramide
concentrations and ceramide synthesizing gene transcripts
upon activation in culture (65). This suggests that bioactive lipids
such as ceramides may affect hepatic stellate cell activation and

hepatic collagen deposition during NASH. Though the precise
mechanisms remain elusive, ceramides are positive regulators
of signaling by TGFβ, a major pro-fibrogenic cytokine (66–68).
In addition, ceramides enhance cleavage of plasma membrane
resident CREB3L1 by site-1 or site-2 proteases, a process that
liberates a protein fragment that enters the nucleus to bind
Smad4 and activate transcription of genes required for assembly
of collagen-containing extracellular matrix (69, 70). This process,
termed regulated intramembrane proteolysis, results from
ceramides altering the orientation of TM4SF20, a protein that,
in the absence of ceramides, blocks access of the proteases to
CREB3L1 (70, 71).

CERAMIDES IN NAFLD ASSOCIATED
COMORBIDITIES

NALFD is the hepatic manifestation of the metabolic syndrome.
Ranging from a simple fatty liver to the far more severe NASH,
the conditions increase risk for diabetes, cardiovascular disease,
hepatocellular carcinoma and liver failure. In fact, cardiovascular
disease is the most common cause of death in NAFLD patients,
accounting for more than twice the number of deaths than
progressive liver related complications (1, 72). Even in the
absence of metabolic syndrome, NAFLD patients experience
increased risk of cardiovascular disease (73).

Studies with knockout mice reveal that the liver provides
>50% of serum ceramides (13). Interestingly, measurement of
ceramides and related sphingolipids in serum has proven to
have clinical utility, serving as potent, cholesterol-independent
prognostic biomarkers of cardiovascular disease incidence
and mortality (74–79). Circulating ceramides have also been
associated with insulin resistance and type 2 diabetes in large
clinical cohorts (80–82). Though the literature is largely devoid
of large studies relating circulating ceramides to NAFLD, the
noted relationships between serum and hepatic ceramides as
with established NAFLD and as a distinction between NAFL
and NASH strongly suggests that their measurement could have
utility for diagnosing the condition (30, 32, 33).

A large proportion of patients with NAFL express a common
gene variant (i.e., rs738409) in Patatin-like phospholipase
domain-containing protein 3 (PNPLA3). The mutation in this
triglyceride lipase gene leads to marked changes in liver fat.
Unlike individuals with the “metabolic NAFLD” described in
this review, those with PNPLA3-induced NAFLD often remain
metabolically healthy, with less insulin resistance, diabetes,
and cardiovascular disease (83, 84). Interestingly, ceramide
concentrations are not elevated in individuals with “PNPLA3
NAFLD.” The authors attributed the lack of hepatic ceramide in
subjects with the PNPLA3 variant to their ability to effectively
store fat as triglycerides, rather than letting it be diverted into
the sphingolipid pathway. Notably, PNPLA3 mutant patients
can still develop severe fibrosis (85), suggesting ceramide-
independent modes of fibrogenesis exist, in addition to ceramide-
dependent ones.

Collectively, these studies indicate that ceramides are markers
of NAFLD that play causative roles in several disease features.
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While more work is needed to determine the precise role of
ceramides in NASH pathogenesis, the data thus far strongly
support development of ceramide-lowering strategies to combat
these liver pathologies.

AN EVOLUTIONARY BASIS FOR THE ROLE
OF CERAMIDES IN NAFLD

We’ve discussed a number of ceramide-driven mechanisms
that influence the health of the hepatocyte under conditions
of nutrient overload. We speculate that ceramides serve as
nutritional signals, accumulating when the triglyceride stores are
saturated and the cellular energy needs are met. The cells respond
to the increasing ceramides by initiating actions which protect
them from detergent-like FFAs (86). Indeed, each of the ceramide
mechanisms we have identified protect cellular membranes from
the destabilizing actions of these lytic fatty acids.

In the early stages of disease progressions (e.g., NAFL),
ceramides initiate actions that promote the safe uptake of fatty
acids through the cellular membrane and facilitate their storage
as triglycerides. For example, they increase the allotment of fatty
acid translocases (e.g., CD36 or fatty acid binding proteins) on
the cellular membrane, which facilitates safe passage of FFAs
through the bilayer and speeds their esterification. In parallel,
ceramides induce SREBP and its target genes (e.g., DGATs)
to enable the incorporation of fatty acids into triglycerides.
Ceramides also reduce glucose utilization by inhibiting Akt/PKB,
thus allowing cells to switch to fatty acids as a preferred energy
source. Lastly, they decrease mitochondrial efficiency, thus
maximizing the number of fatty acids that can be oxidized while
minimizing the effect on mitochondrial membrane potential. All
of these actions, which were at one time likely intended to protect
the cell from fatty acid toxicity, underlie NAFL.

As ceramide levels continue to rise, they initiate actions
to protect the organism from the compromised, lipid-laden
cells. For example, we hypothesize that ceramide-mediated
apoptosis and fibrosis are extensions of the aforementioned
signaling mechanisms that protect the organism when cells are
compromised. For example, ceramide induction of apoptosis
allows for a controlled cell death, preventing the release of
cytosolic content into the extracellular space. Similarly, the

induction of fibrosis allows the organism to protect itself from a
damaged region of tissue. Thus, ceramides protect the organism
from damage resulting from uncontrolled membrane lysis.

This theory—that ceramides signal cellular events to combat
the burden of toxic levels of free fatty acids—provides a unifying
framework and testable hypotheses about their role in disease.

CONCLUSIONS

The published data thus far clearly establish roles for ceramides
as drivers of different features NAFLD. Nonetheless, additional
work is needed. First, more comprehensive assessments of
the roles of ceramides in the terminal steps of NASH (e.g.,
apoptosis and fibrosis) in rodent models are warranted. These
should include investigations of whether ceramide-lowering is

sufficient to reverse the pathology at the later stages of disease
progression. Moreover, it should include genetic manipulations
to discern which effects are due to autonomous actions within the
hepatocyte. Second, additional clinical verifications, including
lipidomics of large liver biobanks and genomic determinations
of genes that influence ceramides, would support efforts to
develop this therapeutic approach. Despite these areas of need,
the evidence is strong that ceramides contribute to NAFLD.
Therapeutic approaches that selectively lower ceramides could
show enormous progress as a means of combating NAFLD.
Ceramides merit a sustained and rigorous evaluation from the
scientific community.
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Sphingolipids represent one of the major classes of eukaryotic lipids. They play an

essential structural role, especially in cell membranes where they also possess signaling

properties and are capable of modulating multiple cell functions, such as apoptosis,

cell proliferation, differentiation, and inflammation. Many sphingolipid derivatives, such as

ceramide, sphingosine-1-phosphate, and ganglioside, have been shown to play many

crucial roles in muscle under physiological and pathological conditions. This review will

summarize our knowledge of sphingolipids and their effects on muscle fate, highlighting

the role of this class of lipids in modulating muscle cell differentiation, regeneration,

aging, response to insulin, and contraction. We show that modulating sphingolipid

metabolism may be a novel and interesting way for preventing and/or treating several

muscle-related diseases.

Keywords: ceramide, insulin, diabetes, obesity, sphingosine-1-phosphate, glycosphingolipids, sphingomyelin

INTRODUCTION

Sphingolipids (SLs) have been studied and described for several years as modulators of many
functions in cells, including proliferation, differentiation, mobility, and survival. Skeletal muscle
represents by far the most important tissue for maintaining posture/vertical position, movement,
and locomotion of the human body. It is also the major tissue where insulin stimulates glucose
uptake, and to store it into glycogen, making it a key organ in carbohydrate homeostasis
maintenance (1, 2). Since abundant literature shows that SLs regulate positively or negatively
many of biological functions, such as cell proliferation and differentiation, contraction, and insulin
response, the extensive study of the function of these lipids inmuscle cells is very important because
they could represent pharmacological targets to counteract several important diseases, such as
muscular dystrophies and diabetes.

OVERVIEW OF SPHINGOLIPID METABOLISM

SLs represent one of the major classes of eukaryotic lipids. They were originally described as
intermediate lipids for the synthesis of other lipids. They mainly play a structural role, especially in
cell membranes where they exert signaling properties and are capable of modulating multiple cell
functions, such as apoptosis, cell proliferation, and inflammation (3). This is a class of lipids defined
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by their sphingoid skeleton made up of 18 carbons with an amine
and two alcohol groups (4). This lipid class includes many lipids
with various structures and functions.

Ceramides, central lipids for SL biosynthesis, are mainly
synthesized via three metabolic pathways (Figure 1):

• The de-novo synthesis pathway from saturated fatty acid (FA)
that takes place in the endoplasmic reticulum (ER).

• The sphingomyelinase (SMase) pathway that uses SMase to
convert sphingomyelin (SM) present in the cell membrane to
give ceramide.

• The salvage pathway in the lysosome that produces
sphingosine, and then ceramide after breakdown of
complex SL.

De-novo Ceramide Synthesis Pathway
SL biosynthesis is induced at the cytosolic leaflet membrane of
the ER where ceramide is synthesized after several enzymatic
reactions (5, 6). First, condensation of palmitate and serine forms
3-keto-dihydrosphingosine. This reaction is catalyzed by serine
palmitoyl transferase (SPT) and is rate-limiting for the pathway.
It should be noted that SPT can also use both glycine and
alanine to make atypical 1-deoxysphingolipids (7). Functions
of 1-deoxysphyngolipids remain still unclear, but these lipids
appear to be significantly elevated in plasma from diabetic (8)
and non-alcoholic fatty liver disease patients (9). In addition,
1-deoxysphingolipids have been shown to be toxic to β-cells
and neurons (10, 11). SPT can also use myristate instead of
palmitate, resulting in the production of a d16:0 sphingoid base
(10). Interestingly, d16 SL promoted cell death of cardiomyocytes
(12). Then, 3-keto-dihydrosphingosine (KDSR) is reduced to
dihydrosphingosine, which is acylated by ceramide synthases
(CerS) to produce dihydroceramide (Dcer). In mammals, six
CerS isoforms (CerS 1 to 6) are expressed. They perform identical
chemical reaction but produce ceramide species with different
acyl-CoA chain length. Eventually, Dcer desaturase-1 (DES1)
desaturates Dcer to give ceramide (Figure 1).

Abbreviations: ACER, Alkaline ceramidases; ApoM, Apolipoprotein M; ASAH1,

Acid ceramidase; ASAH2, Neutral ceramidase; aSMase, Acid sphingomyelinase;

C1P, Ceramide-1-phosphate; CDase, Ceramidase; CEM, Cavolin Enriched

Microdomains; CerK, Ceramide kinase; CerS, Ceramide synthases; CERT,

CERamide Transporter; CGT, Galactosyl transferase; CPT1, Carnitine

palmitoyltransferase 1; Dcer, Dihydroceramide; DES1, Dcer desaturase-1;

DES2, C4-hydroxylase / 14-desaturase; ER, Endoplasmic reticulum; ERK1/2,

Signal-regulated kinase ½; GCS, Glucosylceramide synthase; GBA, Acid β-

glucosidase; GLUT, Glucose transporter; GM3, Ganglioside monosialo 3; FA, Fatty

acids; FABPm, Plasma membrane-associated FA-binding protein; FAT/CD36,

FA translocase/cluster of differentiation; Fgf21, Fibroblast Growth Factor 21;

HFD, High fat diet; IRS, Insulin receptor substrates; JNK, c-Jun kinase; KDSR,

3-keto-dihydrosphingosine; KO, Knock-out; LDL, Low-density lipoproteins;

LPP, Phosphohydrolases; mTORC2, Mammalian target of rapamycin-2; nSMase,

Neutral sphingomyelinase; PDK1, Phosphoinositide-dependent kinase 1; PI3K,

Phosphoinositide-3- kinase; PKCζ, Protein kinase C ζ; PKR, Double-stranded

RNA-dependent protein kinase; PP2A, Protein phosphatase 2A; Prep1, Pbx

regulating protein 1; S1P, Sphingosine-1-phosphate; S1PR, S1P receptors; SFA,

Saturated FA; SMS, SM synthases; SL, Sphingolipids; SM, Sphingomyelin; SMase,

Sphingomyelinases; SMS, Sphingomyelin synthase; SphK, Sphingosine kinases;

SPL, S1P-lyase; SPT, Serine palmitoyl transferase; T2D, Type 2 diabetes; TAG,

Triacylglycerol; TNFα, Tumor necrosis factor α; WAT, White adipose tissue.

During the conversion of Dcer into ceramide, an
alternative product can be synthesized, 4-hydroxyceramide,
or phytoceramide (13), and it is the second member of the DES
family, C4-hydroxylase/14-desaturase (DES2) that catalyses the
formation of phytoceramide from Dcer (13). DES2 is highly
expressed in fungi, plants, but also in the intestine, kidney, and
skin where phytoceramide is present in large quantity (14).

ER-synthesized ceramide is then immediately transported into
the Golgi apparatus to generate other SL. This translocation
is mediated by two types of ceramide transport. The first,
and the most characterized ceramide transporter, is the non-
vesicular transporter CERamide Transporter (CERT). CERT
specifically transports ceramide from the ER and displays small
activity toward other SL. CERT efficiently mediates the transfer
of ceramide-containing C14–C20 FAs to the Golgi in order
to be transformed into SM. The second type of ceramide
transporter is a vesicular transporter (15). This transporter
ensures the transport of long-chain ceramide (>C20) into the
Golgi to generate glucosylceramides. Unlike CERT, this vesicular
transporter has not been well-characterized and is known to be
dependent on phosphoinositide-3-kinase (PI3K) activity (4).

Once in the Golgi apparatus, ceramide can be further
metabolized to SM and complex glycosphingolipids.

SM, one of the major components of cell membranes, is
synthesized through the transfer of a phosphorylcholine head
group from phosphatidylcholine to ceramide. This reaction is
catalyzed by SM synthases (SMS) (5). Two isoforms of SMS
exist: SMS1 and 2. Both are present in the Golgi, but SMS2
is also localized at the plasma membrane, maintaining plasma
membrane SM content (Figure 1) (16).

Ceramide can also be transformed into glycosylphingolipids,
such as glucosylceramide (in the Golgi apparatus), or
galactosylceramide (in the ER). Glucosylceramide is the
precursor of gangliosides, whereas galactosylceramide will be
transformed into sulfatides (Figure 1) (17). Glucosylceramides
are synthesized from ceramide and UDP-glucose. This reaction is
catalyzed by glucosylceramide synthase (GCS), which is localized
on the cis side of the Golgi (17). On the other hand, synthesis of
galactosylceramide takes place on the lumenal surface of the ER
under the control of the galactosyl transferase (CGT) (4, 18).

Glucosylceramides are SL that play an essential role in
mammal development and survival, as for instance, in cell
recognition processes (19). Galactosylceramides are essential
to myelin structure and function, and they are involved in
oligodendrocyte function (4, 20).

In the Golgi, ceramides can also be phosphorylated by the
ceramide kinase (CerK), thus generating ceramide-1-phosphate
(C1P). C1P acts as a docking site for the cytosolic phospholipase
A2 and enhances arachidonic acid release. C1P is involved in cell
growth, anti-apoptosis, and inflammation in numerous cell types
(Figure 1) (21, 22).

Sphingomyelinase and Ceramidase
Pathways
Hydrolysis of SM to give ceramide is catalyzed by SMases.
SMases catalyze the cleavage of the phosphocholine head
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FIGURE 1 | Metabolism of sphingolipids. SLs can be synthetized through three major metabolic pathways: the de-novo pathway coming from the condensation of

SFA (palmitate) with serine, the salvage pathway and the SMase pathway. ER, endoplasmic reticulum; SPT, serine palmitoyl transferase; KDSR,

3-keto-dihydrosphingosine; CerS, ceramide synthase; DES, dihydroceramide desaturase; GBA, acid β-glucosidase; SMase, sphingomyelinase; CDase, ceramidase;

SMase, sphingomyelinase; SMS, sphingomyelin synthase; CerK, ceramide kinase; GCS, glucosyl ceramide synthase; SphK, sphingosine kinase; SPP, lipid

sphingosine phosphatase; SPL, sphingosine-1-phosphate lyase.

group of SM to generate ceramide (Figure 1). Three kinds of
SMases have been identified, based upon their optimum pH:
acid sphingomyelinase (aSMase), alkaline SMase, and neutral
sphingomyelinase (nSMase) (4). Even though they catalyze a
similar reaction, these three enzymes are different and display
different subcellular localizations. Alkaline SMase, exclusively
expressed in the intestine and liver, plays a role in the absorption
of dietary SM. On the other hand, both aSMase and nSMase are
ubiquitously expressed and play major roles in SM catabolism
in most tissues. aSMase is predominantly a lysosomal enzyme
that metabolizes SM present on endosomal membranes, whereas
three isoforms of nSMase (nSMase 1, nSMase 2, and nSMase
3) are present in the inner leaflet of the plasma membrane
(23). nSMase 2 is the most studied isoform and has emerged
as a key mediator in the generation of ceramide in response
to many stresses to disturb diverse signaling pathways in the

fields of cancer, growth and development, and in inflammatory
responses (24).

SM degradation is a major pathway involved in producing
ceramide and some of its lipid metabolites, and in particular
sphingosine-1-phosphate (S1P), last SL before the final stage
of SL degradation (Figure 1). Ceramide is first deacylated by
ceramidase (CDase) to produce sphingosine (4). There are three
isoforms of CDase classified, like SMases, according to their
optimal pH of function and their subcellular location. Acid
CDase (ASAH1) is localized in lysosomes and is more effective
in deacylating medium-chain ceramides (C12- and C14- rather
than C16- and C18-ceramide) (4, 25). Neutral CDase (ASAH2)
is an important regulator for the production of sphingosine and
S1P at the plasma membrane (4, 25). There are three alkaline
CDases (ACER). ACER1 is mainly localized in the epidermis
ER and it deacylates C24:0- and C24:1-ceramides. ACER2 is
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localized in the Golgi and is very strongly expressed in the
placenta. ACER2 deacylates C16-, C18-, C20-, C24:0, and C24:1-
ceramides. ACER3 is a phytoceramidase that is localized in both
the RE and the Golgi. It is expressed in many tissues, its most
important expression being found in the placenta, like ACER2
(4, 25). Interestingly, sphingosine is considered to be exclusively
generated from ceramide through the action of CDase. De-
novo synthesis of sphingosine has been ruled out since DES1
specifically acts on Dcer, not on dihydrosphingosine (26).

Then, sphingosine is phosphorylated by sphingosine kinases
(SphK) to generate S1P (Figure 1) (4). Two isoforms of SphK
exist (SphK1 and SphK2). They catalyze the same reaction but
with different subcellular localizations (27). SphK1 is mainly
a cytosolic enzyme and contains residues that bind acidic
phospholipids that contribute to SphK1 intracellular localization
(28). SphK1 can be activated by growth factors, cytokines,
and G protein-coupled receptors (GPCR) ligands. Extracellular
signal-regulated kinase 1/2 (ERK1/2) phosphorylate SphK1 on its
serine 225 residue, thus inducing its translocation to cell plasma
membrane where sphingosine is localized (29). In contrast,
SphK2 is localized in different cell compartments, such as the
nucleus, endoplasmic reticulum, and mitochondria (27). The
mechanism by which SphK2 is regulated remains obscure and, in
opposite to SphK1-produced S1P that is rapidly excreted outside
the cell, SphK2-produced S1P is rapidly degraded to be recycled
into sphingosine to give ceramide (30).

S1P degradation is controlled either by specific lipid
phosphate phosphohydrolases (LPP) that hydrolyze S1P to
give sphingosine, or by the S1P-lyase (SPL), splitting S1P into
hexadecenal and phosphoethanolamine (Figure 1) (31).

S1P is a strong signal mediator that affects several cellular
functions essential for health and diseases (32). Many different
S1P-mediated actions are explained by the fact that S1P
modulates intracellular functions, but also, after secretion into
the extracellular environment, S1P acts as a ligand of GPCR called
S1P receptors that are present on most cell membranes (32). S1P
possess five specific receptors (S1P1-5) on the cell surface (27).
Binding of S1P to its receptors allows the transmission of various
signals in cells. In addition to being able to relay its effects via its
receptors, S1P has several direct intracellular targets involved in
gene expression, inflammation, and mitochondrial function (27).

Interestingly, S1P has been shown to play a significant role in
the control of cell survival and growth (effects opposite to those
of ceramides), and SphK1 has emerged as a central signaling
enzyme. As such, SphK1 is placed at a key point, controlling
the balance between the prosurvival and proapoptotic SL
metabolites, namely the “sphingolipid rheostat” (Figure 2) (32).

Salvage/Recycling Pathway
The recycling pathway for long-chain sphingoid bases leading
to SL regeneration constitutes between 50 and 90% of SL
biosynthesis (33, 34). This suggests a crucial role of this pathway
in the biosynthesis/recycling of SL and an important implication
in cell signaling.

The constitutive degradation of complex SL and
glycosphingolipids (35, 36) occurs in acidic subcellular
compartments such as endosomes and lysosomes. In the

case of glycosphingolipids, exohydrolases (β-glucosidase acid)
release monosaccharide units to generate ceramide. Likewise,
SM present in the lysosomes are reconverted into ceramide
via aSMase (37). The common metabolic product of these
degradations (ceramide) is hydrolyzed by acid CDase to give
sphingosine and free FAs capable (unlike ceramide) of leaving
lysosomes (38, 39). Then, sphingosine and free FAs released from
the lysosome enter the ceramide biosynthesis pathway (40, 41)
to generate new ceramide molecules via CerS (42–44), or can be
phosphorylated by sphingosine kinases into S1P (Figure 1) (43).

SPHINGOLIPIDS AND THE REGULATION
OF MUSCLE BIOLOGY

In skeletal muscle, and in addition to their roles as structural
membrane components, it has been shown thatmanymetabolites
derived from the metabolism of ceramide play different key
roles in various biological effects, such as cell proliferation,
differentiation, survival, and mobility. In addition, it is now clear
that several SL play a major role in regulating muscle insulin
response. Two SL derivatives have been mainly studied, namely
ceramide and S1P, and it is interesting to note is that these
two lipids often relay opposite biological actions. For example,
ceramide is involved in apoptosis, cellular stress, and cell growth
arrest, while S1P plays important roles in mitogenesis, cell
differentiation, and migration. Similarly, S1P has been shown to
prevent programmed cell death normally induced by ceramide.
This homeostatic system is known as the ceramide/S1P rheostat
(Figure 2) (32).

At the muscle level, ceramide and S1P have been also shown
to exert opposite roles. Indeed, intracellular accumulation of
ceramides displays largely negative actions, while an increase in
S1P concentrations in muscle cells frequently potentiate opposite
functions to those of ceramide.

Regulation of Growth, Differentiation,
Regeneration, and Aging of Muscle Cells
by SPHINGOLIPIDS
There is a mechanism that is regulated by the ceramide/S1P
rheostat in muscle cells, which is growth and differentiation of
skeletal muscle cells (Figure 2).

Most of the experiments studying in-vitro skeletal muscle
growth and differentiation have been carried out in the C2C12
muscle cell line, derived from mouse muscle satellite cells (45).
They showed that S1P plays a major role in the activation
of satellite cells. More specifically, inhibition of S1P synthesis
through the use of SphK inhibitors demonstrated the importance
of S1P to induce the entry of satellite cells into the cell cycle
by inhibiting cell proliferation and inducing their myogenic
differentiation (46, 47). The importance of S1P receptors in the
initiation of the C2C12 muscle cell differentiation phenotype has
been highlighted in this mechanism (Figure 2A) (47), and it has
been demonstrated that S1P stimulates positively cell migration
through the activation of both S1P1 and S1P4, whereas S1P2
was found to negatively regulate cell migration (48). In addition,
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FIGURE 2 | Divergent roles of sphingosine-1-phosphate and ceramide in skeletal muscle cell fate. (A) Schematic representation of S1PR signaling activation in

muscle differentiation. (B) The “ceramide / sphingosine-1-phosphate rheostat” model emphasizes antagonistic roles of ceramide and S1P in the regulation of

myogenesis and glucose metabolism.

activation of the S1P3 suppresses cell cycle progression in muscle
satellite cells (49).

Interestingly, S1P receptor expression changes occur during
myoblast differentiation into myotubes. Indeed, it has been
observed a downregulation of the S1P2, while expression of
the S1PR3 was increased in differentiated cells (50). Using both
pharmacological and genetic approaches, a study demonstrated
that S1P, through its binding to S1P2, reduced serum-induced
myoblast proliferation and potently stimulates myogenesis (47).

SphK1 also plays a role in this mechanism, because
overexpression of this kinase in cells reduced myoblastic
proliferation and increased the expression of myogenic
differentiation markers (51). In contrast, inhibition of SphK1
expression increased cell proliferation and delayed the onset of
myogenesis (51, 52). In addition, stimulation of myogenesis in
cells overexpressing SphK1 is inhibited when the S1P2 receptor
was suppressed, reinforcing the idea that the expression of the
S1P2 receptor is critical for relaying the pro-myogenic action of
S1P in muscle cells (53).

In addition to muscle differentiation, S1P plays an important
role in skeletal muscle regeneration. Indeed, a notable property of
skeletal muscle is its capacity to regenerate in response to injury.
Satellite cells are activated, proliferate, migrate, differentiate, and
fuse to form new myofibers (54), and several studies have shown
that S1P signaling was involved in this process [reviewed in (55)].
S1P stimulates the proliferation of a muscle cell reserve through
the activation of its S1P1 (56), and exogenous addition of S1P
stimulates the growth of regenerating myofibers after a myotoxic
injury induced by intramuscular injection of bupivacaine (57).
Interestingly, S1P was shown to suppress muscle degeneration
in Duchenne muscular dystrophy (58), and to exert a positive

action for activating satellite cells and muscle regeneration in
dystrophic muscles (59, 60). It was also reported that S1P
could protect skeletal muscle tissue against eccentric contraction-
induced damage, further emphasizing the relevance of S1P
signaling in skeletal muscle protection and regeneration (61).

In contrast to S1P signaling, ceramide appears to negatively
regulate myogenic differentiation. It has been shown
in C2C12 muscle cells that a treatment with ceramide
abrogated cell differentiation (62) and the myogenic
marker myogenin (63). Inhibition of the de-novo ceramide
synthesis pathway using potent inhibitors (fumonisin
B1 and myriocin) decreased intracellular concentrations
of ceramide and increased the appearance of a cell
differentiation phenotype (63). Interestingly, ceramide has
been shown to regulate negatively muscle differentiation
through downregulation of phospholipase D expression and
activity (63).

Similar results were obtained after treating myoblasts with
the pro-inflammatory cytokine tumor necrosis factor α (TNFα),
known to induce ceramide synthesis through the activation
of the SMase pathway (64). Strle et al. (65) showed that
TNFα-induced ceramide production inhibited the expression of
critical muscle-specific transcription factors and myogenesis. In
addition, inhibition of ceramide synthesis improvedmyocyte size
under conditions inducing muscle atrophy (a mouse model of
cancer-induced cachexia and in muscle cells treated with TNF-
α) (66), thus reinforcing the negative action of the lipid on
muscle-mass regulation.

All these results highlight the importance of the SL
metabolism in regulating muscle differentiation mechanism.
Ceramide and S1P act as a rheostat by regulating myogenic
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differentiation of satellite cells rather than their survival,
depending on cell conditions (Figure 2B).

Some data also demonstrated that SL metabolism could be
involved in the development of sarcopenia with aging andmuscle
atrophy, often observed during obesity. Several studies showed
that, during aging, there is a decrease in muscle protein synthesis
(67) and increased tissue insulin resistance (68). Insulin is a
powerful anabolic factor that promotes muscle protein synthesis,
primarily by inhibiting protein breakdown (69, 70). A metabolic
characteristic of aging is an increase of intramyocellular lipid
content, and this lipid increase could play an important role
in the development of insulin resistance of muscle cells with
age. Studies have recently shown a significant accumulation
(2- to 4-fold) of different SL, including ceramide, sphingosine,
and their respective metabolites Dcer, sphingosine, and S1P in
muscle cells from older mice compared to young congeners
(71). In parallel, increased expression of inflammatory markers
TLR2, TNF-α, and IL-1β, and a higher phosphorylation and
ubiquitination of NF-κB key inhibitor IκBα were observed with
aging (71). These data could demonstrate that an association
exists between the accumulation of critical bioactive SL, such as
ceramide, associated with inflammation, and a decrease in lean
mass and muscular strength observed with age in mouse skeletal
muscle. Unfortunately, no human studies corroborating these
results obtained in rodents have been published so far.

Interestingly, an increase in ASMase expression has been
shown to induce a decreased skeletal muscle force in mice
(72). Thus, this modification ASMase expression could play in
important role in changes of SL turnover observed with age (see
above). Using various ASMase inhibitors, Babenko et al. (73)
demonstrated that downregulation of ASMase reduced skeletal
muscle ceramide content and ceramide/SM ratio and increased
SM of old rats to the levels close to those observed in young
animals. Unfortunately, S1P content had not been assessed in
these conditions. Since S1P displays pro-differentiation activity
(see above), S1P concentrations could vary inversely to those of
ceramides. In addition, inhibition of ASMase activity improved
skeletal muscle insulin response of old rats up to the level
of younger animals (74). If confirmed in humans, these data
suggest that age-dependent upregulation of ASMase could play
an important role in the modulation of skeletal muscle ceramide
content during age and could be a therapeutic target for
treatment of age-dependent pathologies.

Sphingolipids and Insulin Resistance
According to several studies, skeletal muscle accounts for 30–70%
of insulin-stimulated glucose disposal in the postprandial state
(75, 76). Thus, most of the studies on the mechanisms of insulin
resistance induced by lipotoxicity have been carried out mainly
in muscle tissue.

In 1963, Randle and colleagues hypothesized that competition
between glucose and FA for their oxidation and absorption
was responsible for the development of insulin resistance in
muscle and adipose tissue (77). In-vivo studies in rodents and
humans have confirmed a relationship between lipids and insulin
resistance, but they also showed that, unlike Randle’s hypothesis,
lipid-induced insulin resistance was not secondary to inhibition

of glycolysis (78). They demonstrated that lipids act directly
on insulin signaling, blocking the translocation of the insulin-
sensitive glucose transporter GLUT4 to the plasma membrane
in response to the hormone, and thus a decrease in glucose
uptake in cells (78). In humans, data clearly showed a strong
correlation between intramuscular lipid content and insulin cell
resistance (79).

Thus, strong evidence exists between muscle lipid
accumulation and insulin resistance. However, in some
cases, like in the “athlete’s paradox,” no correlation between
ectopic lipid accumulation and peripheral insulin resistance was
found. Athletes display high insulin sensitivity but also present
increased levels of intramuscular lipids (80), suggesting that it
is not only an increased muscle lipid content that affects insulin
sensitivity level, but rather the types of lipids stored in muscle.
Indeed, FAs contribute to insulin resistance because they lead
to the synthesis of many lipid derivative intermediates such as
SL. Ceramide must have been the most studied SL for its critical
role in the onset of muscle insulin resistance. However, other
SL derivatives synthesized from ceramide (S1P, C1P, SM, and
glucosylceramide) were also shown to modulate insulin signaling
in muscle cells.

Ceramide and Insulin Resistance

One of the first studies to analyse intracellular ceramide
concentrations in obese insulin-resistant Zucker fa/fa rats was
that of Turinsky et al. (81, 82). They found that these rats had
increased muscle ceramide concentrations (81, 82). Increased
levels of ceramide have also been detected in skeletal muscle
of several other insulin resistance models [insulin resistant
rodents, such as ob/ob mice, high fat diet (HFD)-fed mice,
and rats infused with intra-lipids] [reviewed in (83)]. Overall,
these studies illustrate an inverse relationship between muscle
ceramide concentrations and insulin sensitivity. Consistent
with data obtained in rodents, human studies also confirm
the inverse relationship between an accumulation of skeletal
muscle ceramide and insulin sensitivity [reviewed in (84)] (85–
87). In addition, the Goodpaster group showed that physical
exercise reduced muscle ceramide concentrations in obese and
insulin-resistant subjects, all correlated with improved insulin
sensitivity (88).

Several studies highlighted the crucial role of muscle ceramide
in the development of insulin resistance and type 2 diabetes
(T2D) (89). This relationship has also been confirmed in vitro
in mouse C2C12, rat L6, and human myotubes (90–92).
Indeed, the exposure of cells to a saturated fatty acid (SFA)
(palmitate) or directly to ceramide inhibited the activation
by insulin of glycogen synthesis and glucose transport (89).
Overall, these studies demonstrated a strong association between
insulin resistance and an increase in ceramide concentrations in
skeletal muscles.

In vivo, a direct implication of ceramide accumulation in
the onset of insulin resistance and diabetes has been established
in several studies. Mice fed a HFD and treated with myriocin
(inhibitor of the SPT) displayed an inhibition of ceramide
synthesis, improvement in muscle Akt phosphorylation, and
a better glucose tolerance and insulin sensitivity (93). These
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data were confirmed in DES1 KO mice. A decrease in
ceramide concentrations in insulin-sensitive tissues was observed
in dexamethasone-induced diabetes treated mice compared
to ceramide concentrations observed in control mice (94).
Increased insulin sensitivity was highlighted in the DES1
KO animals compared to their wild-type littermates (94).
Finally, treatment with myriocin of HFD-fed rats induced a
drop in soleus muscle ceramide concentrations, as well as a
normalization of glucose tolerance and insulin sensitivity (95).

However, and despite the abundant literature linking
ceramide and muscle insulin resistance, it is important to note
that there are nevertheless several studies that do not fully
report this causal link. Indeed, some studies did not show any
modification of muscle ceramide concentrations in response to
lipid overload in rats (96), healthy subjects (97), obese, and
diabetic human subjects (98–100). Another study did not show
any change in overall muscle ceramide content in T2D patients
after endurance training despite a clear improvement in muscle
insulin sensitivity (101). In addition, one study showed no
difference in muscle ceramide content between T2D patients
and healthy individuals (100). Finally, a study showed that a
single prior bout of exercise could protect isolated muscle rat
against palmitate-induced insulin resistance through a ceramide-
independent mechanism (102).

Overall, while numerous studies showed that ceramide was an
important player in the onset of muscle insulin resistance, the
picture is not that clear-cut, and it cannot be ruled out that other
contributors such as diacyl-glycerols [reviewed in (78)] must also
play a significant contribution in the appearance of a defect in the
action of insulin in muscle.

Importance of Ceramide Species in the Development

of Muscle Insulin Resistance

Muscle plays a notable role in glucose homeostasis regulation.
During obesity, when the buffering action of adipose tissue
is saturated and cannot act as a protective metabolic sink,
muscle faces an excess of circulating free FA, resulting in an
ectopic storage of different lipid such as ceramide in muscle,
which are known to induce insulin resistance. Because it
remains partially unknown whether specific ceramide species
from muscle contribute to insulin resistance and obesity, only
recently, generation of different CerS knock-out (KO) mice
allowed elucidating their specificities in metabolic disorders.

In-vitro studies suggested several ceramide species as key
players in mediating deleterious effects of SFAs, such as
palmitate on insulin signaling in muscle cells (84). Similarly
to what was observed in both L6 and C2C12 myotubes,
incubation of primary cultures of muscle cells derived from
human biopsies with palmitate led to both an increase of
endogenous C16- and C18-ceramide and an impaired insulin
signaling (92). Interestingly, these observations were confirmed
in primary culture of skeletal muscle cells obtained from diabetic
patients (92, 103). Nevertheless, the identity of CerS isoforms
implicated in ceramide biosynthesis responsible for muscle
insulin resistance remains still elusive.

Each CerS displays characteristic substrate specificity and
produces ceramides with specific acyl chain distributions, thereby

regulating explicit cell functions. Among them, CerS1 total KO
mice suffer from severe neurological modifications (104), while
CerS2 KO mice develop hepatocarcinoma (105) and CerS3 KO
is lethal (106). CerS4 regulates stem cell homeostasis and hair
follicle cycling (107), CerS5 regulates lung phosphatidylcholine
synthesis (108), and CerS6 plays a critical role in the development
of autoimmune encephalomyelitis (109). These various biological
functions regulated by all CerS suggest that ceramide exhibit
chain length-specific functions.

Positive correlation between muscle C16- and C18-ceramide
content and insulin resistance had been highlighted for some
time (95, 110–112). However, molecular evidences of an
intramuscular synthesis of these ceramide species related to their
insulin resistant properties were still lacking. In the last few
years, generation of CerS KO mice allowed to go further in the
identification of which ceramide species is (are) involved in the
development of muscle insulin resistance.

In 2016, Gosejacob et al. demonstrated that CerS5 played a
central role to maintain C16-ceramide pool in insulin sensitive
tissues (113). They showed that CerS5 expression was essential to
maintain cellular C16-ceramide content in lung, spleen, muscle,
white adipose tissue (WAT) and liver, independently of feeding
conditions. Under HFD conditions, a massive increase in C16-
ceramide content was mainly observed in WAT compared to
control mice (113). CerS5 deficiency prevented WAT C16-
ceramide increase and improved glucose intolerance, insulin
resistance, WAT mass, adipocyte size, and triglycerides levels
in mice challenged with HFD (113). Altogether, this study
highlighted new insight about the implication of CerS5 in
maintaining whole-body homeostasis, but independently from
its expression in muscle, suggesting that C16-ceramide produced
by CerS5 may not play a role in the onset of muscle insulin
resistance. In agreement, Turpin-Nolan et al. (114) found
that mice with a muscle-specific CerS5 deletion exhibited no
alterations in adiposity, systemic insulin sensitivity, and glucose
tolerance upon exposure to a HFD.

A study investigated a role for C16-ceramide produced by
CerS6 (using CerS6 KO mice) in the progression of muscle
insulin resistance. CerS6 is another CerS isoform known to
generate ceramide with C16 acyl chain, and HFD-fed CerS6
KO were protected from HFD-induced obesity and glucose
intolerance. Furthermore, mice exhibited reduced C16-ceramide
content in liver, white and brown adipose tissues but not in
muscle (115). Interestingly, mice with a muscle-specific CerS6
did no reverse the effect of HFD on insulin sensitivity (114).
Altogether, these studies argue against a role of a direct role of a
local production of C16-ceramide either by CerS5 or CerS6 into
muscle insulin resistance.

Given the lack of molecular evidence for a role of
intramuscular C16-ceramide production by these two CerS in
muscle insulin resistance, other studies focused on C18-ceramide
as another potential candidate. Gosejacob et al. (113) already
showed that CerS5 KO mice challenged with a HFD were
protected against C18-ceramide accumulation in muscle. These
data, in conjunction with other studies showing that C18-
ceramide content in muscle was increased with lipotoxicity (92,
103, 114), suggest that accumulation of this ceramide species may
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play a role in muscle insulin resistance appearance (Figure 3A).
Additional studies performed in rats (95, 116) and humans (117)
also highlighted a direct role of C18-ceramide in the onset of
muscle insulin resistance.

Synthetized by CerS1, C18-ceramide is one of the major
ceramide species upregulated in skeletal muscle of mice fed
with HFD (113, 114). Turpin-Nolan et al. (114) generated a
global CerS1 KO mice that, under a HFD, displayed reduced
C18-ceramide production in skeletal muscle, accompanied by
an increase in C16-, C22:0, C22:1, C24:0, and C24:1 ceramide
species. Particularly, CerS1 deficiency did not affect the SL
content in heart, liver, and white adipose tissue (114). These
changes in ceramide contents were accompanied with decreased
body weight and adiposity and higher energy expenditure and
a better glucose tolerance (114). In addition, CerS1 deficient
mice improved their glucose tolerance and insulin sensitivity
under HFD (114). Mice lacking CerS1 were also generated
specifically in skeletal muscle (114). These mice under a HFD
displayed a strong reduction in C18-ceramide in this tissue,
but, and in opposite to global CerS1 KO mice, no difference
in weight gain, adiposity, and food intake was observed (114).
However, glucose metabolism was still improved in muscle
CerS1 deficient mice under HFD in response due to an increase
of Fibroblast Growth Factor 21 (Fgf21) release from skeletal
muscle into the circulation (114). Fgf21 is a growth factor
mainly synthetized by the liver and other organs, and it can be
secreted as a compensatory mechanism to fight against metabolic
disorders associated with obesogenic conditions, and is known
to exert anti-inflammatory and insulin-sensitizing actions (118).
In absence of CerS1 in muscle, muscle-derived Fgf21 seemed
to improve the ability of insulin to suppress hepatic glucose
production (114) (Figure 3B). Taken together, these studies
highlighted CerS1 and its consequent reduction of C18-ceramide
in muscle as key components in ameliorating whole-organism
glucose metabolism. However, the latter study also reveals that
intramuscular C18-ceramide produced by CerS1 may not play a
direct role in muscle insulin resistance (114).

Beyond genetic models, a specific CerS1 pharmacological
inhibitor, P053, has been generated (119). Its daily oral
administration in mice fed an HFD decreased by 50% C18-
ceramide content in skeletal muscle. This decrease was associated
with reduced whole-body adiposity due to enhanced FA
oxidation in this tissue. However, and unlike the CerS1 muscle
deficient mice, this inhibitor did not improved glucose tolerance
and insulin sensitivity in HFD-fed mice (119). This suggests
that C18-ceramide may not be the main SL lipid actor for the
development of insulin resistance, or possibly that the residual
muscle C18-ceramide content (50%) was sufficient to inhibit
insulin sensitivity (in opposite to 90% ablation observed in
Turpin-Nolan’s study). Interestingly, another study tended to
suggest that other ceramide species could also be involved
in muscle insulin resistance. Bandet et al. (120) showed that
overexpression of CERT transporter in in tibialis anterior muscle
from mice fed a HFD induced a decrease in concentrations of
C16-, C22-, C24:1-, and C24-ceramide species associated with an
improved insulin response. No change in both C18- and C20-
ceramide species was observed (120). Thus, further studies will be

necessary to exactly define whether other ceramide species than
C18-ceramide produced by others CerS (i.e., CerS3 and 4) could
also play a significant and deleterious role in the modulation of
muscle insulin sensitivity.

Subcellular Localization and Mechanism of Action of

Ceramide in Muscle Cells

Subcellular localization of SL has emerged to be crucial in relation
to insulin resistance in skeletal muscle. Ceramide is generated
in the ER through de-novo synthesis and is transported to the
Golgi apparatus to be metabolized into other SL (Figure 1).
This transport involves an ATP-dependent carrier called CERT
(121). Ceramide can also be produced in the plasma membrane
through conversion of SM into ceramide by SMase (Figure 1) (4).
Interestingly, CerS isoforms were found in various intracellular
organelles, such as the ER (122), the mitochondria (123), the
nucleus (124), and the Golgi apparatus (123), suggesting a
possible local ceramide production in all these compartments.
Thus, contribution of ceramide to cellular dysfunctions could be
related to these subcellular compartments.

Perreault et al. (125) found an accumulation of ceramide,
sphingomyelin, and lactosylceramide in sarcolemma of
insulin-resistant individuals. Similar data were observed
by Chung et al. (112). Interestingly, association between
raise in intramyocellular ceramide concentrations and
hyperinsulinemia/hypertriglyceridemia was only limited to the
sarcolemmal fraction (112), and only C16- and C18-ceramides
were found to be positively correlated with insulin resistance
markers (112). These data should be closely compared to the
absence of role of CerS1, 5, and 6 isoforms in muscle insulin
resistance found in some studies (113, 114, 119). In these latter
studies, both C16 and C18-ceramides were quantified in whole
muscle. Therefore, it would be important to determine whether
these CerS could affect specifically subcellular localization of C16
and C18-ceramides.

In sarcolemma compartment, ceramides have been shown to
inhibit insulin signaling through different mechanisms in muscle
cells. The first step in activating the insulin signaling pathway
is the hormone binding to its membrane receptor, leading to
the autophosphorylation of its β subunits (126). Following this
autophosphorylation, the insulin receptor catalyzes the activation
of insulin receptor substrates (IRS). Six different isoforms of
IRS are expressed, but only IRS1 and 2 control insulin signal
transduction. IRS1 is predominantly expressed in skeletal muscle
where it plays a crucial role in the transmission of the insulin
signal (127). Activated IRS1 activates a protein called PI3K
that generates specific membrane phospholipids essential for the
activation of a protein kinase called Akt (also called Protein
Kinase B) (126, 128). In response to insulin, Akt is recruited to the
plasma membrane via phospholipids generated by PI3K where
it is activated by phosphorylation at two critical sites: threonine
308 (T308) in the activation loop and serine 473 (S473) in the
hydrophobic motif of the kinase (126). The phosphoinositide-
dependent kinase 1 (PDK1) phosphorylates Akt at its T308 site
and the S473 site is phosphorylated by themTORC2 (mammalian
target of rapamycin-2) complex (126). Akt relays the many
metabolic actions of insulin in its different target tissues (128,
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FIGURE 3 | Mechanisms of action of ceramide on insulin signaling and glucose metabolism in muscle cells. (A) Palmitate induces the de-novo production of several

ceramide species in muscle cells. Ceramide inhibits the muscle insulin signaling pathway and muscle metabolism by targeting two important actors, Akt and IRS1.

Ceramide rapidly activates either PP2A or PKCζ to inactivate Akt. Ceramides also induce PKR/JNK and/or Prep1/p160 axes to target IRS1. IRS1, Insulin receptor

substrate 1; JNK, c-Jun NH2-terminal kinase; PI3K, Phosphoinositide-3-kinase; PKCζ, Protein kinase C ζ; PKR, Double stranded ARN-activated protein kinase; PP2A,

Protein phosphatase 2A; Prep1, Pbx regulating protein 1; P, phosphorylation. (B) Proposed model of muscle ceramide action on regulating whole-body glucose

metabolism. Obesity-induced lipid overflow in muscle induces an increase in CerS1 expression and C18-ceramide content which decrease in Fgf21 production and

secretion from muscle cells. This lack of Fgf21 secretion could affect the ability of insulin to suppress hepatic glucose production and will induce hyperglycemia.

129). Insulin stimulates the uptake of glucose in skeletal muscles
and adipocytes, induces the synthesis of glycogen and its storage
in muscle and in the liver, induces protein synthesis in muscle,
and inhibits adipocyte lipolysis and production hepatic glucose
(89, 130).

The mechanisms by which ceramide acts on the insulin
signaling pathway in insulin-sensitive tissues are now clear, at
least in both rodent and human muscle cells. In these cells,
ceramide targets the insulin signaling by specifically inhibiting
in a time-dependent manner two specific actors in this pathway:
Akt and IRS1. Regarding Akt, ceramide rapidly (within 2 h)
activates the atypical protein kinase C ζ (PKCζ), which interacts
and phosphorylates the pleckstrin homology (PH) domain of
Akt on a Thr34/Ser34 residue, thus inducing its sequestration
in specialized areas of the plasma membrane called Caveolin
Enriched Microdomains (CEM) (131–136). Targeting Akt in
CEM prevents the kinase from being recruited to the plasma
membrane where it is normally activated in response to insulin
(136, 137). In this time frame, the authors showed that the
inhibition of the insulin signaling pathway was not mediated
at the level of the insulin receptor, IRS1, PI3K, or PDK1,
but was only due to a targeted action of ceramide on Akt
(91, 138, 139). In CEM devoid cells, ceramide inhibits Akt

by a mechanism involving the protein phosphatase 2A (PP2A)
(90, 137). In the longer term, ceramide also target and inhibit
IRS1 by mechanisms involving PKR/JNK (double-stranded
RNA-dependent protein kinase/c-Jun kinase) and/or Prep1/p160
(Figure 3A) (140, 141).

De-novo synthetized ceramides are transported from the ER
to the Golgi apparatus through a transporter called CERT,
where they are metabolized into SM (4). Disrupted CERT-
mediated transport of ceramide from the ER to the Golgi was
observed in both mouse and human muscle cells under lipotoxic
conditions, leading to a decrease in Golgi-based SM synthesis
(120). Interestingly, in T2D patients, CERT expression was
found to be downregulated in muscle (142), suggesting that, in
addition to the increased de-novo ceramide biosynthesis observed
in the ER, a reduced transport of ceramide due to decreased
levels of CERT could play a role in muscle insulin resistance.
However, how accumulation of ceramide in the ER through
CERT inhibition plays a role in insulin resistance remains elusive.

The ER has been shown to be the major de-novo production
site of ceramide during lipotoxicity, and ceramide accumulation
in this compartment can induce changes in the ER homeostasis,
and a durable unfolded protein response called ER stress (143).
Long-term ER stress has been observed in obesity and insulin
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FIGURE 4 | Effects of ceramide metabolite accumulation on insulin signaling. Whole-tissue accumulation of ceramide-1-phosphate and glucosylceramide damages

insulin sensitivity without significant action in muscle glucose metabolism. In opposite, accumulation of SM prevents ceramide buildup and improves insulin sensitivity

in muscle cells. The SphK1/S1P/S1PR axis displays controversial actions on insulin sensitivity but activates glucose uptake in muscle cells.

resistance and is associated with cellular dysfunction in liver and
adipose tissue (144, 145). In muscle cells, however, activation
of ER stress in response to ceramide accumulation remains
mild (146), and does not play a major role in the onset of
insulin resistance (146, 147). These data could suggest that
ER-produced ceramide must somehow transfer to the plasma
membrane, maybe through specialized membrane contact sites
between these two compartments, to exert their negative effects
on insulin signaling.

Another possibility could be related to the accumulation
of ceramide in the mitochondria. Indeed, mitochondria-based
ceramide has also been observed (148) where they have
been shown to inhibit mitochondrial fatty acid oxidation in
liver and brain (115, 125, 149). Similar observations have
been made in muscle mitochondria where addition of C2-
ceramide to isolated mitochondria inhibited mitochondrial
respiratory chain function (150). More recently, Perreault
et al. showed that ceramide or dihydroceramide inhibited
complex 1 and 3 of the electron transport chain (125),
demonstrating a possible and important role for these lipids in
the appearance of an oxidative stress, systemic inflammation
and insulin resistance. Interestingly, disruption of mitochondria-
associated ER membrane (MAM) integrity resulted in muscle
insulin resistance in both mice and humans (151). Ceramide
metabolism and especially CerS were located in MAM from
liver (152), supporting the hypothesis that obesity could increase
ceramide levels in MAM and could contribute to muscle
insulin resistance.

Overall, these observations suggest that mechanisms directing
the negative action of ceramide on muscle insulin sensitivity
are rather complex, and may imply to consider SL subcellular
localization in order to fight insulin resistance.

Ceramide Lipid Derivatives and Muscle Insulin

Resistance

Several other SL derivatives synthesized from ceramide have
also been shown to regulate insulin signaling in muscle cells
(Figure 4).

Sphingosine-1-phosphate
Recent evidence suggests that obesity also increased other SL
content such as S1P in muscle. Hu et al. determined that
lipotoxicity positively increased S1P levels through upregulation
of SphK1 activity in C2C12myotubes, but also in isolated skeletal
muscle from HFD-fed mice (153). These data suggested for the
first time that both S1P and SphK1 could play a role in metabolic
diseases such as obesity or T2D (153). Interestingly, Rapizzi et al.
reported a crosstalk between S1P and insulin signaling in C2C12
myoblasts as they showed that S1P, through the transactivation
of the insulin receptor, increased glucose uptake in muscle
cells (154).

These data considered, successive studies wondered whether
the muscle SphK/S1P axis could be implicated in modulating
insulin signaling in a lipotoxicity context observed in obesity
and T2D. Several studies highlighted a critical role of SphK1
in the regulation of the whole body glucose homeostasis (155,
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156). HFD-fed SphK1 KO mice exhibited high fasting glucose
levels and severe glucose intolerance compared to their WT
HFD-fed littermates. However, this was not associated with
an increase of the global insulin resistant state induced by
obesity, but rather with a failure of compensatory insulin
production by pancreatic β-cells in HFD-fed SphK1 KO mice
(156). In fact, HFD-fed SphK1 KO mice displayed a significant
reduction of β-cells mass, consequence of an increased β-cells
apoptosis in comparison with HFD-fed WT mice. These data
highlighted that SphK1 played a key role in regulation whole-
body glucose homeostasis under lipotoxic conditions (156).
However, whether muscle SphK1 expressed exerted a role in
enhancing whole-body glucose homeostasis remained unclear.
Bruce et al. (155) were pioneers to identify a role of muscle
SphK1 in the etiology of obesity and insulin resistance. HFD-fed
mice overexpressing SphK1 displayed increased SphK1 activity in
skeletal muscle, were protected against ceramide accumulation
and displayed an improved insulin-stimulated glucose uptake
(155). In opposite, inhibition of SphK1 activity strengthened
the deleterious effect of palmitate on insulin-stimulated glucose
uptake and further reduced the activity of insulin signaling
proteins in L6 myotubes (157). Furthermore, treatment of
HFD-fed mice with FTY20, a S1P analog, improved whole-
body glucose tolerance, reduced muscle ceramide content and
increased muscle insulin-stimulated glucose uptake and Akt
phosphorylation (158). Taken together, these results suggest that,
under lipotoxic conditions, muscle SphK1 could play a protective
role against the onset of insulin resistance.

However, genetic (SphK1 KO) or pharmacological (SphK1
inhibitor) approaches displayed improved glucose tolerance
and insulin sensitivity, and lowered fasting glucose levels in
obese mice (159). In addition, improved insulin-dependent
phosphorylation of Akt was observed in adipose tissue, liver, and
muscle of HFD-fed SphK1 KO mice. The discrepancy between
these data and Bruce’s could come from the diet they used
throughout the studies (159, 160). The first study used a fructose-
associated HFD to challenge pancreatic β-cell function in an
obesity context, whereas the second study used a simple HFD
to induce obesity. Altogether, these studies highlight a possible
divergent role of themuscle SphK1/S1P axis on regulating whole-
body glucose homeostasis in mice. Both studies used a global
SphK1 KO approach, and further analyses of a muscle-targeted
deletion of SphK1 would be more conclusive.

In opposite to SphK1, muscle SphK2 overexpression had
no effect on muscle lipid content, suggesting that SphK2
did no regulate muscle ceramide levels (155). More recently,
Ravichandran et al. (161) aimed to better understand the role
of SphK2 in glucose and lipid metabolism. They characterized
metabolic parameters of SphK2KOoldmice compared to control
old mice, as aging is associated with weight gain and obesity
(161). SphK2 KOmice seemed to be protected against age-related
changes of adipose tissue as they displayed decreased weight and
fat mass and increased lean mass (161). Moreover, old SphK2 KO
mice saw their glucose tolerance and insulin sensitivity improved
with aging compared with WT mice (161). These enhanced
metabolic e?ects could be the result of increased adiponectin
plasma levels and enhanced lipolysis (161). It still remains to
know whether muscle insulin sensitivity was improved these

conditions. Nevertheless, this study indicates that SphK2 may be
a negative regulator of glucose homeostasis in an obesity context.
Interestingly, a role of SphK2 in promoting β-cell lipotoxicity
has also been demonstrated as SphK2 deficiency prevented β-
cell mass loss in lipotoxic conditions (162). Overall, these data
indicated that inhibition of SphK2 could be an attractive target
to develop treatments to ameliorate insulin resistance but also
insulin secretion associated with obesity and T2D.

A small number of studies have also suggested the
involvement of additional SL derivatives as being able to
modulate glucose homeostasis. However, their direct action in
muscle cells is not always well defined and clear (Figure 4).

Ceramide-1-phosphate
A study has shown that the total silencing of CerK, ceramide
kinase responsible for the formation of C1P from ceramide,
protected animals from obesity and glucose intolerance induced
by a HFD. In addition, CerK silencing also protected mouse
adipose tissue from macrophage infiltration, thereby preventing
adipose tissue inflammation of (163). At the muscle level, C1P
stimulated myoblast proliferation via a lysophosphatidic acid
signaling axis (164), in a PI3K, Akt, ERK 1/2, and mTOR
dependent manner (165). This suggests that C1P could be
involved in the regulation of muscle regeneration and repair.

Sphingomyelin
Ametabolomic study demonstrated that reduced levels of plasma
C16:1-SM species were predictive of T2D (166). In addition,
inhibition of SMase in muscle cells induced an increase in
ceramide content and impairment of insulin signaling (167).
Obese individuals with glucose intolerance showed increased
muscle ceramide content and lower muscle SM compared
with obese individuals with normal glucose tolerance (168).
Overall, these data suggest that SM biosynthesis from ceramide
may be protective for maintaining insulin sensitivity, and that
inhibition of SM synthesis could have serious consequences on
cell insulin sensitivity. A study reinforced this hypothesis, as a
pharmacological inhibition of SMS2 in C2C12myotubes induced
ceramide accumulation in cells and an alteration of insulin
signaling (167). In addition, Bandet et al. showed in muscle
cells that increased concentrations of ceramide in response to
palmitate were associated with a malfunctioning transport of the
SL from the ER to the Golgi apparatus, consequence of a defected
expression of CERT, and a concomitant reduced SM biosynthesis
(120). In-vitro overexpression of CERT in muscle cells under
lipotoxic conditions, or in vivo in the anterior tibialis muscle of
HFD-fed mice improved insulin sensitivity (120), demonstrating
that transformation of ceramide into SM improved muscle
insulin sensitivity.

Gangliosides
Inhibition of glycosphingolipid synthesis significantly improved
insulin sensitivity and glucose homeostasis in Zucker diabetic
fatty rat, ob/ob mice, and HFD-fed mice (169, 170). The
involvement of a particular ganglioside, GM3 (ganglioside
monosialo 3) was particularly highlighted in this process. TNFα-
induced insulin resistance was shown to be associated with high
concentrations of GM3 in adipocytes (171), and GM3 synthase
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deficient mice fed a HFD displayed a better glucose tolerance
than HFD-fed control mice (172). In humans, serum GM3
concentrations were increased in T2D patients (173), and they
are associated with risk factors of metabolic syndrome (174). In
skeletal muscle, GM3 content was significantly higher in T2D
rats compared with control rats, but significantly lower in T1D
rats compared with their controls (175). However, involvement of
GM3 in inhibiting insulin action in muscle cells remains elusive
since a direct addition of GM3 or GCS overexpression failed to
inhibit insulin signaling in C2C12 myotubes (176). In addition,
glucosylceramide concentration went down in muscle of mice
fed a HFD, and GSL accumulated in adipocytes, where it exerted
negative effects on insulin signaling (176).

Overall, these ceramide derivatives could therefore play an
important role in modulating muscle insulin sensitivity, but
crucial lack of human data on these SL as regulators of muscle
metabolism prevents definitive conclusions.

SPHINGOLIPIDS AND PHYSICAL ACTIVITY

Several studies attempted to investigate whether a correlation
existed between physical exercise, known to improve cell insulin
sensitivity in diabetic patients (177), and intramyocyte levels of
ceramide, acknowledged to be harmful to insulin sensitivity (see
previous chapter). The rationale for this question was whether
physical exercise, in addition to improving muscle uptake of
glucose by an insulin-independent pathway (178), could prevent
ceramide from accumulating in muscle cells, and thus resensitize
them to the action of insulin.

A pioneering study carried out in 2004 in humans showed
that, in opposite to what was expected, acute physical exercise (3 h
bicycle exercise) induced an increase in muscle concentrations
of ceramide (+ 39%) (179). Another study performed by the
same group went more in detail and assessed SL content in
rats exercised for 30min, 90min, and until exhaustion (180).
The authors showed that exercise gradually increased muscle
ceramide levels (+27%) in two different muscles types (soleus
and red section of gastrocnemius). Surprisingly, in white section
of gastrocnemius, ceramide content decreased progressively until
the 90th minute of exercise and returned to control value
when mice were exhausted (180). Dihydrosphingosine content
was also assessed. It increased gradually over time in the
three muscle types to reach maximum level (80 to 100%) at
the point of exhaustion (180). Levels of sphingosine rapidly
increased by 20–30% after 30min of running and stayed at
that level until exhaustion (180). S1P levels stayed stable until
90th minute of running and reached a twofold increase at the
point of exhaustion in soleus. In red and white sections of the
gastrocnemius, S1P levels went up and down throughout physical
exercise (180). Circulating S1P levels were also increased in
response to acute (60min) physical exercise (181). Activities of
key enzymes involved in ceramide metabolism (SPT, nSMase,
aSMase, CDase) were also affected by exercise. Thus, SPT
activity went up gradually with the duration of the exercise,
while nSMase activity did not move, and both aSMase and
CDase activities went down (180). These data indicate that

the exercise strongly affected the activity of the key enzymes
involved in ceramide metabolism and increased ceramide de-
novo synthesis.

In an attempt to explain these results, the authors advanced
the hypothesis that the increase in plasma concentrations
of free FA (lipolysis), secondary to physical exercise (182),
could be favorable to the increase of the de-novo synthesis
of ceramide. It is also possible that acute exercise-induced
ceramide accumulation could be the consequence of an
increased inflammatory response to exercise. Furthermore, S1P
accumulation could prolong exercise capacity and delay muscle
fatigue (Figure 5A) (180). Indeed, studies also showed an
increase in muscle S1P content with exercise (181), and that
S1P improved muscle strength, mass, and metabolism (59, 183–
185). These data were confirmed in a recent human study
where they found that total muscle ceramide and other SL
species concentrations were significantly increased by acute
exercise (2 h), and then rapidly returned to basal after 2 h
resting (117).

The role of this increase in muscle ceramide content during
acute physical exertion remains currently unknown, but we can
hypothesize that it would block insulin action and boost the use
of lipids as an energy source for physical exercise. In opposite,
increased S1P could exert beneficial effects on the promotion of
fatigue resistance.

Endurance training studies gave different results. No
modification or even a decrease in the concentrations of
intramuscular ceramide was observed in rats trained for 6–8
weeks (wheel exercised) compared to sedentary rats (186, 187).
Results of these studies were confirmed in humans where
ceramide concentrations in skeletal muscles of non-obese
sedentary volunteers and non-obese endurance-trained male
athletes (aerobic exercise sessions) were measured, and no
difference was observed (188, 189). Similar observations were
obtained in lean women (Figure 5B) (190).

In contrast, ceramide concentrations measured in obese
and T2D patients who were sedentary or had practiced
moderate but prolonged physical activity were found to
be decreased in response to exercise training (190–195).
Interestingly, Bruce et al. showed that C16-, C16:1-, C18-,
C18:1-, C18:2-, and C20-ceramide concentrations were decreased
(191), and this study also showed that physical exercise
increased the activity of CPT1, thus pushing FAs toward
mitochondria oxidation and diverting them from ceramide
synthesis (191). Even if this latter study suggests that physical
exercise could inhibit ceramide to be synthetized de novo
in obese and T2D patients, more work will be necessary
to figure out whether CerS expression was modified by
exercise, and to exclude an exercise-induced inhibition of either
the SMase or the salvage/recycling pathway in this process
(Figure 5C).

AMPK could play an important role in the inhibition of
ceramide synthesis observed in skeletal muscle in response to
exercise in T2D patients. Indeed, utilization of metformin, a
ubiquitously prescribed anti-diabetic drug that was described
to act through AMPK activation (196), improved insulin
sensitivity at both systemic and muscle levels by augmenting
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FIGURE 5 | Effect of exercise on ceramide accumulation and muscle energy requirements. (A) In sedentary lean people, acute exercise induces a transient increase

in ceramide synthesis that momentarily blocks the anti-lipolytic action of insulin and therefore favors FA production and energy needs through β-oxidation. (B) Chronic

exercise promotes increased entry of FA into muscle cells and their oxidation to fulfill the energy need, without any ceramide production. (C) In obese patients

practicing physical activity, large intracellular FA concentrations are deflected toward β-oxidation for energy purposes, thereby reducing muscle ceramide synthesis

flux and concentrations.

Akt phosphorylation and decreasing ceramide content (116).
Direct involvement of AMPK in this process was further
characterized after treatment of C2C12 muscle cells with
5-amino-1-β-D-ribofuranosyl-imidazole-4-carboxamide
(AICAR), a well-established AMPK activator. AICAR treatment
prevented completely palmitate-induced ceramide content
in cells (197), suggesting that AMPK activation could be an
important exercise-associated mechanism to decrease muscle
ceramide content and to improve metabolic functions in
T2D patients.

In summary, physical exercise seems to exert opposite actions
on ceramide metabolism, depending on the chronicity of the
effort (Figure 5):

• an acute action inducing a transient increase of the de-novo
ceramide synthesis, thus promoting muscle FA β-oxidation by
temporarily blocking the anti-lipolytic action of insulin.

• a more long-term action in lean, obese and T2D individuals

where lipids are deflected toward an increased β-oxidation

for energy purposes, thereby reducing muscle ceramide
biosynthesis flux (no need to block insulin action).

Interestingly, chronic exercise-induced FA β-oxidation
decreases FA conversion to ceramide, hence improving
muscle sensitivity to insulin in obese/T2D patients.

CIRCULATING SPHINGOLIPIDS

Negative consequences of tissue-based ceramide (and some
ceramide metabolites) accumulation have now been extensively
highlighted over the years, but it looks now apparent that
circulating SL also play a distant and additional role on insulin-
sensitive organs such as skeletal muscle. Indeed, several studies
have reported an increase in circulating ceramide content
in the plasma of obese and T2D mice (94, 198, 199), as
well as with insulin resistance in obese people with T2D
(200, 201). Interestingly, weight loss induced by gastric bypass
surgery or changes in lifestyle produced a decrease in plasma
ceramide content in patients (199, 202–206). Importantly, strong
correlations have been established between plasma ceramide
concentrations and insulin resistance and inflammation (200,
201, 207, 208). It is interesting to note that one study has also
shown that serum levels of the ceramide-derived ganglioside
GM3 were also increased in T2D patients (173).

A possible and direct role of circulating ceramide in the
development of skeletal muscle insulin resistance has been
proposed by Boon et al. (199) a few years ago. They showed
that ceramide concentrations were elevated specifically in low-
density lipoproteins (LDL) of T2D patients compared with
insulin-sensitive individuals, independently of obesity (199).
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Interestingly, they demonstrated that LDL-ceramide caused
whole-body insulin resistance in lean mice, an effect mediated
by a decrease of insulin signal in skeletal muscle. In vitro
incubation of L6 muscle cells with C24:0-ceramide-enriched
LDL induced a loss in insulin response, demonstrating that
LDL-ceramide were taken up by muscle cells and were directly
affecting muscle insulin signaling (199). Secretion of ceramide
into LDL lipoproteins by the liver into the circulation had already
been shown long ago (209, 210), suggesting that, in addition
to muscle-based de-novo synthetized ceramide, hepatocyte-
produced ceramide can also affect remotely muscle insulin
sensitivity, further complicating possible strategies envisaged to
combat the deleterious peripheral action of ceramide on muscle
insulin sensitivity.

Like ceramide, S1P can also be secreted into the bloodstream
associated to high-density lipoproteins (HDL). Circulating S1P
is mainly derived from erythrocytes and vascular endothelial
cells in healthy subjects (211). However, plasma levels of S1P
were found to be higher in different rodent models of insulin
resistance (212), in obese patients compared to non-obese
individuals (213), and correlated with HOMA-IR, HbA1c, and
body mass index (212). In the diabetic state, S1P binds physically
to apolipoprotein M (ApoM) and is excreted by the liver
inside ApoM-containing HDL vesicles into the plasma (214–
216). However, S1P is a key component in the antiatherogenic
properties of HDL (217, 218), and two very recent studies
just showed that apoM/S1P exerted a protective role against
the development of insulin resistance. Indeed, Kurano et al.
showed that deletion of apoM in mice was associated with a
degradation of insulin sensitivity associated with a decreased
Akt phosphorylation in skeletal muscle (219). In opposite,
overexpression of apoM induced an improvement of insulin
sensitivity in mice and enhanced muscle Akt phosphorylation
(219). Identical results were observed in Goto-Kakizaki Rats
(220). Altogether, these studies demonstrate that circulating S1P
can exert protecting effects against the development of tissue
insulin resistance.

Quantification of circulating SL could also be important in the
context of monitoring the development of diabetes since it has
recently been shown that certain SL could be used as biomarkers
to identify individuals at risk of developing T2D. Indeed, it
has been demonstrated that circulating concentrations of Dcer
were significantly elevated in insulin-resistant individuals with
T2D (221), and more importantly, in pre-diabetic individuals up
to 9 years before the onset of the disease (222). Interestingly,
circulating Dcer were better biomarkers of TD2 than circulating

ceramides (223). Few data, at the cellular level or in animals,
exist on the mechanistic role of Dcer on the pathophysiology
of T2D. In addition, no data are available about the origin

of these circulating Dcer, and about the carrier (lipoproteins,
exosomes. . . ) they are using in blood circulation.

Interestingly, 1-deoxysphinganine plasma levels were also
found to be increased in non-human primates maintained on
a HFD (224). 1-deoxysphinganine is produced through the
condensation of alanine rather than serine with palmitoyl-
CoA by SPT (7), suggesting that HFD feeding could increase
the utilization frequency of alanine by SPT. Levels of 1-
deoxysphinganine correlated with HOMA-IR, indicating that
elevated plasma deoxysphingolipids could also be biomarkers of
insulin resistance (224).

Thus, additional studies need to be carried out to clarify the
interest of these ceramide-derived SL species as biomarkers or as
therapeutic targets in T2D.

CONCLUSION

SL influence several important processes in skeletal muscle,
from differentiation, regeneration, and fatigue to contraction and
insulin response. SLmetabolism is quite complex and depends on
numerous enzymes and signaling pathways, and important roles
of some SL metabolites, especially those of ceramide and S1P,
in the regulation of physiological or pathophysiological skeletal
muscle phenomena begin to be really highlighted. The discovery
of the different pathways of ceramide intermediary metabolism
has provided the field with a number of exciting targets in
order to manipulate SL levels. As such, pharmacological and
genetic strategies that could modulate levels of muscle SL should
lead to beneficial effects in the progression and development of
muscle disorders, thus supporting new approaches for potential
treatments of muscle physiopathology.
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Cardiovascular diseases are the leading cause of mortality worldwide and this has largely

been driven by the increase in metabolic disease in recent decades. Metabolic disease

alters metabolism, distribution, and profiles of sphingolipids in multiple organs and

tissues; as such, sphingolipid metabolism and signaling have been vigorously studied as

contributors to metabolic pathophysiology in various pathological outcomes of obesity,

including cardiovascular disease. Much experimental evidence suggests that targeting

sphingolipid metabolism may be advantageous in the context of cardiometabolic

disease. The heart, however, is a structurally and functionally complex organ where

bioactive sphingolipids have been shown not only to mediate pathological processes,

but also to contribute to essential functions in cardiogenesis and cardiac function.

Additionally, some sphingolipids are protective in the context of ischemia/reperfusion

injury. In addition to mechanistic contributions, untargeted lipidomics approaches used in

recent years have identified some specific circulating sphingolipids as novel biomarkers

in the context of cardiovascular disease. In this review, we summarize recent literature

on both deleterious and beneficial contributions of sphingolipids to cardiogenesis and

myocardial function as well as recent identification of novel sphingolipid biomarkers for

cardiovascular disease risk prediction and diagnosis.

Keywords: sphingolipids, ceramide, sphingosine-1-phosphate, heart development, cardiovascular disease

INTRODUCTION

Sphingolipids, which constitute a large and diverse lipid class, were originally recognized over a
century ago as structural components of cell membranes. More recently they are recognized as
crucial bioactive lipids that regulate many cell processes (1). Sphingolipid biosynthesis commences
with condensation of an amino acid with acyl-CoA to yield an amino alcohol, or sphingoid
base, which is the defining structural component of the sphingolipid class. The sphingoid base
can subsequently be modified by acylation, phosphorylation, glycosylation, and/or addition of
multiple headgroups or other functional groups (2, 3). These structural modifications generate
hundreds of sphingolipid subspecies involved in most if not all major aspects of cell regulation
including cell division and senescence, migration, differentiation, apoptosis, autophagy, nutrient
uptake, metabolism, and protein synthesis (1). Commensurate with their multiple regulatory
roles, disruption of sphingolipid metabolism has emerged as a component of many diseases
including cardiometabolic disease. As such, sphingolipid metabolism may be a suitable therapeutic
target in the context of cardiovascular disease (CVD). However, perhaps less appreciated are the
constitutive and protective roles of sphingolipids in some contexts including heart development
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and ischemic injury, and these desirable and homeostatic
roles should be considered for both in vivo experimental
design and, more importantly, developing pharmacologic
strategies for clinical use. A comprehensive awareness of
both deleterious and beneficial roles of sphingolipids will
inform successful therapeutic approaches based on targeting
sphingolipid metabolism.

SPHINGOLIPID BIOSYNTHESIS: A BRIEF
OVERVIEW

De novo synthesis of sphingolipids starts in the endoplasmic
reticulum (ER) where the enzyme serine palmitoyltransferase
(SPT) catalyzes the condensation of an amino acid with acyl-
CoA into 3-ketodihydrophingosine (KDHSph). The second
step occurs through 3-Ketodihydrosphingosine reductase, which
rapidly converts KDHSph to dihydrosphingosine (DHS). DHS
is the first easily detected sphingolipid metabolite and serves as
the sphingoid base for synthesis of ceramides and downstream
complex sphingolipids. DHS can be phosphorylated (forming
DHS-1-phosphate) but more often undergoes N-acylation.
This is accomplished by a family of (dihydro)ceramide
synthase enzymes (CerS) consisting of 6 isoforms with various
enzymological distinctions including partially distinct substrate
preferences for the incorporation of fatty acids with different
chain lengths (4–6). In mammals the length of the ceramide
acyl chain length ranges from medium (12-14C), long (16-20C),
very long (22-26C), and ultra-long chain fatty acids (>26C).
Dihydroceramide (DHC) is converted into ceramide by DHC
desaturase (DES), which introduces a double bond into the
sphingoid base. Once formed, ceramide can be hydrolyzed
by ceramidase enzymes, yielding sphingosine, which can be
reincorporated into ceramides by CerS or phosphorylated by
sphingosine kinases (SphK1 and SphK2) to produce sphingosine-
1-phosphate. Ceramide can also undergo phosphorylation,
yielding ceramide-1-phosphate, or O-acylation, yielding a
structure similar to a triacylglycerol (TAG), and similarly, is
stored in lipid droplets (7). Most ceramide, however, is shuttled to
the Golgi apparatus via vesicular transport or ceramide transport
protein (CERT) for further metabolism to complex sphingolipids
including glycosphingolipids (GSLs) and sphingomyelins (SM)
through the addition of sugars or phosphocholine, respectively.
These complex sphingolipids can be catabolized to yield
ceramide, which plays an essential role in regulating cell
ceramide profiles. A less well-studied pathway of sphingomyelin
catabolism generates sphingosylphosphorylcholine (SPC). SPC is
composed of a long-chain sphingosine and phosphorylcholine
and is essentially lyso-sphingomyelin, thus sharing similar
structure with S1P and other lysophospholipids. Phosphorylated
sphingoid bases are the only known sphingolipids that can
exit the cell sphingolipid pool. This occurs via S1P lyase
(SPL) which catabolizes S1P into non-sphingolipid components;
fatty aldehyde and ethanolamine phosphate. Because SPL is
the only exit from the sphingolipid metabolic pathway, it has
been proposed as a major regulator of total cell sphingolipid
levels (8).

The diversity of sphingolipid species arises not only from
the length of the N-acyl chain of ceramide and its derivatives
or the functional groups added to the sphingoid base, but
also from the length of the sphingoid base. Synthesis of the
sphingoid base occurs through SPT, a multimeric enzyme
comprised of catalytic subunits and various regulatory proteins.
SPTLC1 and SPTLC2 form the canonical catalytic complex, but
SPTLC3 can also be included and/or substitute for SPTLC2.
The composition of the SPT complex determines substrate and
product specificity. The SPTLC1/SPTLC2 complex condenses
serine with palmitoyl-CoA giving rise to canonical sphingolipids
with an 18-carbon sphingoid backbone (d18:0 DHS) (9). In
contrast, inclusion of SPTLC3 in the SPT complex renders a
more promiscuous enzyme, using 14-carbon myristoyl-CoA,
18-carbon stearoyl-CoA, and potentially others. This seems
to be regulated at least in part by inclusion of small SPT
subunits (ssSPTa and b) in the SPT complex (10). These bases
are also incorporated into downstream sphingolipids, though
not evenly across all sphingolipid species (11). Importantly,
variations in both sphingoid base and N-acyl chain determine
biological functions (3, 12). Several proteins, namely, neurite
outgrowth inhibitor (Nogo-A/B) and orosomucoid-like proteins
(ORMDL) negatively regulate SPT. Upon their respective
ablation or inhibition, the resulting heart phenotype drastically
varies, suggesting sphingolipid levels from de novo synthesis
must be within a narrow range to maintain normal heart
homeostasis (13–15). In the cardiovascular system, many
sphingolipid subclasses and even specific molecules have distinct
functions, some of which are desirable and others deleterious;
for example, increased ceramide and SM oftentimes with
concomitant decrease of S1P have been implicated in dilated
cardiomyopathy, diabetic cardiomyopathy (DbCM), ischemic
heart disease (IHD), and myocarditis (16–20). Therefore, the
alterations that occur in sphingolipid content and profiles
in disease contexts have emerged as a central focus in
cardiovascular biology.

SPHINGOLIPIDS IN HEART
DEVELOPMENT AND THE CARDIAC
CONDUCTION SYSTEM

Multiple processes are involved in forming the heart,
which is the first functional organ in vertebrate embryos.
Cardiogenesis begins with formation and positioning
of the primitive heart tube followed by heart looping,
and finally chamber and septal formation (Summarized
in Figure 1). In the context of cardiovascular biology,
sphingolipids, especially ceramides, are most often considered
deleterious; however, data show that the sphingosine
kinase/sphingosine-1-phosphate signaling pathway is essential
for heart development.

Studies in both zebrafish and mice support a regulatory
function for sphingosine-1-phosphate (S1P) in formation and
positioning of the primitive heart tube. Sphingosine produced
by hydrolytic de-acylation of ceramides can be phosphorylated
by sphingosine kinases (SphKs) to produce S1P, which signals
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FIGURE 1 | (A) Sphingolipid de novo synthesis. Overview of sphingolipid structure and metabolism. ssSPTa, small SPT subunit a; ssSPTb, small SPT subunit b; DHS,

dihydrosphingosine; CerS, ceramide synthase; DHC, dihydroceramide; DES, DHC desaturase; SM, sphingomyelin; GSL, glycosphingolipid. (B) Sphingolipids involved

in cardiogenesis. The receptors S1PR1-3, Spns2, OGR1, GPR12 and the sphingolipids S1P and SPC are highly expressed in stem cells that migrate to form the

primitive heart tube. Normal expression of S1P via the S1PR1 receptor is needed for normal heart looping. Ceramide and S1P via the Cert and S1PR3 receptors,

respectively, are required for chamber and septal formation. Cardia bifida is observed after failure of the myocardial cells to coalesce into one single primitive heart

tube. Overexpression of Spns2 or S1PR1 or mutation of S1PR2 causes cardia bifida.

through endocrine, paracrine, and autocrine mechanisms
depending on context (21). For endocrine and paracrine
functions S1P is transported into the extracellular milieu through
plasma membrane ATP binding cassette family members (ABC)
or spinster two (Spns2) transporters where it then signals through
one of five different G protein-coupled receptors (S1PR1-5)
(21). In Zebrafish, mutations in s1pr2, but not any of the
other S1P receptors, led to cardia bifida or formation of two
laterally positioned hearts (22) (Summarized in Figure 1). This
phenotype was also observed in multiple studies with a spns2
mutant or overexpression of s1pr1 (22–29). In mice, conditional
knockout (KO) of S1PR1 caused embryonic lethality due to

ventricular non-compaction, ventricular septal defects, absence
of normal increase in the number of cardiomyocytes and
decreased myofibril organization (28). These studies suggest S1P
signaling components S1PR1, S1PR2, and Spns2 are necessary for
cardiomyocyte expansion and myocardial precursor migration
to the ventral midline of the embryo where they develop
into the primitive heart tube. At later developmental stages,
knockdown of the zebrafish gene homolog to s1pr1 caused
an improperly looped heart (30, 31). Another study showed
that an s1pr1 morpholino in zebrafish affected heart valve
orientation, an indicator of incorrect looping (28). During
the looping process, precursors of cardiac valves—endocardial
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cushioning (EC) and atrioventricular canal (AV)—are also
formed. In mice, S1PR1−/−, but not S1PR2 or S1PR3 KO,
resulted in embryonic lethality due to severe heart hemorrhaging
(32, 33). This may arise from the well-known role of this
receptor in maintaining cell-cell contacts in the vascular
endothelium (34). In mouse whole embryo cultures, inhibition
of sphingosine kinase led to cell death, but elevating S1P
levels prevented differentiation of cells into distinct cardiac cell
types (35). These studies show that appropriate concentrations
of S1P must be maintained for normal development of
cardiac valve precursors. It should be noted, however, that
affinities of S1P receptors for S1P are in the nanomolar
range (e.g., 50–250 nM) and therefore, effects observed with
higher concentrations in vitro may arise from non-specific
activity, for example cross-reactivity with other lysophospholipid
receptors, or even gross membrane perturbations due to the
detergent properties of S1P. Therefore, care must be taken in
interpreting data from experiments using supraphysiological
S1P concentrations.

In addition to development, cardiac function also suffers
from perturbed sphingolipid synthesis. For example, mouse
embryos treated with exogenous S1P exhibited sinus bradycardia
(decreased heart rate) (35, 36). In addition, S1PR3 KO mice
treated with FTY720, an S1P receptor agonist known to cause
sinus bradycardia in humans, did not show altered heart
rates, whereas arrhythmias were observed in S1PR3 knock-
in (KI) mice (36). S1PR3 is expressed on neural crest-derived
atrioventricular nodes (AVN), His bundles, cardiac Purkinje
fibers and vascular smooth muscles of the coronary arteries in
mice. Extensive studies have suggested S1P plays a multifaceted
role as a primary and secondary messenger in regulating both
calcium and potassium ion channels (37, 38). This suggests
S1P binds its receptor, S1PR3 within the AVN conduction
block to regulate intracellular calcium and potassium levels
which in turn alter the heart rate (39–41). Taken together
these studies show broad roles for S1P receptors in the cardiac
conduction system.

SPC displays cross-reactivity to S1P receptors due to its
structural similarity to S1P. In addition, SPC also signals
via OGR1 and GPR12 receptors (42). SPC, like S1P, is
important for heart development, playing a pivotal role
for end stage differentiation of committed multipotent
cardiovascular progenitors to cardiomyocytes, vascular
smooth muscle and endothelial cells (43). Importantly,
SPC also induced differentiation of resident cardiac stem cells
to cardiomyocytes, a finding which may hold tremendous
therapeutic potential (44), as there is currently great interest
in therapeutic strategies that leverage the potential for stem
cell differentiation to cardiomyocytes in treating cardiac injury.
In sum, several lines of evidence point to essential functions
of S1P, SPC and their respective receptors in normal heart
development and function (summarized in Table 1). Therefore,
while sphingolipids have largely been implicated in cardiac
pathology, they make essential contributions to cardiogenesis
and therefore a broader cognizance of sphingolipids in the
heart may benefit efforts to develop sphingolipid-based
therapeutic approaches.

SPHINGOLIPIDS IN CARDIOVASCULAR
DISEASE

Cardiovascular diseases (CVDs) are the leading cause of death
in USA and worldwide, and it is estimated that by 2030 upward
of 40% of the American population will be afflicted with some
form of CVD (64). CVDoccurs largely in the context ofmetabolic
disease, such as diabetes, and obesity which are known to
reconfigure sphingolipid profiles in multiple organs and tissues.
It is unsurprising, then that a wide spectrum of sphingolipid
species have been implicated in the pathophysiology of numerous
CVDs (65, 66).

Myocardial Lipotoxicity
It is now well-established that ceramide metabolism is altered in
the context of type 2 diabetes mellitus (T2DM) and obesity which
are both linked to CVD (67–69). In fact, higher plasma ceramide
levels have been associated with visceral obesity, non-alcoholic
fatty liver disease, and T2DM, which are also predictors of CVDs
(70–76). Genetically modified mouse models of lipotoxicity have
greatly facilitated understanding of sphingolipid contributions
to lipotoxic cardiomyopathy (The outcomes of many of these
lipotoxic animal models are summarized in Table 1). In fact,
the first recognition of a potential link between sphingolipids
and cardiac lipotoxicity arose from mice with cardiomyocyte-
specific overexpression of long-chain acyl-CoA synthetase (77).
This increased lipid uptake generated a lipotoxic cardiomyopathy
phenotype. Hearts from these mice showed increased TAG
concomitant with increased lipid droplets (77, 78). Because
increased cell death was observed in these mice the investigators
measured total ceramide, a known apoptotic mediator, and found
a 50% increase in total ventricular ceramide content. Metabolic
disease increases uptake, utilization, and storage of fatty acids in
lipid droplets, but the potential toxicity of lipid droplets/TAG,
or other lipids remained in question. To address this, a follow-
up study crossed these transgenic mice with another strain
overexpressing diacylglycerol acyltransferase 1 (DGAT1), which
increased intracellular TAG and reduced ceramide (79). Because
DGAT1 catalyzes the final step in TAG synthesis, it diverts
Acyl-CoA into neutral sphingolipid pools, thereby reducing
toxic lipids in myocardial lipotoxicity such as ceramides (80,
81). Long-chain acyl-CoA synthetase 1 (ACSL1) catalyzes the
conversion of long-chain fatty acids to fatty acyl-CoAs, which
are then used as substrates by SPT in de novo sphingolipid
biosynthesis (82). Thus, crossing the DGAT1 mice with the acyl
coenzyme A synthetase-1 (ACSL1) transgenic mice increased
TAG and lipid droplets, but lowered ceramides and improved the
cardiac phenotype of ACSL1mice, indicating that triacylglycerols
(TAGs) are not lipotoxic per se but serve as an indicator of
lipid oversupply (83). These studies and others gave rise to the
concept that routing of lipids into TAGs could decrease their
incorporation into bioactive lipids and therefore improve cardiac
outcomes of lipotoxicity; however, whether sphingolipids per se
were the underlying toxic lipid species remained to be addressed.

The first studies to effectively identify a mechanistic link
between ceramide and lipotoxic cardiomyopathy employed mice
with transgenic overexpression of a GPI-anchored lipoprotein
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TABLE 1 | Sphingolipid knockout models and their cardiac tissue phenotypes.

Animal model Cardiac tissue phenotype References

Constitutive heterozygous Sptlc1 knockout &

glycosylphosphatidylinositol (GPI)-anchored human lipoprotein

lipase transgenic

- Decreased cardiac ceramides comparable to WT mice

- Prevention of lipotoxic cardiomyopathy induced by

glycosylphosphatidylinositol (GPI)-anchored human lipoprotein

lipase knockout

(16)

Cardiomyocyte-specific Sptlc2 knockout - Decreased C18:0 and very long chain ceramides

- Increased ER stress markers

- Increased apoptosis

- Upregulation of heart failure markers

- Decreased fractional shortening

- Thinner cardiac walls

(45, 46)

Constitutive α-galactosidase A knockout (Fabry disease) - Progressive accumulation of globotrioasylceramide in aged mice

- Decreased glucosylceramides

- No alteration in total ceramide

(47, 48)

Constitutive Smpd1 knockout - Accumulation of aSMase in aged mice (49)

Heterozygous smooth muscle-specific deletion of Asah1 (acid

ceramidase)

- Severe arterial medial calcification in aorta and coronary arteries (50)

Constitutive heterozygous SPL knockout - Smaller infarct size after ischemic/reperfusion (I/R) injury

- Increased S1P

- Increased functional recovery after I/R

(51)

Constitutive mutant Spns2 allele (zebrafish) - Cardia bifida

- Shortened anterior–posterior distance in the ventral pharyngeal arch

- Embryonic lethality

(30)

Constitutive SphK1 knockout - Decreased S1P levels

- Poor animal resuscitation after cardiac arrest

- Impaired survival post-resuscitation after cardiac arrest

- Increased infarct sizes after I/R

(52, 53)

Constitutive maternal and zygotic SphK2 knockout (zebrafish) - Cardia bifida

- Failure of cardiac progenitor migration to form primitive heart tube

- Decreased S1P levels

(54)

Cardiomyocyte-specific S1pr1 knockout - Ventricular non-compaction

- Ventricular septal defects

- Perinatal lethality

- Decreased cardiomyocyte proliferation

- Decreased myofibril organization

- No alteration in coronary I/R injury

(55)

Cardiomyocyte, endocardial & epicardial-specific S1pr1 knockout - Ventricular non-compaction

- Ventricular septal defects Perinatal lethality

(55)

Cardiomyocyte-specific S1pr2 knockout - No alteration in coronary I/R injury (56)

Constitutive mutant s1pr2 allele (zebrafish, mil) - Cardia bifida

- Failure of cardiac progenitor migration to form primitive heart tube

- Embryonic lethality

(22)

Cardiomyocyte-specific S1pr3 knockout - No alteration in coronary I/R injury (57)

Constitutive S1pr2 & S1pr3 double knockout - Increased infarct size after I/R injury

- Perinatal lethality

(58, 59)

Constitutive S1pr2 & ApoE double knockout - Decreased atherosclerotic lesions

- Decreased number of macrophages in lesions

(60)

Constitutive S1pr3 & ApoE double knockout - No change in atherosclerotic lesions

- Decreased number of macrophages in lesions

(61, 62)

Constitutive Cert knockout - Severely compromised cardiac function

- Accumulation of ceramide

- Embryonic lethality

(63)

lipase on the cardiomyocyte surface (LpLGPI) (78). Lipoprotein
lipase (LpL) degrades circulating TAGs into free fatty acids, thus
increasing fatty acids to cardiomyocytes. Similar to the ACSL1
mice, these mice showed a robust lipotoxic cardiomyopathy
phenotype. These mice were treated with an inhibitor of

de novo sphingolipid biosynthesis, myriocin, which lowered
ceramide and ameliorated the phenotype. Additionally, crossing
the LpLGPI mice to mice haploinsufficient in SPTLC1, which
mediates de novo sphingolipid synthesis, showed a similar
effect (16). These studies suggest that in the lipotoxic context,
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sphingolipid synthesis is deleterious, and increased incorporation
of fatty acids into TAG is cardioprotective. This would imply that
myocardial TAG levels are not indicative of cardiac dysfunction
but rather reflect lipid metabolic dysfunction within the heart.

These studies were highly informative and led our lab to
investigate specific sphingolipid species that may play roles
in lipotoxic cardiomyopathy and the mechanism(s) by which
they contributed. Based on our previous studies on the
effects of saturated vs. unsaturated fatty acids on sphingolipid
metabolism, we developed a high saturated fat diet (84–
86). Mice on this high fat diet exhibited elevations in total
myocardial ceramides and also DbCM-like cardiac hypertrophy
and dysfunction (87). Further examination of specific ceramide
chain lengths revealed that C14:0 ceramide as well as very
long-chain (VLC) ceramides increased specifically in the high
saturated fat-fed mice compared to mice on control and
lard diets. Reducing sphingolipid synthesis by inhibition of
SPT with Myriocin treatment inhibited sphingolipid synthesis
including C14:0 ceramide production and also restored cardiac
function. These animals also showed increased autophagosomes
in cardiomyocytes; indeed, treatment of cultured primary
cardiomyocytes with myristate (C14:0) increased autophagy. As
noted above, ceramide synthase enzymes have partially distinct
substrate preferences, and C14:0 ceramide is a product of
CerS5, while VLC ceramides are products of CerS2. Indeed,
overexpression of CerS5 in cardiomyocytes increased autophagic
flux, and treating cardiomyocytes lacking CerS5 with myristate
did not increase autophagy. These studies were the first to
identify a specific ceramide species and ceramide synthase
isoform in cardiac lipotoxicity. Upon overexpression of CerS2,
VLC ceramides were elevated inducing insulin resistance,
oxidative stress, mitochondrial dysfunction and mitophagy. As
gain and loss-of function studies targeting CerS5 had no effect
on these same functions, a distinct role was established for CerS2
(87, 88). These studies established specific roles for subsets of
ceramide species and/or CerS enzymes in lipotoxic outcomes
in the context of high fat feeding and subsequent diabetes (87,
88). Though these studies were conducted in mice and various
primary and cultured cardiomyocyte models, the findings may
nonetheless bear some relevance to humans (45). Importantly,
many of these studies addressed lipotoxicity in the context
of metabolic disease; however, other cardiac insults also cause
lipotoxicity, and this may proceed by alternative mechanisms
(69–76, 89). For example, metabolic tracing studies in mice
subjected to pressure overload via transverse aortic constriction
(TAC) showed that transgenic overexpression of acyl coenzyme
A synthetase-1 (ACSL1) mitigated heart dysfunction relative to
WT mice (83). In this context, ACSL1 overexpression prevented
de novo synthesis of C16-, C24-, and C24:1-ceramides, which
are synthesized by CerS5 and CerS2, respectively, but increased
C20- and C22-ceramides. These subspecies can be generated
by CerS4 and therefore, CerS4-derived ceramides may have a
distinct, protective function in the context of HF, though this
remains to be tested.

In addition to the n-acyl chain length, dictated by CerS, we
showed that the sphingoid base chain length also distinguishes
activities of sphingolipids. While the canonical SPT complex

includes SPTLC1 and 2, SPTLC3 is an alternate subunit that
can substitute for SPTLC2 and alter sphingoid base chain
length. Therefore, the SPTLC1/2 complex generates an 18-
carbon sphingoid base, but inclusion of SPTLC3 alters substrate
preference to generate sphingoid bases of alternate chain
lengths. We showed that high saturated fat feeding in mice
induced SPTLC3 and altered cell sphingolipid profiles to include
a high proportion of sphingolipids containing a 16-carbon
sphingoid base within the myocardium (11). This shortened
base did not cause autophagy but rather led to apoptotic cell
death in cardiomyocytes, further exemplifying how distinct
sphingolipid molecules can have divergent effects. Emerging
literature continues to build a case for a role for SPTLC3 in
humanCVDs. Interestingly, a study of three German populations
linked single nucleotide polymorphisms (SNPs) in the SPTLC3
locus to MI (90). Another study identified 28 SNPs close to the
SPTLC3 locus which were significantly associated with reduced
C22:0 and C24:0 ceramide concentrations, which are thought to
correlate with disease risk (91).

Initial studies including our own showed that inhibition of
overall sphingolipid biosynthesis prevented cardiac lipotoxicity,
suggesting that merely reducing ceramide in the lipotoxic heart
may be a “magic bullet.” However, rather than improving cardiac
function, a cardiomyocyte-specific SPTLC2 null mouse showed
an exacerbated cardiac phenotype (46). While the mechanism
for this was not revealed in that study, a speculative hypothesis
is that SPTLC3 may show compensatory upregulation in the
context of SPTLC2 depletion. If so, this could explain the
phenotype observed in the SPTLC2 depletion mouse model.
These studies coupled with observations of cardioprotection
in TAC correlating to increased C20:0 and C22:0 ceramides
clearly demonstrate that roles of ceramides in cardiac pathology
are complex. In addition to ceramides, however, alterations
in dihydroceramides, ceramide-1-phopshates, sphingomyelins,
and glycosphingolipids likely play disparate roles in cardiac
pathology, and genetic manipulations or use of myriocin in vivo
does not necessarily enable identification of specific lipid classes
involved in pathological processes. Further research is required
to fully understand the links between specific sphingolipid pools
and molecular structures and deleterious outcomes through
modulation of cell signaling.

Coronary Artery Disease
Coronary Artery Disease (CAD) or IHD is the most common
type of CVD worldwide and has been the leading cause of
death for the past 16 years. CAD is caused by narrowing of
arteries and subsequent reduction of blood flow to the heart
due to build-up of plaque (atherosclerosis) within the arteries of
the heart, ultimately leading to heart failure (HF). More often
than not, coronary atherosclerosis observed in CAD occurs in
the context of metabolic disease. As a result of chronic CAD,
myocardial infarction (MI) and HF often occur. In contrast
to much literature implicating ceramides as inducers of CVDs,
pronounced cardiogenic and cardioprotective properties have
been attributed to S1P (92–101).

Current therapeutics already undergoing clinical trials for
CAD, ischemia/reperfusion injury, MI and HF target the
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S1P/SphK axis, specifically drugs targeting S1P receptors (102–
104). Mice with combined deletion of S1PR2 and S1PR3 subject
to ischemia/reperfusion injury showed increased infarct size,
however, infarct size was not altered when either S1PR2 or
S1PR3 was deleted (58, 105). However, another study showed
that intravenous SPC treatment of S1PR3 null mice subject
to IR injury reduced infarct size (106). Agonists specific to
S1PR1 protected mouse cardiomyocytes from hypoxia, while the
opposite effect was observed with S1PR1 antagonists (107–111).
Another study showed that S1PR1 attenuated cardiac fibrosis and
hypertrophy in mice with HF induced by TAC (112). Nogo-A/B
deficient mice were protected from HF for up to 3 months after
TAC, while also seeing a significant induction of S1P (14).

In mouse, rabbit and rat models of ischemia/reperfusion
injury (IRI) it was noted that ceramide, membrane neutral
sphingomyelinase (nSMase) and acidic sphingomyelinase
(aSMase) increased in the infarct site and blood with concomitant
decrease of S1P (113–120). Ischemic preconditioning with S1P
is a tried and proven method to induce significant recovery of
cardiac function and infarct reduction in IRI (57, 121–123).
The absence of improved cardiac function in SphK1 and SphK2
ablated mice subject to IR levels suggest the significance of
S1P in ischemic conditioning (121, 124). These studies suggest
targeting the S1P-SphK axis satisfies the criterion as an effective
therapeutic agent to overcome the damages elicited by IRI.
Though further investigation into the crosstalk between S1P
receptors and analogs signaling behavior in comorbidities would
better optimize the therapeutic potential of S1P in IRI.

Multiple in vitro studies observed upregulation of aSMase
and nSMase along with increased SM in animal models of HF
(125, 126). The nSMase and aSMase hydrolyze sphingomyelin
to release ceramide, and thus the accumulation of ceramide in
post-ischemic heart may arise from SM catabolism and not de
novo sphingolipid biosynthesis (127, 128). Another study in both
mice and humans with HF noted increased levels of SPTLC2,
which participates in de novo sphingolipid synthesis and likely
contributes to the significant increase of total ceramides in the
aforementioned studies (45). However, this same study did not
note any changes in aSMase or nSMase in HF, the primary
catabolic enzymes for ceramide production (45). Therefore, it
may be that chronic conditions leading to HF increase de novo
synthesis, while acute insults such as MI activate sphingolipid
catabolism, though there are clear exceptions to this concept,
including nSMase activity was increased 2–3months post-MI and
SPTLC2 was observed to increase 2 weeks post-MI (45, 127).

While the roles of ceramides and S1P are well-established and
antagonistic in CVDs, some literature suggests sphingosine plays
a dichotomous role as a cardio protectant and CVD inducer.
Induction of sphingosine in patients with and animal models of
IRI points toward the maladaptive role of sphingosine in CVDs
(129, 130). However, the same group preconditioned animals
with sphingosine prior to ischemia or perfusion resulting in
massive reduction of infarct size. This contradictory evidence
points toward sphingosine as a cardio protectant in CVDs
(131). Importantly, sphingosine can be used as a substrate for
generation of either ceramides or S1P; therefore, whether it
is protective or deleterious may arise from its metabolic fate.

However, sphingosine does have its own signaling functions and
thus may make these contributions directly and without further
metabolism (132–134).

SPHINGOLIPIDS AS EMERGING
BIOMARKERS IN ASSESSING
CARDIOVASCULAR DISEASE

Over the past several decades various heart studies including
the Framingham Heart Study, Busselton Family Heart Study,
Strong Heart Family Study, Utah CAD and others have sought
to determine CVD development, risks and therapeutics all aimed
at combating CVD. As a result, conventional risk factors such
as age, sex, ethnicity, blood pressure, total triglyceride levels and
total cholesterol levels emerged as biomarkers for risk of major
adverse cardiac events. However, given the substantial and rising
burden of CVDs, ongoing efforts to shed light on novel, more
specific biomarkers for CVD are needed. In response to this
need, more sensitive lipidomics analysis have been developed
focusing on sphingoid base and acyl chain length composition
of total sphingolipids. Using these advanced techniques, risk
assessment scores utilizing sphingolipid species levels have been
recently developed in detecting CVDs and they continuously
outperform conventional cardiovascular risk markers (135). For
example, A Busselton Family Heart Study identified many classes
of the sphingolipid species ceramides, DHC, mono-, di- and tri-
hexosylceramides, SM, GM1, GM3 and sulfatides associated with
heritable cardiac events, most of which were positively genetically
correlated with LDL, HDL, total cholesterol and negatively
correlated with triglyceride levels. In another study, the serum
of patients with a clinical diagnosis of HF with preserved
ejection fraction (HFpEF), the most common form of HF and
also strongly associated with diabetes, in The Alberta Heart
Failure Etiology and Analysis Research Team (HEART) project
showed reduced SM compared to non-HF controls (136). These
sphingolipids seemed to have no relationship to conventional risk
factors such as diastolic blood pressure, systolic blood pressure,
BMI and waist-hip ratio, suggesting they may be used as more
specific markers to identify high-risk patients especially likely to
have CVD (137–140).

A growing body of literature suggests long-chain ceramides
and very long-chain ceramides and SM are associated with
adverse cardiac outcomes. Ceramide analysis on an aggregate of
29,818 individuals from 7 cohort studies and determined plasma
Ceramide (d18:1/16:0), (d18:1/18:0), and (d18:1/24:1) levels were
associated with major adverse CVD events. Whereas, Ceramide
(d18:1/22:0) were not associated (141). Javaheri et al., observed
significant association of increased circulating concentrations of
C16:0 and C18:0 ceramides in participants with HFpEF (142).
This study was especially informative, as HFpEF is difficult to
diagnose and controversy still exists as to diagnostic algorithms
(143). Similarly, another study showed that levels of ceramide
and SMwith 16-carbon acyl chain length were directly associated
with higher risk of mortality deaths from CVD (144). Analysis
of myocardial tissue and serum from patients with HF showed
increased ceramide, the significance of which was mainly driven
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by the very long chain ceramides (45). When the HFpEF patients
underwent left ventricular assist devices (LVAD) these changes
were reversible. In contrast, another study observed that levels of
Ceramide with a 22-, or 24-carbon acyl chain length and SMwith
a 20-, 22-, or 24- carbon acyl chain were directly associated with
lower risks of CVD mortality (142, 144).

While these biomarkers and diagnostic indicators represent
advances in identifying and diagnosing CVD, the distinction
between long chain (i.e., C16–C18) and very long chain (i.e.,
C20–C24) ceramides, which are generated by distinct ceramide
synthase isoforms (CerS1/5/6 vs. CerS2/4, respectively) hints
at potential mechanistic involvement. However, though much
circulating lipid in general arises from liver, a detailed study
demonstrated that circulating ceramides but not SM are derived
from the endothelium of blood vessels (145). Interestingly the
endothelium is functionally impaired in CVDs and could thus
contribute to the plasma sphingolipid profile reported in HF.
Therefore, further determining the points of origin of these lipids
may enable further study on potential mechanistic functions of
these lipids in CVD.

DISCUSSION

In this review we highlighted recent studies implicating
sphingolipids in heart development, ischemic injury, and CVDs.
In general, the SphK/S1P/S1P receptor signaling axis appears
beneficial both in development and in ischemic injury. On
the other hand, elevation of myocardial ceramides appears
mostly deleterious. Therapeutic potentials of targeting the
SphK/S1P/S1P and ceramide pathways are beneficial and have
been approved for treatment in patients in other systems, for
example the FDA approved FTY-720, an S1P antagonist for
treating relapsing multiple sclerosis (146). Since these have
been tried in other systems they can be applied to CVDs,
as targeting this axis in animal models of CVDs suggested
prevention or reversal (147). Targeting CerS1-6 have a great
therapeutic potential but there have beenmultiple developmental
roadblocks, however a recent study observed that a CerS1
selective inhibitor endogenously inhibited mitochondrial fatty
acid oxidation in muscle and regulated whole-body adiposity,
which could potentially benefit in treating patients with some
forms of CVDs (148). Further, relationships among circulating
sphingolipid species are novel biomarkers of CVD. Therefore,
sphingolipid metabolism and signaling is a constant thread
from heart development to CVD, with distinct pathways playing
beneficial or deleterious roles.

Lipidomic analyses based on mass spectrometry has enabled
identification of different sphingoid bases and acyl chain lengths
allowing for novel biomarkers in diagnosing and assessing risk
in the context of CVDs. These novel risk scores and biomarkers
that utilize sphingolipids show the full complexity of the altered
lipidmetabolism and outperform traditional lipidmeasurements.
Sphingolipid risk scores are better predictors of major adverse
cardiac events than conventional risk factors, including total
and LDL cholesterol. As such, ceramide testing is now routinely
performed as a diagnostic tool in CVD (149–152).

Many studies highlighted in this review contradict one
another with respect to the significant sphingolipid species
associated with a particular heart development stage or in
association with a CVD. It is important to note these
controversial observations can arise from the type of lipidomics
technology utilized, the size of the population studied, the type
of sample collected, sex distribution, and race/ethnicity. For
example, an African American healthy control population had
significantly higher plasma levels of most SM species and lower
levels of lactosylceramide species compared to Caucasian control
subjects in the same study (153). These differences were noted in
healthy individuals; therefore, stratification of a study population
based on race/ethnicity is essential to provide clear conclusions
and, moreover, to identify health disparities when considering
disease patients between different ethnicities.

Implications of the association of SPTLC3 SNPs with MI and
other cardiovascular events is an emergent finding deserving
further mechanistic study (90, 91). Synthesis of d16-, and d20-
sphingoid based sphingolipids are entirely dependent while
d18-sphingoid based sphingolipids are partially dependent on
SPTLC3. Our lab previously showed that 1/3rd of the mouse
myocardial sphingolipid pool is comprised of d16-sphingoid
based sphingolipids presumably derived from SPTLC3 (11).
Moreover, HF patients showed reduced SPTLC3 upon placement
of left-ventricular assist devices (LVAD) (45). In addition to
recognizing the function of SPTLC3 to generate non-canonical
sphingoid bases, our understanding of the complexity of
sphingolipidmetabolism and the diversity of sphingolipid species
has exploded in recent years. Thus, when it comes to matters of
the heart, untargeted sphingolipidomics has the unique potential
for revealing non-canonical sphingolipid species that indicate
and/or play mechanistic roles in CVD.

Importantly, while most in vivo studies in the heart that
address sphingolipid function have manipulated SPT, either
genetically or pharmacologically (e.g., with myriocin treatment),
these approaches inhibit biosynthesis of all sphingolipids, both
desirable and deleterious, and, therefore, would be much
too broad for clinical application. However, identification of
specific enzymes that participate in distinct branches and
pathways of sphingolipid metabolism would provide much
greater specificity for therapeutic intervention in the CVD
context. However, the dearth of isoform-specific CerS inhibitors
has been an impediment to therapeutic targeting of CerS,
though efforts to develop specific agents are beginning to yield
results (148).

Over the last decade our lab has focused on studying
heart sphingolipids showing that ceramides with not
only distinct N-acyl-chains but particular sphingoid base
backbone lead to apoptosis, mitochondrial damage and
lipotoxicity in cardiomyocytes. It should be noted that
identification of specific CerS isoforms that mediate CVD
does not necessarily implicate ceramides, per se, but
could implicate dihydroceramides as well as downstream
products of ceramides including ceramide-1-phosphate,
O-acylceramides, sphingomyelin, and glycosphingolipids.
This understanding is crucial both for enabling further
specificity of therapeutic targeting and facilitating the
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potential identification of additional therapeutic targets.
Ultimately, more research is needed to elucidate the
regulatory pathways by which sphingolipids regulate
cardiogenesis and cardiovascular function in both health
and disease.
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Ceramides are bioactive lipids that have an important role in many cellular functions

such as apoptosis and inflammation. During the past decade emerging clinical data

have shown that ceramides are not only of great biochemical interest but may also

have diagnostic utility. Ceramides have shown independent predictive value for negative

cardiovascular outcomes as well as for the onset of type 2 diabetes. Based on abundant

published data, risk score using the concentrations of circulating ceramides have

been developed and adapted for routine clinical practice. Currently serum ceramides

are used clinically as efficient risk stratifiers for primary and secondary prevention of

atherosclerotic cardiovascular disease (CVD). A direct cause-effect relationship between

CVD and ceramide has not been established to date. As ceramide-specific medications

are being developed, conventional strategies such as lipid lowering agents and lifestyle

interventions can be used to reduce overall risk. Ceramides can identify a very high-risk

coronary heart disease category of patients in need for more intense medical attention,

specifically those patients at higher risk as highlighted in the 2019 European Society

of Cardiology guidelines for stable chronic coronary syndrome patients. In addition, the

ceramide risk score may be used as a decision-making tool in primary prevention patients

with moderate CVD risk. Finally, the ceramide risk score may have a unique utility as a

motivational tool to increase patient’s adherence tomedical therapy and lifestyle changes.

Keywords: cardiovascular disease, coronary heart disease, stroke, heart failure, diabetes mellitus, ceramide,

ceramide score

INTRODUCTION

Ceramides are bioactive lipids that play important roles in many central processes of human cells,
such as apoptosis and inflammation [for additional information see e.g., the following reviews
(1–5)]. During the past decade many investigations have revealed a strong association between
ceramides and cardiometabolic conditions. An increasing number of studies have shown a link
between the development of diabetes and ceramide lipids (6–8). More recently, distinct serum
ceramides have shown to be elevated in diabetes (9, 10), and some specific ceramides may predict
incident diabetes mellitus type 2 (DM2) even years before the onset of the disease (11). Serum
ceramide concentrations have been shown to predict cardiovascular atherosclerotic disease (CVD)
such as coronary artery disease (CAD), stroke, as well as heart failure and atrial fibrillation
(12–18). These associations were initially observed in small case-control studies or in investigations
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comparing healthy controls to patients with stable CHD or ACS
(12, 19). These promising findings led to a series of larger cohort
studies and randomized clinical trials. The initial focus was
on CHD but this was later expanded to other cardiovascular
(CV) conditions.

The data obtained from these various studies has helped to
identify the clinical utility for clinical testing of ceramides because
serum ceramide measurements may provide independent and
added-value to routinely used diagnostic and prognostic CVD
tools. Several studies revealed that ceramides may provide
important clinical value, yet the significance of individual
ceramides and their mechanistic contribution to the disease
pathogenesis has remained uncertain. This has hindered the
development of clinical tests of single ceramides. Moreover, a
panel test that includes the concentrations of several ceramide
concentrations is likely cumbersome to apply to clinical decision
making and is not an appealing diagnostic reporting option. To
address these shortcomings ceramide-based clinical scores have
been developed to aid in end-user comprehension and clinical
adoption. The purpose of this review is to provide a summary of
CVD- and diabetes-related ceramide data published as of spring
2020 and to depict how the results have been translated into
clinical practice.

CERAMIDES IN CARDIOVASCULAR
DISEASES

1) Ceramides in Coronary Heart Disease
(CHD)
The association between ceramides and CHD has been shown
in a number of case-control and cohort studies as well as
clinical trials (12, 13, 19–23). Cer(d18:1/16:0), Cer(d18:1/18:0),
Cer(d18:1/20:0), and Cer(d18:1/24:1), in addition to their ratios
with Cer(d18:1/24:0) have been shown to predict the risk of
myocardial infarcts (MIs) and CV death in apparently disease
free subjects (21) as well as in patients with stable CHD
or in secondary prevention after MIs (13). Figure 1 shows
Kaplan–Meier estimates of incident major adverse cardiovascular
events (MACE) defined as a composite of CHD, ischemic
stroke and heart failure (HF) for Cer(d18:1/18:0) and LDL-
cholesterol quartiles.

The associations of ceramides with CVD appear stronger
for fatal outcomes than non-fatal MIs (13–15, 21). MIs can
be precipitated by a number of causes in addition to the
traditional model of atherosclerotic plaque rupture (Type 1 MI).
Type 2 MIs result from an increased demand or a decreased
supply of oxygen which can occur in many conditions such
as coronary endothelial dysfunction, coronary artery spasm,
coronary artery embolus, tachyarryhthmias/bradyarrhythmias,
anemia, respiratory failure, hypertension, or hypotension (24).
High sensitive troponin assays can detect even minor ischemic
changes seen in non ST-elevation MI or unstable angina. Thus,
the phenotypic heterogeneity of MIs may dilute somewhat the
prognostic performance of ceramides, although some authors
argue that these lipids can provide more specific information
to particular MI categories (13). Interestingly, two independent

imaging studies have confirmed the localization and association
of ceramides with the thin fibrotic plaques with necrotic core,
supporting further the assumption that ceramides play an
important role in plaque vulnerability in atherosclerotic CAD
and thusmay associate with fatal complications related to rupture
prone inflammatory plaques (25, 26).

Importantly, distinct ceramide ratios improve risk
stratification in patients with known CHD as compared to single
ceramides or traditional lipid biomarkers. This comparison is
illustrated in Figure 2 which shows odds ratios for different
ceramides and ceramide ratios as well as traditional lipid
parameters in a cohort of stable CHD patients (13). Interestingly,
Cer(d18:1/24:1)/Cer(d18:1/24:0) ratio appears consistently
associated with CHD risk across studies. This is an intriguing
finding since only one double-bond is separating Cer(d18:1/24:1)
from Cer(d18:1/24:0) which are otherwise structurally identical.
The etiology for the strong CVD risk association of this ceramide
ratio still remains obscure.

2) Ceramides in Stroke
So far only a few reports have been published regarding
ceramides and stroke. Gui et al. evaluated whether ceramides
associate with ischemic stroke risk and clinical severity
(16). They analyzed concentrations of plasma Cer(d18:1/16:0),
Cer(d18:1/22:0), and Cer(d18:1/24:0), in 202 patients with
acute ischemic stroke and 202 controls matched for age
and sex. Plasma levels of all measured ceramides in stroke
patients were significantly higher than in controls (P <

0.001). After adjustment for other risk factors, Cer(d18:1/16:0),
Cer(d18:1/22:0), and Cer(d18:1/24:0) were associated with higher
risk of ischemic stroke [odds ratios for one IQR increase: 2.15
(1.42–2.99); 2.90 (2.13–4.01), and 1.29 (1.10–1.69), respectively]
(16). In patients with a minor stroke (n = 103), ceramide
concentrations were lower than those observed in patients with
moderate-to-high clinical severity (P < 0.001). Thus, the authors
concluded that elevated plasma ceramide levels are predictors
of both risk and severity at admission in ischemic stroke
patients (16).

Fiedorowicz et al. assessed ceramide and sphingosine-1-
phosphate (Sph-1-P) serum concentrations in patients with
acute ischaemic stroke, transient ischemic attack (TIA), and
age-matched neurological patients without cerebral ischaemia.
They recognized two ratios, Sph-1-P/Cer(d18:1/24:1), and
Cer(d18:1/24:0)/Cer(d18:1/24:1), with a solid diagnostic
potential in ischaemic stroke. They furthermore found
Sph-1-P/Cer(d18:1/24:1) ratio to be possibly useful in TIA
diagnostics (17).

Based on these studies the relative strength of association
between ceramides and stroke seems to be weaker than that of
fatal CHD events. More dedicated studies on different stroke
phenotypes are warranted since currently it is not entirely clear
whether the strength of association is similar for atherosclerotic,
thromboembolic and hemorrhagic strokes.

3) Ceramides in Heart Failure
Lemaitre et al. have recently reported associations of plasma
ceramide and sphingomyelin species with incident heart failure
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FIGURE 1 | Kaplan–Meier estimates of incident MACE Cer(d18:1/18:0) and LDL-C quartiles. A hazard ratio in the legend indicates the quartile specific hazard relative

to the 1st quartile (models stratified for sex). Figure from Havulinna et al. (21). Figure reproduced under the terms of the Creative Commons Attribution License.

in the Cardiovascular Health Study (18). They examined
eight components: ceramides and sphingomyelins that contain
palmitic acid (Cer-16:0 and SM-16:0), arachidic acid (Cer-20:0
and SM-20:0), behenic acid (Cer-22:0 and SM-22:0), or lignoceric
acid (Cer-24:0 and SM-24:0) in a study with a median follow-
up of 9.4 years, where 1,179 cases of incident heart failure
were reported among 4,249 study participants. In Cox regression
analyses adjusted for risk factors, higher levels of Cer(d18:1/16:0)
associated with higher risk of incident heart failure [hazard
ratio for one SD increase:1.25 (95% CI, 1.16–1.36)]. In contrast,
higher levels of Cer(d18:1/22:0) were associated with lower
risk of heart failure in multivariable analyses further adjusted
for Cer(d18:1/16:0) [hazard ratio, 0.85 (0.78–0.92)]. Therefore,
this study identifies specific lipidomic biomarkers useful for
determining risk of incident heart failure.

4) Ceramides in Atrial Fibrillation
Ceramides exhibit multiple biological activities that may
influence the pathophysiological characteristics of atrial
fibrillation (AF) among other CVDs. Jenssen et al. evaluated
whether the length of the saturated fatty acid carried by ceramide
or their sphingomyelin precursors were associated with incident
AF risk among 4,206 Cardiovascular Health Study participants
(mean age, 76 years; 40% men). They identified 1,198 incident
AF cases over a median 8.7 years of follow-up. In adjusted Cox
regression analyses, ceramides with very-long-chain saturated
fatty acids were associated with reduced AF risk. In contrast,
Cer(d18:1/16:0) was associated with increased AF risk with
a hazard ratio of 1.31 (95% CI 1.03–1.66). Their findings
suggest that several ceramides are associated with incident AF,
and that these associations differ depending on the fatty acid.

Ceramides with palmitic acid were associated with increased
AF risk, whereas ceramides with very-long-chain saturated fatty
acids were associated with reduced AF risk. The associations
appeared to be independent of other risk factors and did not
differ by subgroups such as age, sex, race, BMI, or prevalent
coronary heart disease. Additional studies are needed to evaluate
mechanistic linkages between ceramides and atrial fibrillation.

5) Ceramides in DM2
The mechanistic role of ceramides in insulin resistance has
been reviewed recently (8, 27). Ceramide precursor molecules,
dihydroceramides, are elevated years before the onset of type 2
diabetes mellitus (DM2) (28). Additionally, the ceramide ratio
Cer(d18:1/18:0)/Cer(d18:1/16:0) predicts the onset of incident
DM2 (11). The HR per standard deviation of this ceramide
ratio in the population-based FINRISK 2002 study was 2.23
(95% CI 2.05–2.42) and the result remained significant even
after adjusting for several traditional risk factors, including BMI,
fasting glucose and HbA1c. This finding was also validated in
stable CAD patients in the WECAC cohort, where the HR was
1.81 (95% CI 1.53–2.14) (11). Thus, this ceramide ratio serves as
a strong prognostic marker for the onset of incident DM2.

Taken together, clinical studies have consistently shown a
direct and significant association between certain ceramide
species and cardiometabolic outcomes. More data are needed
to better understand the effect of the genetic contribution and
different environmental factors on the circulating ceramide
concentrations. In animal models, ceramide inhibitors have
been shown to reduce atherosclerotic plaque formation,
but studies in humans are currently lacking. Nevertheless,
ceramides are clinically useful biomarkers aiding in clinical
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FIGURE 2 | CV death odds ratios for per standard deviation and 4th quartile for different lipid markers and ceramides in the COROGENE study. Adjustment is made

for TC, TG, LDL-C, HDL-C, and CRP. Figure from Laaksonen et al. (13). Figure reproduced under the terms of the Creative Commons Attribution License.

decision making in patients suspected of atherosclerosis.
Different ceramide-based scores, described below, have been
developed to help clinical implementation of ceramide-based
risk assessment.

FACTORS AFFECTING CIRCULATING
CERAMIDE CONCENTRATIONS

Serum ceramide concentrations are influenced by certain
drugs and lifestyle modifications, including dietary changes
and exercise. As ceramides are found in circulating
lipoprotein particles, such as LDL-C or HDL-C, their
serum levels can be lowered with cholesterol lowering
measures (29). It is not surprising that statins, ezetimibe,
and PCSK9 inhibitors may lower serum ceramides
(12, 29, 30). Furthermore, it has been reported that
fenofibrate lowers ceramide concentrations significantly.

Croyal et al. conducted analyses of samples collected from
102 patients with type 2 diabetes, enrolled in the FIELD
trial, before and after fenofibrate treatment (200 mg/day)
(31). They observed a significant decrease in plasma
ceramides after fenofibrate treatment, independent of the
lipid profile components.

Many studies have shown that metformin has potential to
significantly lower ceramide levels in animals. Zabielski et al.
concluded that the insulin-sensitizing action of metformin in
skeletal muscle is associated with decreased 18-carbon acyl-
chain-derived bioactive lipids including Cer(d18:0/18:0) and
Cer(d18:1/18:0) in insulin-resistant muscle (32). The same group
has also reported that high fat diet augmented the content
and fractional synthesis rate (FSR) of diacylglycerol (DAG) and
ceramides in the liver which was accompanied by systemic
insulin resistance and inhibition of hepatic insulin signaling
pathway under insulin stimulation (33). Metformin improved
systemic insulin resistance and increased the hepatic insulin

Frontiers in Endocrinology | www.frontiersin.org 4 September 2020 | Volume 11 | Article 57062867

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Hilvo et al. Ceramides in Cardiometabolic Risk Stratification

signaling cascade and it lowered both the concentration and
FSR of ceramides, DAG, and augmented acylcarnitine content
and the expression of mitochondrial markers. The authors
suggest that in the liver, the insulin sensitizing effect of
metformin depends on increase of mitochondrial β-oxidation,
which defends from hepatic buildup of both the ceramides and
DAGs and preserves insulin sensitivity under HFD consumption
(33). Recently, Marfella et al. observed that pathogenesis of
human diabetic cardiomyopathy started with cardiomyocyte
lipid accumulation following heart transplantation in diabetes
mellitus recipients and that metformin use was associated with
reduced ceramide and triglyceride accumulation independent
of immunosuppressive therapy (34). Furthermore, insulin
sensitizing thiazolidinediones have been found in mouse models
to reduce ceramides in skeletal muscle (35). Later, Warshauer
et al. observed in a single-center, randomized, double-blind,
placebo-controlled trial comparing pioglitazone to placebo that
pioglitazone in individuals with metabolic syndrome induced a
potent decrease in plasma ceramides, and some of the changes
correlated with changes in insulin resistance and adiponectin
levels (36). Taken together, it appears that metformin and
pioglitazone in addition to lipid lowering compounds have
a significant potential to alter ceramide metabolism in ways
that might be clinically beneficial. Recently Sodium-glucose
cotransporter-2 (SGLT2) inhibitors have shown to reduce CV
events in DM2 and HF patients (37, 38), but the possible
linkage between ceramides and SGLT2 treatments remains to
be evaluated.

Diet may also affect ceramide levels. Luukkonen et al. have
shown that saturated fat intake induce insulin resistance and
endotoxemia in addition to increasingmultiple plasma ceramides
in overweight subjects fed with an additional 1,000 kcal/day
of saturated fat (39). Additionally, certain dietary interventions
may lower circulating ceramide levels. Mathews et al. assessed
the efficacy of a fruit and vegetable intervention on overall
metabolic health, circulating ceramide supply and inflammatory
status in young adults (40). They observed in this pilot study of
36 young adults participating in the 8-week free-living nutritional
intervention that a short-term nutritional intervention can
lower serum ceramide concentrations. Future studies with larger
sample sizes is needed to better understand the effects of nutrients
on distinct ceramide concentrations.

Interestingly, in the PREDIMED trial Wang et al. reported
a positive association between baseline plasma ceramide
concentrations and incident CVD. Importantly, they showed
that a Mediterranean dietary intervention may alleviate potential
harmful effects of raised plasma ceramide concentrations on
CVD (41). Their study population consisted of 980 participants
from the PREDIMED trial (Prevención con Dieta Mediterránea),
including 230 incident cases of CVD and 787 randomly
selected participants at baseline (including 37 overlapping cases)
followed for ≤7.4 years. The participants were randomized to
a Mediterranean diet supplemented with extra virgin olive oil,
a Mediterranean diet supplemented with nuts, or a control
diet. The traditional Mediterranean diet enriched with extra
virgin olive oil or nuts showed the potential to alleviate
the harmful effects of high ceramide concentrations on CVD

outcomes. However, further studies are needed to replicate these
intriguing results in other populations as well as to investigate
potential mechanisms.

Reidy et al. have recently reviewed the relationship between
skeletal muscle ceramides and insulin resistance in response
to increased physical activity (42). Their review of the
literature indicated that chronic exercise reduces ceramides in
individuals with obesity, diabetes or hyperlipidemia. However, in
metabolically healthy individuals increased physical activity can
improve insulin sensitivity independent of changes in skeletal
muscle ceramide content (42). Kasumov et al. studied 24 adults
with obesity and normal glucose tolerance (NGT, n = 14) or
diabetes (n= 10) before and after a 12-week supervised exercise-
training program (5 days/week, 1 h/day, 80–85% of maximum
heart rate) (43). Concentrations of Ceramides were similar in
subjects with obesity and NGT and in subjects with diabetes,
despite differences in glucose tolerance. Notably, exercise
significantly reduced plasma concentrations of Cer(d18:1/14:0),
Cer(d18:1/16:0), Cer(d18:1/18:1), and Cer(d18:1/24:0) in all
subjects following the intervention (P < 0.05). Petrocelli et al.
performed a reversed exercise study by evaluating the effect
of bed rest on circulating ceramides (44). As acute bed rest
places older adults at risk for health complications by disrupting
homeostasis in many organ systems including the cardiovascular
system, they hypothesized that circulating ceramides predictive
of poor cardiometabolic outcomes would increase following 5-
days of bed rest. In their study, 35 healthy younger and older
men and women (young: n = 13, old: n = 22) underwent 5
days of controlled bed rest. The primary observations were that
circulating ceramides decreased while ceramide ratios and the
(CERT1) score (see below CERT1 score), associated with CV risk,
increased primarily in older adults. It is noteworthy, that these
findings were independent of changes in circulating lipoprotein
levels (44).

In summary, ceramides are modifiable by certain drugs,
lifestyle, and environmental factors. The significance of genetic
factors affecting serum ceramide concentrations and ceramide
metabolism at a cellular level still remain to be investigated.
While serum ceramides are novel biomarkers of CVD, their
potential causality has not yet been established. This would
be important for promoting attempts to develop ceramide-
targeted drugs. Initial data from animal experiments suggest
that ceramide synthetic pathways may offer targets for drug
development as inhibition of serine palmitoyltransferase
(SPT) has shown to significantly reduce the development
of atherosclerosis in a murine model (45–47); similarly
dihydroceramide desaturase 1 (DES1) inhibition has proven to
be beneficial in treatment of diabetes mellitus in mice (48).

CERAMIDE SCORE AS THE CLINICAL
SOLUTION

CERT1 Score
Since panels of single ceramide species or other lipid
combinations are rather cumbersome for clinical practice,
CERT1 risk score was developed for clinical use based
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on ceramide concentrations and their ratios (13, 21). To
calculate the CERT1 score, Cer(d18:1/16:0), Cer(d18:1/18:0),
and Cer(d18:1/24:1) concentrations and their ratios to
Cer(d18:1/24:0) are determined. The scoring system assigns
2 points to those with concentrations or ratios in the fourth
quartile, 1 point to values in the third quartile, and 0 points to
the first and second quartiles, with total CERT1 scores ranging
from 0 to 12 (Figure 3).

Based on CERT1, patients are stratified into four risk
categories (low–moderate–increased–high) (Figure 3) and a
linear CVD risk increase is observed along with the increasing
score both in patients with a stable CHD and acute coronary
syndrome (ACS) (Table 1). When comparing the high to low
risk category, there is a 4.2- and 6.0-fold relative risk increase in
patients with stable CHD and ACS, respectively. When subjects
were sorted according to their LDL-C concentrations and divided
in quartiles, the high-risk patient quartile was not identified using
only the LDL-C concentration, supporting the view that the
ceramide score could improve risk stratification beyond LDL-
C (13). The performance of the test was further validated in a
large-scale population-based study (FINRISK 2002; N = 8101).
In this cohort a 4.2-fold relative risk increase was observed when
comparing the high to low risk category (21) (Table 1).

CERT2 Score
As phosphatidylcholines (PCs) have shown prognostic value for
CV events (49), it was investigated whether the ceramide test
score (CERT1) could be upgraded by adding distinct PCs to the
score. Main drivers of the lipid species choice were analytical
stability, ability to incorporate into the existing CERT1 assay,
and statistical strength across a number of clinical cohorts. The
novel ceramide test score, named CERT2, was developed in the

WECAC study and validated in the LIPID and KAROLA studies,
by selecting the test components in a stepwise manner (14). The
original CERT1 score contained three single ceramides and three
ceramide/ceramide ratios, whereas the CERT2 score had one
ceramide/ceramide ratio, two ceramide/PC ratios and a single
PC. Ceramide-PC ratio components of the CERT2 test showed
higher HRs than the previously published ceramide–ceramide
ratios, across all three studies (14).

The CERT2 risk estimation tool showed improved
performance metrics and can be used to reliably stratify
CHD patients for their risk of CV events, especially CV death
(14). The performance of the CERT2 score, in addition to
other CV biomarkers, was evaluated in three independent
large cohorts of CHD patients. For CV death, the HRs (95%
confidence interval) per standard deviation (SD) for CERT2
were 1.50 (1.35–1.68) in WECAC, 1.51 (1.38–1.65) in the LIPID
trial, and 1.62 (1.32–2.00) in KAROLA. For all the investigated
biomarkers, the HRs for CV events were lower than for CV
death (14). Performance comparison of CERT2, CERT1, and
other CVD biomarkers are provided in Table 2. This comparison
shows that HR values of CERT2 exceed those of CERT1 and
other markers, including the routinely used lipid parameters and
high sensitivity C-reactive protein (hsCRP). Furthermore, in all
three studies the risk for CV death and CV events increased along
with increasing CERT2 score and risk group. For CV death, a
3.5- to 5.4-fold increase in risk was observed in different cohorts
between the highest and lowest risk groups for CERT2, while
the risk increase was more modest for CERT1 and for LDL-C
which is widely used in clinical risk estimation assessments
(14) (Table 3). One of the major advantages of this study was
the inclusion of samples obtained from patients randomized
to the placebo arm of the LIPID trial. This avoids confounding

FIGURE 3 | Calculation of CERT2 risk scores and determination of CVD risk groups (14). When determining the score for a subject, it is evaluated to which quartile

the person belongs with regards to each score component. CERT1 has six components, and only quartiles 3 and 4 give points, while CERT2 has only 4 components

but already the second quartile yields a risk point. Thus, the scale for both of these scores is the same, 0–12 points. Based on these the subject is categorized to one

of the CVD risk categories. Figure reproduced under the terms of the Creative Commons Attribution License.
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TABLE 1 | CERT1 and risk of CV death in primary prevention, stable CAD patients and ACS patients.

Primary prevention Stable CAD ACS

Category Risk (%)a Relative risk Category Risk (%)b Relative risk Category Risk (%)c Relative risk

CERT1 0–2 1.2% Ref. 0–2 2.7% Ref. 0–2 1.6% Ref.

3–6 1.9% 1.6 3–6 4.8% 1.8 3–6 2.6% 1.7

7–9 3.8% 3.2 7–9 6.9% 2.5 7–9 3.3% 2.1

10–12 5.1% 4.3 10–12 11.4% 4.2 10–12 9.4% 6.0

LDL-C (mmol/L) ≤2.9 1.8% Ref. ≤2.6 6.6% Ref. ≤2.7 4.8% Ref.

2.9–3.8 2.2% 1.2 2.6–3.7 4.8% 0.7 2.7–3.7 2.9% 0.6

3.8–4.7 2.8% 1.5 3.7–4.5 3.5% 0.5 3.7–4.5 1.1% 0.2

≥4.7 3.4% 1.8 ≥4.5 4.1% 0.6 ≥4.5 1.1% 0.2

LDL-C was divided into groups in the same proportion as CERT1. Data from (13, 21).
a13-year risk, b5-year risk, c1-year risk.

TABLE 2 | Hazard ratios (HR) per standard deviation for the CERT scores predicting cardiovascular death and events, and comparison with other cardiovascular

biomarkers in the WECAC cohort.

CV death CV events

Variable HR (95% CI)a p-value HR (95% CI)b p-value HR (95% CI)a p-value HR (95% CI)b p-value

CERT2 1.50 (1.35, 1.68) 2.6E-13 1.44 (1.28, 1.63) 3.1E-09 1.36 (1.25, 1.48) 5.0E-12 1.29 (1.17, 1.42) 1.7E-07

CERT2-TnT 1.79 (1.59, 2.00) <2.2E-16 1.63 (1.44, 1.85) 2.2E-14 1.53 (1.40, 1.68) <2.2E-16 1.39 (1.26, 1.54) 7.9E-11

CERT1 1.27 (1.14, 1.41) 7.9E-06 1.23 (1.09, 1.38) 5.4E-04 1.24 (1.14, 1.35) 8.5E-07 1.18 (1.08, 1.30) 4.1E-04

LDL-C 1.05 (0.94, 1.17) n.s. 1.15 (1.01, 1.30) 0.032 1.03 (0.94, 1.12) n.s. 1.13 (1.02, 1.24) 0.015

HDL-C 0.81 (0.72, 0.91) 3.8E-04 0.95 (0.84, 1.07) n.s. 0.83 (0.75, 0.91) 8.8E-05 0.94 (0.85, 1.04) n.s.

TG 1.15 (1.04, 1.27) 0.005 1.07 (0.96, 1.19) n.s. 1.15 (1.07, 1.24) 2.8E-04 1.08 (1.00, 1.18) n.s.

ApoB 1.15 (1.03, 1.28) 0.009 1.33 (1.03, 1.72) 0.031 1.09 (1.00, 1.18) n.s. 0.99 (0.80, 1.23) n.s.

ApoA1 0.79 (0.71, 0.89) 8.6E-05 0.91 (0.74, 1.12) n.s. 0.84 (0.76, 0.92) 1.6E-04 0.94 (0.80, 1.10) n.s.

CRP 1.12 (1.05, 1.20) 0.001 1.10 (1.02, 1.19) 0.010 1.08 (1.02, 1.15) 0.013 1.06 (0.99, 1.14) n.s.

TnT 1.43 (1.31, 1.55) 2.2E-16 1.30 (1.19, 1.43) 1.7E-08 1.35 (1.26, 1.45) 4.1E-16 1.23 (1.14, 1.34) 1.8E-07

Lpa 1.13 (1.02, 1.25) 0.020 1.13 (1.01, 1.26) 0.029 1.12 (1.03, 1.21) 0.010 1.10 (1.01, 1.19) 0.034

TMAO 1.06 (0.97, 1.16) n.s. 1.02 (0.94, 1.12) n.s. 1.04 (0.96, 1.12) n.s. 1.01 (0.93, 1.10) n.s.

n.s., not significant. Data from Hilvo et al. (14).
aAge as time scale, stratified by vitamin B intervention; badditionally adjusted for sex, statin, diabetes, hypertension, current smoking, previous MI, previous stroke, BMI, LDL-C, HDL-C,

TG, CRP.

LDL-C, LDL-cholesterol; HDL-C, HDL-cholesterol; TG, triglycerides; ApoB, apolipoprotein B, ApoA1, apolipoprotein A1; hsCRP, high-sensitivity C-reactive protein; TnT, high-sensitivity

troponin-T; Lp(a), lipoprotein(a); TMAO, trimethylamine N-oxide; NS, not significant.

effects caused by lipid lowering treatments. Importantly, the
result obtained in the statin free population of the LIPID trial
confirmed previous observations from the WECAC study and
demonstrated the value CERT2 to assess risk in CHD (Figure 4).
Figure 5 shows the risk curves both for CERT2 and LDL-C in
the placebo-treated patients in the LIPID trial. The risk curve for
CERT2 increases linearly while the risk curve for LDL-C showed
a slight risk increase only for the highest LDL-C levels > 5.2
mmol/l (200 mg/dL).

In the large-scale STABILITY trial of optimally treated
secondary prevention patients, CERT2 was able to significantly
improve HR for CV outcomes in a study population covering
various geographical locations worldwide (15). There were
differences in the score distribution by location, and further
work is needed to delineate the factors behind this observed
distribution difference. There were statistically significant

associations between CERT2 and all CV outcomes including
stroke and heart failure. For CERT2, the highest unadjusted
hazard ratios (HRs) per SD were observed for CV death (HR,
1.57; 95% CI, 1.45–1.69), all-cause death (HR, 1.54; 95% CI,
1.45–1.64), and heart failure hospitalization (HR, 1.52; 95% CI,
1.35–1.70). For stroke the unadjusted HR was 1.29 (1.15–1.46).

In STABILITY the CERT2 score was associated significantly
with smoking and multivascular disease as well as with
multivessel CAD. Furthermore, patients with renal dysfunction
had higher CERT2 scores, while the association with high blood
pressure and DM was much weaker. In addition, CERT2 was
significantly related with the levels of lipid biomarkers (LDL-
C and triglyceride) and supported the view that ceramides are
essential constituents of circulating lipoproteins. The CERT2
score was prognostic even after adjustment for LDL-C and
triglyceride levels. This indicates that sphingolipids may be
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TABLE 3 | Risk for CV death in different CERT score groups, and with respect to LDL-C.

CERT2 CERT1 LDL-C

Group Risk Rel.risk Group Risk Rel.risk mmol/l Risk Rel.risk

WECAC 0–3 3.5% Ref. 0–2 5.1% Ref. ≤2.1 7.3% Ref.

4–6 6.4% 1.8 3–6 6.3% 1.2 2.1–3.2 7.7% 1.1

7–8 7.8% 2.2 7–9 11.1% 2.2 3.2–4.2 8.1% 1.1

9–12 15.1% 4.3 10–12 15.5% 3.0 ≥4.2 6.6% 0.9

LIPID 0–3 4.3% Ref. 0–2 5.9% Ref. ≤3.2 8.8% Ref.

4–6 6.3% 1.5 3–6 8.7% 1.5 3.2–4.0 7.9% 0.9

7–8 9.9% 2.3 7–9 8.9% 1.5 4.0–4.6 7.9% 0.9

9–12 15.2% 3.5 10–12 14.8% 2.5 ≥4.6 9.7% 1.1

KAROLA 0–3 2.6% Ref. 0–2 3.5% Ref. ≤2.4 7.6% Ref.

4–6 5.4% 2.1 3–6 7.0% 2.0 2.4–3.1 6.5% 0.9

7–8 7.8% 3.0 7–9 11.8% 3.4 3.1–3.8 7.1% 0.9

9–12 13.8% 5.4 10–12 12.7% 3.7 ≥3.8 5.0% 0.7

For comparison, LDL-C was divided into groups (Q1-Q4) in the same proportion as CERT2. For the WECAC and KAROLA studies, the risk is for 10 years and for LIPID trial 6 years.

Data from Hilvo et al. (14).

Ref. = reference category.

FIGURE 4 | Kaplan–Meier curves for CERT2 (A) in the WECAC cohort and (B) in the placebo treatment arm in the LIPID trial. Figure adapted from Hilvo et al. (14).

Figure reproduced under the terms of the Creative Commons Attribution License.
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FIGURE 5 | Risk (6 years) curves for CERT2 and LDL-C in the LIPID trial placebo treatment arm. Figure adapted from Hilvo et al. (14). Figure reproduced under the

terms of the Creative Commons Attribution License.

FIGURE 6 | Association of CERT2 with pathophysiological processes and

cardiovascular outcomes.

important for cardiovascular disease beyond conventional
lipids. The CERT2 score was also significantly associated with
inflammatorymarkers (hs-CRP and IL-6), suggesting that certain
ceramide levels might be a surrogate of vascular inflammation.
These findings suggest that CERT2 could assess both plaque
burden and inflammatory residual risk in patients with stable
CHD. Higher CERT2 score was also associated with higher hs-
TnT and NT-proBNP concentrations. These findings indicate
that alterations in ceramide expression might be associated with,
and possibly contribute to, myocardial injury and/or myocardial
dysfunction. CERT2 score is a useful tool to determine residual
risk in patients with stable CHD as it is associated with all CV
events and reflects disturbances of several key mechanisms for
CVD such as dyslipidemia, inflammation, myocardial injury, and
renal dysfunction (15) (Figure 6).

Unbiased Machine Learning Based SIC
Score
A new approach to identify associations between serum
ceramides and coronary artery disease (CAD) was introduced by
Poss et al. (50). They performed targeted lipidomics on serum
samples from individuals with familial CAD (n = 462) and
population-based controls (n = 212) to study the association

between serum sphingolipids and CAD, using unbiased machine
learning to find sphingolipids related with CAD. They observed
that in this setting nearly every sphingolipid measured (30 out
of 32) was significantly elevated in subjects with CAD compared
to controls. The authors generated a novel sphingolipid-inclusive
CAD risk score, termed SIC, that demarcates patients with
CAD independently and more effectively than conventional
clinical CVD biomarkers including serum LDL cholesterol and
triglycerides (49). This new metric comprises several minor
lipids that, according to authors, likely serve as measures of
flux through the ceramide biosynthesis pathway rather than
the abundant deleterious ceramides that are included in other
ceramide-based scores. Despite the fact that this cross-sectional
study used case and control samples collected from different
sources and time points 10 years apart in 1980s and 1990s, the
results suggest that comprehensive sphingolipid panels could also
be considered as ameasure of CVD.However, these findings need
to be further validated in large-scale cohort studies. The use of
a large panel of minor ceramides may pose practical issues in
analytical validation for clinical use.

Diabetes Score (dScore)
Compared to the CVD risk scores, a different approach was taken
when using the ceramide ratio Cer(d18:1/18:0)/Cer(d18:1/16:0)
in a clinically applicable scoring system for predicting the onset
of diabetes (dScore). In addition to the lipid ratio, this scoring
system incorporates the patient’s age, sex and BMI, and gives
a 10-year absolute risk (scale 0–100) of developing DM2 (11).
The subjects are grouped into risk categories: low risk is defined
as <5%, moderate risk 5–15% and high risk more than 15%
probability of developing DM2 in the next 10 years. It is
noteworthy that the ceramide ratio, and consequently the dScore,
was significantly reduced in persons with a weight loss of 5% or
more (11), which is consistent with earlier dietary interventions
showing that weight loss of a few kilograms is enough to reduce
the risk of developing diabetes (51).
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CLINICAL USE OF SCORES

The CERT1 ceramide score has been implemented in clinical
use in private and public practice both in Finland and at
Mayo Clinic in the USA. The score includes a single easy
to understand readout for physicians as opposed to a list of
multiple ceramide results each with separate reference values.
The score calculation is based on ratios of distinct ceramides,
which offers another advantage since an occasional variation
in concentrations of single ceramides does not significantly
affect the ratio. The score-based reporting system also allows
an opportunity for graphical visualization of the results in a
condensed form which is simple to understand and could be
useful to share with patients. Ceramide laboratory measurements
are performed by high-throughput robotic enabled mass
spectrometry instrumentation. Mass spectrometry is classically
associated with high-sensitivity requirements of hormonal
measurements, vitamin D or immunosuppressants among other.
The technology is highly robust, easy to set up and the quality
controlled specific standards conform to all required regulatory
standards. The cost and speed of daily operation is comparable to
antibody-based assay solutions in high-volume laboratories and
the equipment is becoming more routinely available in most high
volume clinical laboratories.

The studies provide robust evidence that ceramide scores
(CERT1, CERT2) can be used for risk stratification in both
primary and secondary prevention settings. These scores allow
for instance a rapid identification and stratification of residual
risk in patients with known CHD who might benefit from more
in-depth scrutiny and perhaps more aggressive therapy. Most
risk prediction systems in clinical practice use age as part of
the assessment. Age is most likely the most powerful biomarker
for risk prognostication in general, but it has also significant
limitations as it may delay timely intervention in younger and
middle-aged individuals. Biomarkers that are not age-dependent
allow an earlier detection of risk and prevention. Conversely,
many elderly patients may be at relatively low risk despite
their age-driven risk calculator scores. In these cases an age-
independent biomarker may be useful as these patients might do
well without aggressive interventions.

In the 2019 ESC/EAS Guidelines (52) for the management
of dyslipidaemias the selection of intervention strategies
depends on the cardiovascular risk (assessed e.g., with SCORE)
and theconcentration of untreated low-density lipoprotein
cholesterol. In many cases the selection between lifestyle
modification or pharmacologic intervention is clear. In subjects
at moderate CV risk, consideration of lipid lowering agents is
recommended. Clinicians frequently evaluate patients with a
moderate CV mortality risk (>1 to <5% in 10 years, assessed
with SCORE) and LDL-C concentrations between 2.6 and 4.9
mmol/L (100 and 190 mg/dL) where the decision of initiation of
a lipid lowering agent is not obvious or clearly recommended by
guidelines. Especially in these subjects, additional risk assessment
with CERT could be useful for risk stratification in order to
identify the subgroup of patients at higher risk who may benefit
from more aggressive intervention. This is also recapitulated
in the US guidelines where patients deemed at intermediate

risk by the ASCVD risk assessment calculator may be further
stratified after the assessment of risk enhancers such as the
coronary calcium (CAC) scoring (53). The latter testing, which
is extensively used in primary preventive cardiology, has some
important limitations as it does not capture information about
the regional distribution of calcification within the coronary tree
(54). Furthermore, CAC score does not incorporate information
on the number, size of calcified coronary lesions or biology of
calcification and atherosclerosis (54). Perhaps as a consequence
of these limitations, events are observed in patients scored as
CAC = 0, and many older patients with high CAC scores never
experience events—pointing to potential room for improvement
(54). Therefore, a simple blood test such as CERT or CERT2 could
be clinically informative in a wide variety of patients.

In the latest ESC guideline for stable chronic coronary
syndromes (sCCS) (55) the risk variability is described and
emphasis is placed on the “very high risk” patients who carry
a more than three percent annual mortality risk. Guidelines
recommend the use of additional diagnostic tools to identify
these patients at the highest risk. However, the recommended
imaging methods may not always be available (e.g., stress
echocardiography or MRI) and invasive angiography may not
always be warranted. Thus, the identification of patients with
CHD at highest risk can be significantly and efficiently improved
by the addition of a blood test such as one of the ceramide
risk scores. CERT has already been used clinically for secondary
prevention both in Finland and the US. A combination of the
newly developed CERT2 and high sensitivity troponin T (hsTNT)
has already been suggested by Hilvo et al. to drastically improve
prognostic performance (14).

Different medical treatments may be prescribed in the future
based on specific risks and such treatments may become truly
personalized. It has been shown that cholesterol lowering agents
such as ezetimibe or PCSK9 inhibitors result in higher absolute
risk reductions in patients who have a higher baseline risk
(56, 57). Ceramide scores could be used in the selection of
CHD patients at greatest risk or in primary prevention patients
for novel and patient-tailored individualized treatments. This
approach appears appealing for lipid lowering drugs because
the primary lipid target, LDL-cholesterol, or its proxy, total
cholesterol, have rather limited association with outcome in
elderly subjects (58–60) and in patients with established CHD
(13, 14), thus for these patients ceramide scores could provide
an instrument with added value for more tailored treatments.

Another potential field of interest for risk assessment
could be antiplatelet therapy. Dual antiplatelet therapy is
recommended and routinely used in secondary prevention after
myocardial infarction. The duration of antiplatelet therapy after
revascularization remains controversial and the risk of bleeding
is of concern. Several factors are taken into consideration when
assessing the risk of in-stent thrombosis vs. the risk of bleeding
and clinicians often face difficult decisions not described directly
in the guidelines when taking care of the complex cardiology
patient. Ceramide scores could potentially be used in identifying
patients at higher risk who might benefit the most from extended
dual anti-thrombotic therapy. Finally, drugs that target ceramides
directly may become available for clinical use in addition to
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drugs that reduce circulating ceramide levels indirectly via HMG-
CoA or PCSK9 inhibition. Additionally, lifestyle changes such
as weight reduction have shown to reduce the ceramide-based
diabetes risk score (11). As the CERT2 score contains also
phosphatidylcholines containing omega-3 fatty acids it appears
plausible that treatments such as EPA could significantly lower
the risk, but this remains to be determined.

Despite rather comprehensive scientific evidence there are still
significant barriers limiting more widespread use of ceramides in
CVD risk assessment that are typical for any novel diagnostic
test. First, the test must be widely available through multiple
outlets. Currently, in the US CERT1 is offered only by one
reference laboratory. Serving as a pilot for Europe as a whole,
the test is available in nearly all private healthcare centers
in Finland and has been incorporated into the portfolio of
the public health care offering in that country. Second, most
clinical outcomes studies using ceramides have been reported
within only the last decade so most practicing clinicians are
unaware of the clinical utility of ceramide testing. To overcome
this challenge, physician education and dissemination of the
scientific evidence to various groups of physicians is required.
Widespread and effective dissemination is possible only for global
marketing organizations and ceramides are lacking such support.
Acceptance to ESC/EAS and AHA/ACC guidelines would be

another avenue to more widespread clinical uptake. As described
earlier in this review, there are certain conditions particularly in
the recent ESC 2019 guidelines where we believe ceramide testing
could well be justified. Third barrier not only for ceramides
but for all new diagnostics is the stringent reimbursement
policies of insurance companies as their requirements are often
impractical for novel CVD tests and, thus, the established older
tests are being reimbursed and used despite limitations of their
clinical performance.

CONCLUSIONS

Ceramide scores are currently used in clinical practice to identify
residual risk in patients with established CHD and may further
be used in primary prevention to identify subjects at elevated
risk who might benefit from more intensive prevention. CERT
scores can be used for follow-up and to further motivate patients
to initiate or continue medical and life-style recommendations.
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Metabolic dysfunction is intertwined with the pathophysiology of both diabetes and
cardiovascular disease. Recently, one particular lipid class has been shown to influence
the development and sustainment of these diseases: ceramides. As a subtype of
sphingolipids, these species are particularly central to many sphingolipid pathways.
Increased levels of ceramides are known to correlate with impaired cardiovascular and
metabolic health. Furthermore, the interaction between ceramides and adipokines, most
notably adiponectin and leptin, appears to play a role in the pathophysiology of these
conditions. Adiponectin appears to counteract the detrimental effects of elevated
ceramides, largely through activation of the ceramidase activity of its receptors.
Elevated ceramides appear to worsen leptin resistance, which is an important
phenomenon in the pathophysiology of obesity and metabolic syndrome.

Keywords: leptin, adiponectin, adiponectin receptors, sphingolipids, ceramidase, adipokine
INTRODUCTION

Sphingolipids are by far the most structurally diverse class of lipid molecules. The structural
complexity of sphingolipids stems from variation in three components of these lipids: a long chain
base, an amide-linked fatty acid, and a head group (20). They are signaling molecules involved in
diverse cellular functions, from control of the cell cycle to degradation of plasma membrane
proteins (21). They are involved in the most devastating inborn errors and degenerative diseases,
including cancer, Alzheimer’s disease and dementia (22). In recent years, ceramides, a subgroup of
sphingolipids, have received increased attention for their role in myriad pathophysiologic
mechanisms, including those underlying cancer (23–25), inflammation (26), depression (27), and
neurodegenerative disorders (28). Additionally, more recent studies have highlighted their
increasingly important role in obesity and diabetes (9, 29–31) as well as cardiovascular disease
(CVD) (32). Preventing aberrant ceramide deposition can prevent or ameliorate a variety of
cardiometabolic pathologies, including insulin resistance, CVD (atherosclerosis, heart failure), and
hepatic steatosis (33, 34), as well as mitochondrial dysfunction (Figure 1). Here, we will focus on
ceramides’ role in diabetes and CVD, two of the leading causes of death in the United States (35) and
worldwide (36).
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INTRODUCTION TO CERAMIDES

Ceramide Biochemistry
Ceramides constitute a simple subtype of sphingolipids
composed of a variable-length fatty acid and an amino group
(a sphingoid base, usually sphingosine). Their unique structure,
highly hydrophobic with a small side chain, enable them to
function well both as a structural membrane component and
signaling molecule (20, 37). Under physiologic conditions, they
range from short chain (C6:0) to very long chain (VLC) (C26:0),
although longer chain ceramides are more commonly found in
mammalian cells. Ceramide biosynthesis can occur through
three distinct pathways: de novo, sphingomyelin hydrolysis, or
sphingolipid salvage. De novo synthesis occurs in the
endoplasmic reticulum (ER) and involves ceramide synthases
(CerS) as well as serine palmitoyl-transferase (SPT), which
catalyzes the rate-limiting step and is inhibited by the drug
myriocin. In another pathway, sphingomyelinase (SMase)
hydrolyzes sphingomyelin to form ceramide. Finally, in the
salvage pathway, alkaline ceramidase (ACER), which is
inhibited by the drug D-erythro-MAPP, and acid ceramidase
(AC) work in the endolysosomal system to regenerate ceramide
from sphingosine (38, 39).
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Sphingomyelinases and ceramidases exist in three forms: acid,
neutral, and alkaline. Their subtype depends on their subcellular
localization, function, and optimal pH. Generally, acid SMases
and ceramidases function in lysosomes, neutral enzymes along
the plasma membrane, and alkaline enzymes in the Golgi or ER
(40). Furthermore, CerSs, important in both de novo and
salvage pathways, preferentially catalyze certain fatty acyl-CoA
substrates in order to make different ceramide subtypes (39, 40).
Because ceramides are the center of a web of sphingolipid
biosynthesis reactions, it can be difficult to prove causation
between particular metabolites and enzymes (38).

Dihydroceramides are the precursor metabolites of ceramides
in the de novo sphingolipid biosynthesis pathway. CerS form
dihydroceramides by condensing sphinganine and acyl-CoA,
and they are a family of six isoforms (CerS1-6) that each
display specificity for certain acyl-CoA chain lengths.
Ceramides are formed from dihydroceramides by the action of
the enzyme dihydroceramide desaturase (41, 42).

Ceramides as Cell Membrane
Components
Ceramides are key to the structural integrity the plasma and
mitochondrial membranes. While they are restricted to the
FIGURE 1 | The adipokines adiponectin and leptin have largely inhibitory effects on ceramide levels, while ceramides are known to cause myriad effects in cellular
components, different cell types, and organs. Adiponectin inhibits ceramides through the intrinsic ceramidase activity of its receptors (1), AdipoR1 and AdipoR2. The
mechanism of leptin’s action on ceramides remains unknown, although it has been hypothesized that leptin may exert its influence through inhibition of carnitine
palmitoyltransferase-1c (CPT-1c) by malonyl-CoA (2). Conversely, ceramide accumulation may cause ER stress and subsequent leptin resistance (3–6). The previous
two relationships are visualized in gray to indicate that they have not been extensively studied and characterized. Ceramides are known to act on mitochondria and
cause increased mitophagy, apoptosis, and generation of reactive oxygen species (ROS), as well as decreased b-oxidation and overall oxidative capacity. Ceramides
have been shown to cause mitophagy in cardiomyocytes and neurons, among others (not shown) (7). Ceramides decrease insulin sensitivity in skeletal muscle, liver,
heart, and adipose (8, 9). Their accumulation may cause decreased leptin sensitivity in the brain and adipose tissue. In the vasculature, ceramide accumulation leads
to increased atherosclerotic plaques and inflammatory arteriolar dilation (10–13). They can also lead to increased cardiovascular disease (14, 15), hepatic steatosis
(16), and increased inflammation in immune cells (17). As opposed to other targets, skin largely benefits from increased ceramides, with increased cell differentiation
and wound healing, as well as decreased senescence (18, 19). AdipoR, adiponectin receptor; CPT-1c, carnitine palmitoyltranferase 1c; CVD, cardiovascular disease;
ER, endoplasmic reticulum; IL-6, interleukin-6; MIP-1, macrophage inflammatory protein 1b; ROS, reactive oxygen species; TNFa, tumor necrosis factor a.
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membrane in which they are formed, they can flip-flop between
membrane leaflets (43), although this movement occurs slowly
(44). This incorporation can change membrane configuration
and relative hydrophobicity of the plasma membrane-cytosol
interface, changing the affinity for the membrane of a number of
proteins, which in turn affect the activity of membrane
enzymes (45).

Ceramides in Circulation
Clinical studies show that circulating ceramides primarily
originate in the liver, a major site of de novo ceramide
synthesis (17, 46), although adipocytes may also contribute to
circulating ceramides in some species (33). They circulate at a
concentration of about 10mM and are primarily transported in
circulation by lipoproteins (17, 46, 47), while exosomal
transport may also significantly contribute (48). One study,
using thin layer and high-performance liquid chromatography
(TLC and HPLC, respectively), found that plasma ceramides are
primarily (~80%) carried by very-low-density lipoprotein
(VLDL) and low-density lipoprotein (LDL), with the
remaining ceramide being carried by albumin (~15%) and
high-density lipoprotein (HDL; ~5%) (46). Another study,
using fast performance liquid chromatography (FPLC),
separated lipoprotein fractions and found that ceramides were
primarily carried by LDL (60.3 +/−6.7%) and to a lesser extent
by HDL (24.1+/−7.4%), and VLDL (15.6+/−9.9%). However,
ceramides comprised a small fraction of total lipids carried by
these lipoproteins (LDL and VLDL ~0.6%; HDL ~0.1%). While
the distribution of ceramide species carried by these lipoprotein
classes were largely similar, LDL and VLDL carried more similar
proportions of specific ceramide species (less C16:0, more
C24:0), while HDL carried others (more C16:0, less C24:0)
(47). Additionally, recent research has found that ceramide
species are also transported in exosomes from adipocytes and
endothelial cells (48).

Ceramides in Mitochondria
Ceramides are a normal component of mitochondrial
membranes, and they are necessary for normal mitochondrial
function. Purified mitochondria and mitochondria-associated
membranes have been shown to generate ceramides in vitro,
and specific ceramide synthases (CerS2, CerS4, and CerS6) are
present in the inner and outer mitochondrial membranes (49).
Furthermore, normal biological mechanisms can be mediated by
ceramides. For instance, CerS6-generated ceramides may
mediate pruning of oligodendrocytes during normal brain
development (50).

While ceramides are necessary for normal mitochondrial
functions, accumulation of excess ceramides have been shown
to induce mitochondrial dysfunction (51, 52). Increased
mitochondrial ceramide content has been shown to have
numerous deleterious effects, including inhibition of
mitochondrial oxidative capacity, depletion of ATP, inhibition
of the electron transport chain, and enhanced generation of
reactive oxygen species (51, 53–55). Additionally, studies show
that ceramides can alter or nearly eliminate the respiration-
dependent mitochondrial membrane potential (51, 56, 57). They
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disrupt the normal structure of the inner and outer
mitochondrial membranes, increasing their permeability
independent of cytochrome c and electron transfer activity
(51). One study in a mouse model of ischemia showed that
ceramide accumulation leads to inhibition of the respiratory
chain (58). In mouse models of diet-induced obesity (DIO),
pharmacologic or genetic depletion of ceramides increases
mitochondrial complex activity [complex IV in subcutaneous
white adipose tissue (sWAT), complexes II and IV in brown
adipose tissue (BAT)], as well as respiration in sWAT, BAT, and
brain (59). Pharmacological depletion of ceramides also
decreased the respiratory exchange ratio (RER) in models of
DIO (60). Several ceramide lipid storage diseases, including
Fabry disease and neuronal ceroid lipofuscinosis, are associated
with dysfunction in the mitochondrial respiratory chain (7).
Other sphingolipid storage diseases cause inhibition of
mitochondrial biogenesis (61).

Ceramides in Mitophagy and Apoptosis
Beyond causing mitochondrial dysfunction, ceramides are
known to regulate mitophagy (62). Accumulation of ceramide
species in yeast led to increased mitochondrial fission
and mitophagy (63). Similarly, in mouse and human
cardiomyocytes, VLC ceramides produced by CerS2 led to
increased mitophagy, along with increased oxidative stress and
mitochondrial dysfunction (56). Ceramide-induced mitophagy
can also help explain some pathophysiology and treatment
mechanisms. For example, one study found that cigarette
smoke caused mitophagy through increased levels of C16
ceramide, triggering necroptosis (64). Another study found
that in glioblastoma cells, a plant agglutinin that is used to
inhibit glioblastoma growth induced mitophagy-dependent cell
death via increased ceramides (65).

Ceramides also have an established role in the induction of
apoptosis (66), and their effects on mitochondria appear to be
important in this process (52, 67). Apoptotic stimuli activate CerS
in the mitochondrial membranes, indicating a role for ceramides
in mitochondria-induced apoptosis (53). Mitochondria can
function as sensors for cellular stress by monitoring local levels
of specific lipids, including sphingolipids (45). This function
facilitates the intrinsic apoptotic pathway. Formation of
ceramide channels on the outer mitochondrial membrane leads
to apoptosis, with ceramide species C16, C18, and C20 being most
important in this process (52). Ceramides also work synergistically
with the apoptotic protein Bax to induce mitochondrial outer
membrane permeabilization in yeast (55). Furthermore, C2
ceramide was found to alter mitochondrial membrane potential
and cause mitochondrial fragmentation, leading to apoptosis in
cultured cardiomyocytes (57). Some interventions, including
overexpression of Bcl-2 (68–71) and pharmacological inhibition
of mitochondrial membrane depolarization (72, 73), have also
prevented ceramide-induced apoptosis through prevention of
mitochondrial dysfunction (74).

Ceramides may need to localize specifically to mitochondria to
induce apoptosis. One group found that increased ceramides due
to sphingomyelinase overexpression only induced apoptosis if the
enzyme was targeted to mitochondria, but not if it was targeted to
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other cell compartments, including the inner plasma membrane,
cytoplasm, ER, Golgi, and nucleus. Despite a resultant increase in
whole-cell ceramide content, there was no induction of apoptosis
when increased ceramides were targeted to these compartments
(75). Furthermore, another group found that specific ceramide
enzymes localize to the inner and outer membranes, respectively,
suggesting that there exist distinct pools of ceramides (76).

Ceramides in Metabolic Syndrome
Development of insulin resistance is a key step in the progression
of metabolic syndrome, obesity, and diabetes, and it occurs when
increasing levels of insulin are required to stimulate insulin-
induced glucose uptake, particularly in myocytes and adipocytes.
Studies have shown that plasma, adipose, and skeletal muscle
ceramides are elevated in patients with obesity and type 2
diabetes mellitus (T2DM) (17, 77, 78), as well as in adipose,
hepatic, skeletal muscle, and plasma samples from animal
models of insulin resistance (17, 79–81). Moreover, ceramide
levels in plasma, adipose, liver, and skeletal muscle negatively
correlate with severity of insulin sensitivity in humans and in
animal models (17, 77, 78, 81, 82). This is supported by the
evidence that ceramides decrease the activity of Akt, which is a
downstream effector of insulin signaling as well as of apoptosis
and cell proliferation (24). Furthermore, adipose ceramide levels
are higher in patients with increased hepatic lipid accumulation
than in those with healthy livers (77). Reduced ceramide content
prevents lipotoxicity induced by ceramide accumulation,
preserving insulin and glucagon secretion (83). Ceramide
bound to LDL also increases insulin resistance in skeletal
myocytes and increases expression of inflammatory genes in
macrophages, including IL-6 and TNFa (17). Clinical studies
further prove that skeletal muscle ceramide content negatively
correlates with insulin sensitivity (82, 84).

Relative amounts of particular ceramide species in insulin
resistant states vary among sources. In one clinical study, skeletal
muscle ceramides C16:0 and C18:3 were most strongly negatively
correlated with insulin sensitivity (82). However, another clinical
study showed that plasma C18:0 was most increased in obese
T2DM participants over their healthy controls, but C24:0 was
most abundant (78). More research is needed to clarify the
relative impacts of specific ceramide species on insulin resistance.

Work by Summers and colleagues shows that ceramide
production is an important factor in the development of insulin
resistance through glucocorticoids and saturated fatty acids, but
not through unsaturated fatty acids (16, 85). Glucocorticoids
induce production of sphingolipid metabolites by promoting
expression of the enzymes AC and glucosylceramide synthase
(GCS), which produce ceramides through the salvage pathway.
While Holland et al. did not measure or report an increase in acid
sphingomyelinase activity, Cinque et al. demonstrated that
dexamethasone, a glucocorticoid, induced thymocyte apoptosis
by sequential activation of nuclear phosphoinositide specific
phospholipase C-beta (PI-PLCb) and acid sphingomyelinase
(aSMase). Therefore, increased activity of both AC and aSMase,
induced by glucocorticoids, could cause increased ceramide levels
(86, 87). Saturated fatty acids promote ceramide accumulation in
liver and skeletal muscle, as well as induction of insulin resistance
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(16). Conversely, reduction of ceramides has been shown to
reverse the metabolic consequences of ceramide deposition in
tissues. Induced overexpression of AC in mice, under the control
of the adiponectin promoter, led to decreased ceramides in visceral
and subcutaneous fat, liver, and serum, particularly ceramide
species C16:0 and C18:0 (16, 88). After induction of AC
expression, mice had reduced hepatic steatosis and improved
insulin signaling and glucose metabolism, as shown by
improvements in oral glucose tolerance tests and insulin
tolerance tests, as well as increased glucose infusion rates and
decreased hepatic glucose output during hyperinsulinemic-
euglycemic clamps (88).

Ceramides’ induction of mitochondrial dysfunction appears
to play a role in the development of metabolic syndrome and its
associated conditions. Several studies specifically implicated
ceramides produced by the enzyme ceramide synthase 6
(CerS6). One group found that ob/ob mice, which congenitally
lack leptin expression, have elevated CerS6 in their liver, BAT,
and sWAT, but not gonadal white adipose tissue (gWAT) (89),
and another found that C16:0 ceramide from CerS6 inhibits
mitochondrial beta-oxidation in BAT and liver (90). Another
study found that in mice with high-fat diet (HFD)–induced
weight gain, only CerS6 increased in mitochondria and
mitochondria-associated membranes, not ceramide synthase 5
(CerS5). CerS6 also interacts with mitochondrial fission factor
(MFF) to promote mitochondrial fission, and knockout of either
of these proteins normalizes mitochondrial structure altered by
HFD (91). In ob/ob and DIO mice, but not in db/db mice, which
lack the leptin receptor, Raichur et al. found that these mice have
elevated C16:0 ceramide in liver and plasma. They also found
that these ablation of CerS6 and subsequent lowering of C16:0
ceramide by 50% in ob/ob and DIO mice corrected high blood
glucose and insulin resistance, and also caused 25% weight loss
without a change in food intake (89).

Evidence also points to roles for other CerS in metabolic
dysfunction. In diabetic cardiomyopathy, ceramide synthase 2
(CerS2)- and CerS5-derived ceramides, including VLC
ceramides, led to increased mitophagy and insulin resistance
(56). In DIO mice, ceramide synthase 1 (CerS1) and C18:0 are
elevated in skeletal muscle, and knockout of CerS1 globally as
well as specifically from skeletal muscle improves insulin
sensitivity through increased fibroblast growth factor 21
(FGF21) in muscle (92). The role of ceramides in metabolic
syndrome will be discussed further in later sections examining
the interaction of ceramides with adiponectin and
leptin, respectively.

Ceramides in Cardiovascular Disease
Ceramides have a well-established role in the development of
CVDs, including atherosclerosis (15, 93), cardiomyopathy (15, 94,
95), heart failure (15, 96), myocardial infarction (14, 15), and
stroke (14, 15). In particular, dihydroceramides, the precursors of
ceramides in the de novo biosynthetic pathway of sphingolipids,
are implicated in the development of CVD (15).

A substantial body of literature in rodent models of
CVD indicates that ceramides are not only biomarkers of
cardiovascular health, but also likely play a causative role in
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metabolic and CVD (8, 29, 94, 97–100). Studies in rodent models
reveal that pharmacological inhibition of ceramide synthesis
prevents heart failure secondary to ischemic cardiomyopathy
and also prevents ventricular remodeling, fibrosis, and
macrophage infiltration following myocardial infarction (94,
97–99). Moreover, such ceramide-lowering interventions also
resolve many conditions underlying CVDs, including
dyslipidemia, insulin resistance, hypertension, atherosclerosis,
and hepatic steatosis (10–12, 16, 101–104). Manipulations of
the de novo ceramide synthesis pathway further suggest that
certain ceramide species are deleterious, whereas others are
benign or beneficial (90, 92, 105, 106). Those containing the
C16 or C18 acyl chain (90, 92, 105) and a double bond (i.e.,
ceramides, not dihydroceramides) (101) in the sphingolipid
backbone are particularly harmful. Finally, studies in rodents
reveal that ceramide degradation is a primary means by which
adiponectin receptors, which have ceramidase activity (1), exert
their antidiabetic, cardioprotective, and insulin-sensitizing
actions (1, 107, 108). Cumulatively, these data identify
ceramides as some of the more toxic metabolites that
accumulate in metabolic distress.

Other authors have reported the existence of a strong
correlation between CVD and increased dihydroceramide levels.
Both dihydroceramides and ceramides correlate with the release of
the inflammatory cytokine interleukin 6 (IL-6), but only
dihydroceramides correlates with macrophage inflammatory
protein 1b (MIP-1b) release (13, 15). Studies have also shown
that dihydroceramide levels are elevated in patients with
rheumatoid arthritis (109), patients with left ventricular assist
devices (110) and hypertensive rats (13–15, 41, 111, 112).

Elevated levels of dihydroceramides have been found in
atherosclerotic plaques (13) as well as in models of brain
hypoxia (111, 112). What role this increase in dihydroceramides
plays in plaque stability is still debatable, since the extracellular
addition of dihydroceramides to human aortic smooth muscle
cells did not cause apoptosis, whereas addition of ceramides did
(13). After stroke, a key component of tissue injury results from
ischemia and subsequent reperfusion, during which ceramides
increase in mitochondria and the ER due to de novo synthesis (58,
74). Myocardial biopsies from patients with heart failure reveal
increased levels of ceramide content. A common treatment for
heart failure is implantation of a left ventricular assist device,
which compensates for defects due to heart failure, leading to a
reduction in mechanical load on the cardiac tissue. This
intervention both lowered myocardial ceramide levels and
improved whole-body and cardiac insulin sensitivity (113).

A meta-analysis of three prospective clinical studies in
Finland, Switzerland, and Norway that followed patients with
CVD found that ceramide levels, particularly certain ceramide
ratios, were significantly positively correlated with cardiovascular
death, independent of other lipid markers, including cholesterol,
and C-reactive protein (114). It also found that ratios of long-
chain ceramide species (C18:1/C16:0 and C18:1/C18:0) were
more strongly correlated with negative cardiovascular
outcomes than ratios of VLC ceramide species (C18:1/C24:0)
were (114). Furthermore, ratios of ceramide species were shown
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to be more significant than gross changes (114, 115). Laaksonen
et al. found that the ratios of (C18:1/C24:0)/(C18:1/C16:0) and
(C18:1/C24:0)/(C18:1/C16:0) negatively correlate with coronary
heart disease (CHD) and mortality. Another more recent study
found that serum sphingolipids are markers of coronary artery
disease, independent of cholesterol (100), further solidifying the
strong correlation between these species and negative cardiac
outcomes. Thus, plasma ceramide levels can be used as clinical
biomarkers to predict risk of cardiovascular death.

Ceramides are also strongly implicated in mitochondrial
dysfunction found in CVDs. In cultured cardiomyocytes, C2
ceramide was found to alter mitochondrial membrane potential
and cause mitochondrial fragmentation, leading to apoptosis
(57). Increased ceramides and resulting apoptosis were also
found in cardiomyocytes of mouse models of various types of
cardiomyopathy (94, 116). A mouse model of type 1 diabetic
cardiomyopathy showed increased ceramide accumulation in
myocardium, as well as diastolic dysfunction (117). In a mouse
model of type 2 diabetic cardiomyopathy, CerS2- and CerS5-
derived ceramides, including VLC ceramides, led to increased
mitophagy and lipotoxic cardiomyocyte hypertrophy (56). In
rats, mitochondria from reperfused cardiac tissue contained
higher ceramide levels than controls did, specifically in the
detergent-resistant portion of the outer mitochondrial
membrane (118). This correlation was also found in human
subjects with CVD. Myocardial tissue from heart failure patients
revealed increased ceramide content as well as reduced PGC-1a
expression, which indicates impaired oxidative respiration in
mitochondria (113). Across species, from mice to rats to
humans, ceramides are strongly linked to CVD through
mitochondrial dysfunction.

Interestingly, specific diets may even play a role in ceramide-
induced mitochondrial function and cardiomyopathy. Mice that
developed diabetic cardiomyopathy due to HFD made from milk
fat, rather than from lard, had higher levels of C14 ceramide in
cardiac tissue. These mice on milk fat-based HFD also developed
cardiac dysfunction more quickly than mice on a lard-based
HFD. Treatment with myriocin reversed the previously
abnormal electrocardiogram parameters in mice fed a milk fat-
based HFD, and it also prevented development of left ventricular
and cardiomyocyte hypertrophy (119). Cumulatively, these
studies of animal models and patients strongly implicate
ceramides in the development and maintenance of CVD.
ADIPONECTIN AND CERAMIDES

Adiponectin is a prevalent adipokine that acts on many tissues
and organs, including the heart, liver, and kidney (120–122). Its
actions are correlated with better metabolic health, resulting in
improved insulin sensitivity, reduced inflammation, and
enhanced cell survival (122, 123). In congenitally leptin-
deficient ob/ob mice, which have severe diabetes and metabolic
dysfunction (124), adiponectin overexpression was able to
reverse their phenotype, restoring normal glucose and insulin
levels (125). This dramatic shift underscores the powerful,
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beneficial role of adiponectin in metabolic health. It has also been
shown to improve both alcoholic and non-alcoholic hepatic
steatosis (126). Adiponectin promotes expansion of adipose
tissue in a benign manner, retaining metabolic health by
preventing aberrant lipid accumulation, as occurs in the liver
in hepatic steatosis (125, 127, 128).

Ceramidase Activity of Adiponectin
Receptors
After the discovery of adiponectin, the most common
adiponectin receptors, AdipoR1 and AdipoR2, were cloned
(129). They were later classified as part of the progestin and
adiponectin receptor (PAQR) family (130). A fungal member of
the PAQR family, Izh2p, was found to be inhibited by drugs
affecting sphingolipid metabolism, including myriocin, which
inhibits SPT and D-erythro-MAPP, which inhibits ACER (131).
Later, discovery of the protein crystal structure and in vitro work
established that AdipoRs are seven-transmembrane receptors
with topology opposite that of GPCRs. These receptors have
basal ceramidase activity that is increased by adiponectin
binding. They have been shown to bind many anionic, but not
neutral, phospholipids and sphingolipids, including species such
as ceramide-1-phosphate and dihydroceramide-1-phosphate
(132). Moreover, AdipoR2 was purified bound to a molecule of
C18 free fatty acid, and a ceramide binding pose was identified by
computer simulations. Using fluorophore-labeled C18:0, it was
confirmed by fluorescence spectroscopy that ceramide binds
AdipoR2 (1, 133). Adiponectin receptors can hydrolyze short
ceramides and long ceramides, but C18:0 is hydrolyzed most
efficiently. Adiponectin binding increases the basal AdipoR2
ceramidase activity 20-fold as shown by ultra-performance
liquid chromatography mass spectrometry (UPLC-MS) (1).
While this enzymatic activity is slow, other work has shown
that intermembrane enzymes tend to be slower than their soluble
counterparts (134). Due to the ceramidase activity of its
receptors, adiponectin is hypothesized to have an important
role in ceramide metabolism.

Adiponectin receptors have long been a potential target for
amelioration of obesity-associated metabolic dysfunction (135),
and its intrinsic ceramidase activity makes it a pharmacologic
target for therapeutic lowering of ceramides as well. Kadowaki
and colleagues developed a candidate drug for this purpose: an
orally administered small-molecule agonist of adiponectin
receptors 1 and 2 called AdipoRon that binds to both
adiponectin receptors at low micromolar concentration (136).
This compound has been shown to activate the ceramidase
activity of adiponectin receptors, indicating its potential as a
ceramide-lowering compound (137, 138).

FGF21-Adiponectin-Ceramide Axis
Another protein, FGF21, has been implicated in the signaling of
adiponectin and ceramides. This protein is known to have
antidiabetic properties, as it causes weight loss and improved
insulin sensitivity (139). Our group, as well as Lin and colleagues,
found that adiponectin secretion in mice is increased by FGF21
(107, 140). We also found that increased FGF21, in mice and cell
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culture, lowered circulating ceramides, and that mice lacking
FGF21 have impaired adiponectin production and increased
circulating ceramides. Despite similar circulating FGF21 levels,
mice lacking adiponectin and leptin did not respond to FGF21 as
compared to ob/ob mice, which significantly lowered hepatic
ceramides in response to FGF21. Furthermore, ceramides were
increased in DIO mice (107). In another mouse model, an
adipocyte-specific knockout of a serine palmitoyl transferase
(SPT) subunit resulted in lower ceramide levels and increased
FGF21, consistent with this proposed axis (59). In yet another
model, depletion of ceramides from suppression of CerS1
globally and in skeletal muscle resulted in improved skeletal
muscle insulin sensitivity that was mediated through FGF21 (92).
CLINICAL EFFECTS OF CERAMIDE-
INDUCED DYSFUNCTION AND
ADIPONECTIN

Insulin Resistance
In female type 2 diabetic children and adolescents, as well as
healthy controls, plasma adiponectin and plasma ceramide levels
are inversely correlated. These obese diabetic patients had
increased levels of ceramide species, including C18:0, C20:0,
C22:0, and C24:1, as compared to their lean, non-diabetic
counterparts (141). These findings were replicated in adult obese
diabetic patients as compared to obese non-diabetic adult controls.
Controlling for obesity, diagnosis of type 2 diabetes correlated
with increased sphingolipids, dihydroceramides (total, dhC16:0,
and dhC24:0), and ceramides (total and C16:0) (59).
Dihydroceramides were elevated in patients up to nine years
prior to their diabetes diagnosis, demonstrating the value of
dihydroceramides as an early sign of metabolic dysfunction (142).

One study analyzed the metabolic health of women with
polycystic ovarian syndrome (PCOS), a common gynecological
condition linked to metabolic syndrome and insulin resistance
(143). In this study, women with PCOS had 25% reduced whole-
body insulin sensitivity and 40% lower circulating adiponectin
levels. Importantly, their skeletal muscle showed a 300% increase
in ceramide levels, further underlining the inverse relationship
between circulating adiponectin and ceramide levels (144).

Cardiovascular Disease
Numerous clinical studies have found correlation between
ceramides and CVD. The Dallas Heart Study found that in
plasma, adiponectin was inversely correlated with saturated
fatty acid chain ceramides only, not unsaturated species.
Furthermore, patients with unfavorable lipid profiles were
more likely to have short chain ceramides, both saturated and
monounsaturated. Importantly, total cholesterol and LDL, two
long-accepted metrics of cardiovascular and metabolic health,
were strongly positively correlated with increased circulating
ceramides (145). In fact, one study found that circulating
ceramides may be an early indicator of cardiovascular changes
in healthy adults of all ages, and that their plasma levels were
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inversely correlated with adiponectin levels (115). They are also
inversely correlated with the 6-minute walk test, a clinical
diagnostic criterion that correlates with aerobic capacity (146).
Another study showed that accumulation of ceramides led to
arteriolar dilation by inflammatory mediators, while
overexpression of ceramidase, exogenous adiponectin, or
exogenous sphingosine-1-phosphate (a byproduct of ceramide
degradation) led to healthy arteriolar dilation (147). This is
important because dysfunction in small vessels often causes or
contributes to chronic diseases and their complications,
including diabetes mellitus and coronary artery disease
(148–151).
PRECLINICAL STUDIES OF ADIPONECTIN
AND CERAMIDES

The clinical studies detailed above collectively show that adiponectin
and ceramides levels are negatively correlated, and they strongly
suggest a causative link between adiponectin signaling and ceramide
metabolism. However, they are unable to probe mechanisms more
directly. To this end, studies conducted in cell culture and animal
models provide greater insight into the relationship between
ceramides and this adipokine.

Adiponectin and Ceramides
This hypothesized relationship has been investigated with the use
of transgenic mice and cells (152). In DIO and ob/ob mice,
ceramides are elevated (107) and can be lowered by
administration of exogenous adiponectin (108). When
adiponectin was overexpressed in adipocytes of DIO mice, the
animals remained insulin sensitive with low plasma ceramide
levels, despite their increased adiposity. With this overexpression,
mice even remained euglycemic when pancreatic beta cells were
killed, impairing insulin secretion (108). Even indirect elevation of
circulating adiponectin led to increased sphingosine and
sphinganine in the liver, demonstrating increased ceramidase
activity (153). Conversely, elimination of adiponectin production
from adipocytes led to increased ceramide deposition in the liver
(108). Specifically, ceramide species C16:0, C18:0, C24:0, and C24:1
were elevated, while ceramide breakdown products sphingosine
and sphingosine-1-phosphate (S1P) were lowered (154). Blocking
ceramide production with SPT inhibitor myriocin in DIO mice led
to increased levels of circulating high molecular weight adiponectin
(59). This inverse relationship between adiponectin and ceramides
has also been shown in rats (155, 156) and dolphins.

Interestingly, a somewhat different relationship between
adiponectin and ceramides is seen in the skin. In these cells,
adiponectin plays a beneficial role, aiding in cell differentiation,
wound healing, and cell senescence (18, 157–159). Hong et al.
found that in response to adiponectin administration, ceramide
levels, as well as sphingosine and S1P levels, increased in human
epidermal keratinocytes. The authors hypothesized that
ceramide levels are elevated either because adiponectin
administration also led to increases in overall lipid synthesis
through activation of nuclear hormone receptors, or because of
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inhibition of catabolic action by other ceramidases, which was
not assessed (19).

Adiponectin Receptors and Ceramides
As previously mentioned, adiponectin receptors 1 and 2 are
thought to have ceramidase activity. AdipoR1 and AdipoR2
overexpression in adipocytes in gonadal, mesenteric, and
subcutaneous adipose tissue (gWAT, mWAT, and sWAT,
respectively) increased ceramidase activity (137). Conversely,
cultured cells lacking these receptors had impaired ceramidase
activity and increased lipid-induced cell death that could not be
rescued by adiponectin administration (108). When these
receptors are overexpressed in the liver, ceramidase activity
increases (108). This hepatic overexpression also leads to lower
ceramide species in mWAT and sWAT, indicating communication
between these organs (137). In contrast, in their absence, mouse
embryonic fibroblasts have impaired ceramidase activity (108). A
synthetic adiponectin receptor agonist was developed that can
stimulate AdipoR effects in the absence of adiponectin (136), and
its injection into wildtype mice showed a comparable increase in
ceramidase activity as compared to mice overexpressing AdipoR1
or AdipoR2 in hepatocytes (137).

Exogenous adiponectin administration is able to reverse the
diabetic phenotype of ob/ob mice (125). Furthermore, reduction of
ceramides has been shown to increase insulin sensitivity. However,
the question remained whether specifically the ceramidase action of
adiponectin receptors is required to improve insulin sensitivity in
leptin-deficient mice. Holland et al. found that overexpression of
AdipoR2, but not AC, was able to rescue glucose homeostasis in
leptin-deficient mice. Adiponectin receptors lower a larger variety of
ceramide species, including deoxyceramides, which are possibly
more cytotoxic because of the limited pathways for metabolizing
these alanine (rather than serine) derived sphingolipids, than does
AC (137).
LEPTIN AND CERAMIDES

Leptin is another major adipokine that plays a prominent role in
feeding and adipose homeostasis, as well as in reproduction,
maintenance of bone mass, immunity, etc. (160, 161). Its release
from adipose conveys a satiety signal to the hypothalamus,
leading to lower food intake (162). The diabetic phenotype of
ob/ob mice is ameliorated by administration of exogenous leptin.
However, mice lacking the leptin receptor, known as db/db mice,
do not respond to leptin as they cannot detect it (124, 163).

Leptin Resistance and Ceramides
Leptin resistance is most extreme in the db/db mouse, but in
mice and humans, it occurs in DIO as well (163–165).
Hyperleptinemia has been shown to be necessary for the
development of leptin resistance (166). These high levels of
leptin have been shown to increase expression of SOCS3 in the
hypothalamus, which blocks transduction of leptin signaling,
causing leptin resistance (167, 168). Recently, our group has
shown that reversing hyperleptinemia by reducing circulating
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leptin via genetic and pharmacological means restores
hypothalamic sensitivity to leptin, leading to reduced weight
gain and increased insulin sensitivity. This intervention leads to
increased expression of LepR and POMC in the hypothalamus
and subsequent improvement in metabolic phenotype (169,
170). Other research indicates that ceramide levels may play a
role in modulating leptin sensitivity as well.

Several studies have directly linked ceramides to leptin
resistance. One study showed that administration of myriocin,
an inhibitor of de novo ceramide synthesis, to obese mice (both
DIO and ob/ob) led to reduced levels of leptin expression in
epididymal fat. Myriocin treatment had no effect on SOCS3
expression in leptin-deficient ob/ob mice, but it decreased
SOCS3 expression in DIO mice. Together, these results indicate
that lowering ceramide levels increases leptin sensitivity and that
this increased sensitivity cannot occur in the absence of leptin
signaling. Furthermore, administration of ceramides to 3T3-L1
adipocytes led to increased SOCS3 expression, further indicating
that elevated ceramides induce leptin resistance (60). A recent
study replicated this in rats, showing that administration of
ceramides induced leptin resistance. Conversely, downregulation
of acid sphingomyelinase, which produces ceramide, ameliorated
leptin resistance in rats, as indicated by increased expression of
leptin receptor and decreased expression of SOCS3 (171).

Peripheral Effects of Leptin and
Ceramides
Several studies indicate that leptin can reduce ceramide levels, but
its ability to do so may depend on leptin sensitivity. One study in
Sprague-Dawley rats found that exercise-induced lowering of
muscle ceramide content, which was initially elevated from
HFD, precede any improvement in leptin or insulin sensitivity
in skeletal muscle (172). From these data, the authors hypothesize
that ceramides may be an important determinant of insulin
sensitivity, and the same conclusion could be made regarding
ceramides’ impact on leptin sensitivity as well. In another rat
model, Wistar rats, leptin caused decreased total ceramide levels in
gWAT, as well as decreased expression of genes encoding several
ceramide synthesis enzymes, including SPT, LASS2, LASS4,
SMPD1, and SMPD2 (173). In Zucker diabetic fatty (ZDF) rats,
which have hyperleptinemia and leptin resistance, administration
of leptin failed to block upregulation of SPT, resulting in increased
ceramide content. However, with increased leptin sensitivity
(conferred by delivery of leptin receptor cDNA to islet cells),
leptin was able to block SPT mRNA expression (174). This
indicates a relationship between leptin and ceramides that is
dependent upon leptin sensitivity.

Just as leptin has been shown to reduce ceramides, some
studies show that ceramides have a similar, reciprocal regulatory
effect on leptin. Treatment of 3T3-L1 pre-adipocytes with
ceramide-1-phosphate decreases leptin secretion (175). In DIO
mice, which have hyperleptinemia and resultant leptin
resistance, treatment with myriocin lead to lower circulating
ceramides and decreased gene expression of leptin and SOCS3 in
gWAT (60). Reduction of leptin levels has been shown to
increase leptin sensitivity, and SOCS3 is known mediator of
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leptin resistance (167–169, 176). Therefore, reduced expression
of leptin and SOCS3 secondary to ceramide reduction may
enable increased leptin sensitivity.

However, the relationship between ceramides and leptin is
still not entirely clear, as some studies have shown contradictory
data. In both the DIO and ob/ob mouse models of obesity, which
have high and nonexistent circulating levels of leptin respectively,
total plasma and hepatic ceramide levels are increased (108, 177).
These studies indicate that regardless of leptin levels, ceramides
are increased in models of obesity and diabetes. In gonadal white
adipose (gWAT) of leptin-deficient ob/ob mice, while C14
ceramide was increased, total ceramide levels as well as those
of C18:1, C24:0, and C24:1 were decreased, showing that
ceramides do not respond uniformly to the absence of leptin
(177). In adipocytes, knocking out a subunit of SPT (leading to
lowered adipose and circulating ceramides), led to lower levels of
circulating leptin (59). Therefore, further research is necessary to
clarify the relationship between leptin and ceramides, in states of
both leptin sensitivity and leptin resistance.

Cardiovascular Effects of Leptin and
Ceramides
Ceramide accumulation and leptin resistance can induce
dysfunction in cardiovascular tissue as well. Leptin levels
correlate with cardiovascular dysfunction in male patients,
independent of degree of obesity and hypertension (178). One
possible explanation of this correlation is demonstrated by one
study, which showed that cardiac contractile dysfunction was
exacerbated by accumulation of ceramides in cardiac muscle,
which potentiated the contractile effects of leptin (179). Another
study showed that decreasing ceramides in rat aortic endothelial
cells, through downregulation of acid sphingomyelinase, improved
leptin sensitivity (171). These studies suggest that ceramides
contribute to leptin resistance in cardiovascular tissues.

Central Effects of Leptin and Ceramides
Recent studies have shown that ceramide effects in the
hypothalamus contribute to leptin resistance. It has been shown
that palmitate, a lipid long known to cross the blood-brain barrier
(180) and also induce inflammation (181) does so in the
hypothalamus partially through ceramide synthesis (182). Mice
subjected to intravenous emulsions of saturated fatty acids had
ceramides accumulate in the hypothalamus, indicating a
hypothalamic role for ceramide detection and regulation (108).
Infusion of a ceramide analog directly into the hypothalamic arcuate
nucleus, a brain region that regulates many neuroendocrine
functions including feeding (183), of Sprague-Dawley rats
suppressed leptin-induced anorectic effects, indicating an inverse
relationship between ceramide levels and leptin sensitivity.
Physiologic data supports this relationship as well, as fasting
(a state of low leptin) increases ceramides, and refeeding
(high leptin) decreases ceramides in the arcuate nucleus (2).
Conversely, lowering hypothalamic ceramide levels through
administration of myriocin increased leptin-induced anorectic
effects. In the arcuate nucleus, mRNA expression of SPT, the
enzyme driving de novo ceramide synthesis, was comparable to
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expression of AgRP and POMC, which are both crucial to the
arcuate’s role in food intake (2). Such significant levels of expression
of a key ceramide synthesis enzyme points to an important role for
ceramides in this region.

Gao et al. propose that mechanistically, leptin reduces ceramide
content through modulation of malonyl-CoA and carnitine
palmitoyltransferase 1c (CPT-1c). They hypothesize that leptin
induces its anorectic effects in part by increasing malonyl-CoA,
which in turn inhibits CPT-1c, leading to decreased de novo
ceramide synthesis. CPT-1c may act as a transporter of palmitoyl-
CoA into the ER, enabling its use as a substrate for ceramide
synthesis. Therefore, inhibition of CPT-1c through leptin-induced
increases in malonyl-CoA would in turn lower ceramide levels (2).
This group found further evidence of ceramide regulation by CPT-
1c in hippocampal dendrites, bolstering evidence for this
relationship between CPT-1c and ceramides (184).

Another study found that in Zucker rats, a strain known to
have leptin resistance, an accumulation of ceramides in the
mediobasal hypothalamus led to ER stress and lipotoxicity
(185). ER stress has previously been shown to cause leptin
resistance (3–5). The authors postulated that ceramides induce
ER stress through prevention of proper protein folding. Relief of
this ceramide-induced ER stress led to subsequent leptin
sensitization, indicating bidirectional control of leptin sensitivity
by ceramides (6). However, another study found that central
administration of leptin caused decreased ceramide levels in the
plasma membrane and Golgi, but not the ER of Wistar rat eWAT
(173). Therefore, it is unclear whether ER stress is the true
mediator of ceramides’ effect on leptin sensitivity.
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SUMMARY AND FUTURE DIRECTIONS

Over the past few decades, studies have begun to show the
significant impact of ceramides and adipokines on metabolic
health, particularly in diabetes and CVD. Higher levels of
ceramides correlate with low levels of adiponectin as well as
with leptin and insulin resistance, indicating that these
sphingolipids contribute to dysfunction in cardiovascular,
hepatic, and adipose tissue. Cumulatively, these studies suggest
that monitoring ceramide levels could allow better assessment of
cardiovascular and metabolic disease progression and/or
severity, and that ceramides are a possible target for future
therapeutic intervention in cardiometabolic pathologies.
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1. Vasiliauskaité-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. doi: 10.1038/
nature21714

2. Gao S, Zhu G, Gao X, Wu D, Carrasco P, Casals N, et al. Important roles of
brain-specific carnitine palmitoyltransferase and ceramide metabolism in
leptin hypothalamic control of feeding. Proc Natl Acad Sci USA (2011) 108
(23):9691–6. doi: 10.1073/pnas.1103267108

3. Hosoi T, Sasaki M, Miyahara T, Hashimoto C, Matsuo S, Yoshii M, et al.
Endoplasmic reticulum stress induces leptin resistance. Mol Pharmacol
(2008) 74(6):1610–9. doi: 10.1124/mol.108.050070

4. Ozcan L, Ergin AS, Lu A, Chung J, Sarkar S, Nie D, et al. Endoplasmic
Reticulum Stress Plays a Central Role in Development of Leptin Resistance.
Cell Metab (2009) 9(1):35–51. doi: 10.1016/j.cmet.2008.12.004

5. Won JC, Jang P-G, Namkoong C, Koh EH, Kim SK, Park J-Y, et al. Central
Administration of an Endoplasmic Reticulum Stress Inducer Inhibits the
Anorexigenic Effects of Leptin and Insulin. Obesity (2009) 17(10):1861–5.
doi: 10.1038/oby.2009.194
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Ceramide levels regulated by carnitine palmitoyltransferase 1C control
dendritic spine maturation and cognition. J Biol Chem (2012) 287
(25):21224–32. doi: 10.1074/jbc.M111.337493
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