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SUMMARY

The bioactive sphingolipid metabolites ceramide and sphingosine-1-phosphate (S1P) are a recent
addition to the lipids accumulated in obesity and have emerged as important molecular players in
metabolic diseases. Here we summarize evidence that dysregulation of sphingolipid metabolism
correlates with pathogenesis of metabolic diseases in humans. This review discusses the current
understanding of how ceramide regulates signaling and metabolic pathways to exacerbate
metabolic diseases and the Janus faces for its further metabolite S1P, the kinases that produce it,
and the multifaceted and at times opposing actions of S1P receptors in various tissues. Gaps and
limitations in current knowledge are highlighted together with the need to further decipher the full
array of their actions in tissue dysfunction underlying metabolic pathologies, pointing out
prospects to move this young field of research toward the development of effective therapeutics.

Abstract

Sphingolipid metabolites, particularly ceramide and sphingosine-1-phosphate, have emerged as
important mediators in the development of metabolic diseases. In this review, Green et al. discuss
the multifacted, tissue-specific roles of these sphingolipid metabolites and how their dysregulation
contributes to the pathogenesis of metabolic diseases.

INTRODUCTION

Obesity is one of the most threatening health scourges of our time, increasing the risk of
numerous diseases and complicating many others. There are currently nearly 1000 FDA
registered clinical trials investigating pharmacological, surgical, and / or behavioral
interventions for obesity and its complications. Writers from antiquity viewed obesity as an
undesirable condition, and its association with disease has long been recognized. It is
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remarkable that despite tremendous research effort, the physiologic and molecular
mechanisms by which excess adiposity promotes disease remain murky. Obesity increases
the risk for development of numerous metabolic diseases, including type 2 diabetes (T2D),
liver disease, and cardiovascular diseases (CVD). We urgently need a better understanding
of the physiological and molecular mechanisms linking obesity to metabolic imbalance, and
thus, to metabolic diseases and their consequences. This is undoubtedly a multi-factorial
process involving myriad endogenous and exogenous factors, and the complex interplay
between many tissues including adipose, skeletal muscle, liver, pancreas, vasculature, and
others. Research over the past decade has shed light on roles for alterations in lipid
metabolism and, more recently, bioactive sphingolipids, in linking obesity to the
development of metabolic diseases. In this review, we discuss the roles of the bioactive
sphingolipid metabolites ceramide and sphingosine-1-phosphate (S1P) in metabolic
regulation of the pathological sequelae of obesity. The advent of new technologies to
measure these sphingolipid metabolites in cells and tissues has revealed significant
alterations that correlate with pathological conditions. We also highlight new mechanistic
insights gained from /n vivo studies on modulation of the synthesis and degradation of
ceramide and S1P that begin to define them as important mediators in metabolic diseases.

BASICS OF SPHINGOLIPID METABOLISM

Sphingolipids are ubiquitous and essential components of all eukaryotic membranes
(Hannun and Obeid, 2018). Their biosynthesis at the endoplasmic reticulum begins with
condensation of an amino acid, most commonly serine, with fatty acids, typically palmitate,
activated by reaction with CoA (fatty acyl-CoA), and catalyzed by serine palmitoy!l
transferase (SPT), an enzyme complex composed of two large subunits, encoded by Spt/c1
and either Spt/c2 or -3, and a small regulatory subunit (Figure 1). A family of 3 ORMDL
proteins sense ceramide levels and feed-back inhibit SPT to regulate nutrients entering the
sphingolipid pool. The transient intermediate, 3-ketodihydrosphingosine, is rapidly reduced
to dihydrosphingosine that is then N-acylated by one of six ceramide synthases (CerS1-6)
with a saturated or monounsaturated fatty acid of 14-26 carbons, forming dihydroceramides.
Dihydroceramide desaturase (DES1) then introduces a 4-5 trans double bond to yield
ceramide, a bioactive metabolic signaling lipid that accumulates in obesity (Chaurasia et al.,
2019). Ceramide is the central component of all complex sphingolipids including
sphingomyelin and glycosphingolipids, which are generated in the Golgi. Internalized
membrane complex sphingolipids reach the lysosomal compartment, where they are
sequentially degraded by acidic hydrolases to ceramide and then by ceramidase to
sphingosine. Sphingosine can be recycled in the salvage pathway to ceramide or
phosphorylated by sphingosine kinases (SphK1 and SphK2) to form sphingosine-1-
phosphate (S1P). S1P can then be irreversibly cleaved by ER-localized S1P lyase (SGPL1)
in the only exit pathway for total sphingolipid degradation, or dephosphorylated by S1P
phosphatases for further reutilization of sphingosine to ceramide. S1P can also be exported
out of cells by specific transporters to activate five specific G protein-coupled receptors
(GPCRs), termed S1PR1-5, that mediate many of its known functions (Spiegel and Milstien,
2011). Note that generation of sphingosine occurs only through the degradation of ceramide,
which has important ramifications as, similar to ceramide, sphingosine and S1P are potent
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signaling molecules in their own right. Indeed, as described below, ceramide and S1P
predominantly have opposing effects, making the ratio of these two molecules crucial to
understanding their pathological roles, and making the enzymes that interconvert these two
molecules critical for the regulation of cell fate. Moreover, many diseases including obesity
and T2D perturb biosynthesis and tissue levels of both ceramides and S1P, and these
sphingolipids play multiple roles in the context of various metabolic diseases.

LIPOTOXICITY AS A LINK BETWEEN OBESITY AND DISEASE

A combination of events can arise in obesity leading to metabolic syndrome, T2D and other
pathological conditions, including chronic inflammation, lipotoxicity, endocrine
perturbation, and modifications to gut microbiota. How obesity precipitates these, however,
is not completely understood.

A role for adipose tissue expansion has emerged as a process critical to metabolic
homeostasis (Kusminski et al., 2016). However, the capacity for adipocyte lipid storage is
not infinite, and therefore excess energy consumption can push adipocytes beyond their
potential for lipid storage. This can instigate inflammation, hypoxia, and fibrosis, processes
that derail critical endocrine and lipolytic functions of adipose tissue (Crewe et al., 2017).
Thus, dysfunction of adipose tissue in obese humans is associated with increased risk for
diseases, such as T2D, dyslipidemia, nonalcoholic fatty liver disease (NAFLD),
hypertension, and CVD (Kusminski et al., 2016). However, pathways driving healthy vs.
unhealthy adipose tissue expansion remain to be unequivocally identified.

As the primary function of insulin in adipocytes is to suppress lipolysis, insulin resistant
adipocytes continually release free or non-esterified fatty acids (FFA) into the circulation,
where they in turn overwhelm muscle, liver, heart, and other peripheral organs and tissues.
However, viewing obesity as a direct cause of insulin resistance via increased circulating
FFA may be an oversimplification. Nevertheless, T2D patients indisputably display
continually elevated FFA. Additionally, T2D gives rise to numerous disruptions in lipid and
lipoprotein handling including the elevation of circulating triacylglycerols, leading to
oversupply of FFA in organs expressing endothelial lipoprotein lipase, including heart and
skeletal muscle (Wang et al., 2017b). The surfeit of FFA increases mitochondrial $-oxidation
and subsequent oxidative stress and increases storage as triacylglycerols in lipid droplets.
Moreover, increased mitochondrial damage may reduce the capacity to clear FFA via p-
oxidation, leading to a vicious cycle of intracellular lipid accumulation. Lipotoxicity may
also arise from cell-autonomous perturbances to FFA metabolism. For example, in certain
pathophysiological conditions, e.g. hypoxia, FFA oxidation is also attenuated, shunting FFA
into the aberrant production of lipid mediators including ceramides and diacylcglycerols
(Petersen and Shulman, 2017). These deleterious lipid metabolites regulate intracellular
pathways that impact insulin action, inflammation and metabolism. Palmitate, the most
abundant circulating saturated fatty acid in humans, increases production of ceramide as it is
a substrate for both SPT and CerS (Figure 1), and upregulates transcription of important
sphingolipid biosynthetic enzymes including DES1 (Hu et al., 2011) and SphK1 (Ross et al.,
2013). Because of the abundant changes that occur in metabolic diseases, it is unlikely that
the mechanisms by which sphingolipid metabolism is perturbed arise merely directly from
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fatty acid oversupply; oxidative stress, inflammatory signaling, endocrine signaling,
dysbiosis, and other routes likely contribute in ways yet to be discovered.

ELEVATED CERAMIDES AS A CAUSE OF METABOLIC DISEASES?

Increased ceramide correlates with pathogenesis of metabolic diseases

Profiling studies in high fat-fed mice, ob/ob mice, and lipid-infused rats, as well as in other
animal models of metabolic syndrome support a correlation between increased ceramide and
obesity and/or insulin resistance (Frangioudakis et al., 2010; Holland et al., 2007). Unbiased
analyses of large metabolomics and lipidomics data sets from patients have also indicated
associations between serum and tissue levels of ceramides and/or dihydroceramides and
comorbidities of obesity, steatosis, T2D, non-alcoholic steatohepatitis (NASH), and major
adverse cardiac events (Anroedh et al., 2018; Havulinna et al., 2016; Lemaitre et al., 2018;
Luukkonen et al., 2016; Wigger et al., 2017). The importance of ceramide in human skeletal
muscle was initially controversial due to conflicting reports on whether obesity and/or T2D
increase intramuscular ceramides, and whether interventions that improve insulin sensitivity
(e.g., diet-induced weight loss, exercise, etc.) also lower ceramides (Petersen and Jurczak,
2016; Skovbro et al., 2008). However, recent evidence points to subcellular localization
and/or specific pools of distinct species of ceramide, rather than their total mass per se, in
disease processes. For example, ceramides in the mitochondria, ER, and nucleus were
inversely correlated with insulin signaling while lipids in the cytosolic fraction showed no
relationship (Perreault et al., 2018). Moreover, mass spectrometry technological advances
since the 1990s have enabled a more complex view of ceramide as not one bulk substance
but rather a family of chemically and biologically distinct ceramide species. Particular
insight has been gained from comparison and contrast of long chain (C16—-C20) vs. very
long chain (C22-26) ceramides, which are produced by acyl chain-specific ceramide
synthases, CerS1-6. The ceramides that most tightly correlate with insulin resistance and
hepatic steatosis are long chain species, C16:0 or C18:0 ceramides produced predominantly
by CerS6 in adipose and liver tissue (Turpin et al., 2014) and CerS1 in muscle (Bergman et
al., 2016). Therefore, some of the conflicting conclusions might be resolved by taking into
account subcellular localization and/or specific ceramide species. Together, these studies
make a strong case that long chain vs. very long chain ceramides serve distinct functions;
however, it is also possible that characteristics of CerS beyond their catalytic output, such as
subcellular localization, induction under high fat feeding, etc., may also contribute to the
different biological effects observed.

Intriguingly, circulating C16, C18, and C24:1 ceramides are not only associated with heart
failure, but are also predictive of major adverse cardiac events (Havulinna et al., 2016; Wang
et al., 2017a). Patients with heart failure with preserved ejection fraction, a condition
strongly correlated with diabetes, demonstrated specific elevations in circulating C16:0
ceramide (Javaheri et al., 2020). Moreover, the ratio of C16:0/C24:0 ceramides in circulation
from the Framingham Heart study was predictive of heart failure (Nwabuo et al., 2019). This
ceramide ratio also provides predictive information about CVD and mortality in the general
population years prior to the onset of disease and may reflect sphingolipid remodeling in
cardiac tissues (Peterson et al., 2018). Diastolic relaxation in T2D patients treated with
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fenofibrate also correlated with this ratio (Peterson et al., 2020). The connection between
plasma ceramides and metabolic dysfunction and associated underlying CVD suggests that
ceramide could be a useful diagnostic biomarker of adverse cardiac incident risks
(Havulinna et al., 2016). These studies also suggest that specific ceramide species likely
regulate distinct (patho)physiological processes. Interventions that decrease the C16:0/C24:0
ceramide ratio might lead to better disease outcomes.

In addition to serving as biomarkers, experimental evidence suggests that specific ceramides
also play mechanistic roles in heart pathophysiology in diabetes, including diabetic
cardiomyopathy. Studies in both genetic and diet-based mouse models of liptoxic
cardiomyopathy have shown that inhibiting sphingolipid biosynthesis, either genetically
and/or pharmacologically, attenuates cardiac hypertrophy and loss of function (Park et al.,
2008; Russo et al., 2012). Moreover, altering sphingolipid metabolism by overexpression of
acid ceramidase attenuated cell death and inflammatory response after myocardial infarction
(Hadas et al., 2020). Further mechanistic work suggested that distinct CerS isoforms
mediated distinct outcomes, with macroautophagy stimulated by CerS5, and mitochondrial
damage caused by upregulation of CerS2 (Law et al., 2018). Translational significance of
these studies in cell culture and animal models gain support from human studies
demonstrating altered regulation of SPT subunits and CerS, coupled to concomitant
alterations in ceramide in humans with heart failure (Ji et al., 2017). This is further
supported by studies showing that these changes are reversed upon unloading in patients
after placement of a left-ventricular assist device (Chokshi et al., 2012). The reader is also
referred to excellent recent reviews on the contribution of sphingolipid metabolites to CVD
associated with obesity (Kovilakath et al., 2020; Summers, 2018).

While the roles of ceramides in promoting metabolic disease have been a major focus,
evidence also exists for beneficial effects of specific ceramide species. In models of type 1
diabetes and HFD-induced obesity, C24:1 ceramide is reduced in liver, heart, and plasma
(Keppley et al., 2020). Restoration of liver C24:1 ceramide, by dietary supplementation
reduced body weight, improved glucose tolerance and insulin sensitivity, and increased FA
oxidation in HFD fed mice (Keppley et al., 2020). Similarly, elevating liver C18:1 ceramide
in mice fed a western diet by deletion of alkaline ceramidase 3 (Acer3), which is up-
regulated in NASH, decreased the severity of NASH by reducing oxidative stress (Wang et
al., 2020). Together, these findings emphasize the necessity to consider changes in specific
ceramide species, ceramide backbones, and ceramide metabolites, and their subcellular
localizations in the context of metabolic dysfunction.

Mass spectrometry approaches have also been used to examine changes in S1P in metabolic
diseases. Elevations in plasma S1P are a feature of both human and rodent obesity and
correlate with metabolic abnormalities such as adiposity and insulin resistance (Geng et al.,
2015; Kowalski et al., 2013). However, it was reported that plasma S1P and ApoM, a minor
HDL apolipoprotein and carrier for S1P, are inversely associated with mortality in African
Americans with T2D who are at higher risk for CVD (Liu et al., 2019). Thus, it is not
surprising that an accumulating body of evidence is emerging implicating disrupted
bioactive sphingolipid signaling as both an underlying cause and a link between metabolic
disease and its pathological sequelae.
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Regulation of ceramide levels in metabolic diseases

Although initially increased supplies of the substrates palmitate and serine were assumed to
be the major cause of increased ceramide in obesity, it has become apparent that many other
factors including inflammation, oxidative stress, hormonal cues and the microbiome
influence ceramide synthesis and degradation in metabolic disorders. This topic will only be
briefly discussed as it has been reviewed recently (Summers et al., 2019). Saturated fatty
acids stimulate toll-like receptor 4 (TLR4) signaling leading to transcriptional activation of
ceramide biosynthetic genes, including Spt/c2and specific CerSisoforms in a NF-xB-
dependent manner (Holland et al., 2011a; Hu et al., 2009; Hu et al., 2011) (Figure 2).
Activation of intestinal hypoxia-inducible factor 2a (HIF-2a) during obesity contributes to
hepatic steatosis by increasing ceramide levels mainly due to degradation of complex
sphingolipids in the salvage pathway (Xie et al., 2017). In obese mice, a bile acid agonist
produced in the liver stimulates the farnesoid X receptor (FXR) in the ileum, resulting in
increased production of ceramides (Jiang et al., 2015a). Moreover, administration of a bile
acid that is not hydrolyzed by gut bacterial bile salt hydrolase and is an intestine-selective
FXR inhibitor reduced biosynthesis of ceramides resulting in decreased steatosis and
increased adipose beiging (Jiang et al., 2015b) (Figure 2). While gut microbiota composition
is altered in obese patients and affects the pathophysiology of obesity (Ley et al., 2006), few
studies have characterized the effects of bacteria-derived sphingolipids on metabolic disease.
Early studies reported that sphingomyelin and other sphingolipids are effectively digested in
the intestine (Schmelz et al., 1994). However, sphingolipids can also be generated by
Bacteroides, the gut commensal bacteria that have SPT allowing them to produce odd-chain
length sphingoid bases that can affect inflammation in the colon (An et al., 2014).
Furthermore, sphingolipids produced by gut bacteria enter host sphingolipid metabolic
pathways increasing hepatic ceramide levels that influence insulin resistance (Johnson et al.,
2020). Nevertheless, how specific bacteria-derived sphingolipid species effect whole body
metabolism remains unclear.

Levels of sphingolipid metabolites can also be regulated by the insulin-sensitizing and
cardioprotective adipokine, adiponectin. Stimulation of the adiponectin receptors AdipoR1
or AdipoR2 /n vivo decreased liver ceramides by enhancing their intrinsic ceramidase
activity that was suggested to contribute to the anti-diabetic action of adiponectin (Holland
et al., 2011b; Holland et al., 2017). Based on crystal structures (Tanabe et al., 2020;
Vasiliauskaite-Brooks et al., 2017), there is still debate on whether adiponectin receptors are
bona fide ceramidases and further studies are required to fully characterize their hydrolase
activities and substrate specificities. Moreover, ceramidase activity not only degrades
ceramide but also generates sphingosine that can be converted to pro-survival S1P, known to
prevent apoptosis of pancreatic -cells and cardiomyocytes and to exert an anti-diabetic
effect. 1t will be important to test whether any ceramidase-dependent actions of the
adiponectin receptor also require SphKs and/or S1PRs signaling, a possibility previously
suggested (Holland et al., 2011b), but not yet rigorously tested.

Intervening in ceramide biosynthesis

Glucose homeostasis is regulated primarily through insulin action and is the net result of
complex interplay between pancreas, the producer of insulin, liver, the main producer of
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glucose through gluconeogenesis, adipose tissue, the major supplier of fatty acids to liver,
and skeletal muscle, the major depot for final glucose disposal. Ceramide accumulation in
these tissues has been implicated in the impairment of many metabolic processes that
underlie T2D and diabetic complications (Figure 2). Ceramide accumulation contributes to
pancreatic p-cell apoptosis and decline of their functions. C16:0 ceramide in liver reduces
glucose metabolism and insulin sensitivity and promotes hepatic steatosis (Turpin et al.,
2014). Its excessive accumulation induces adipose tissue lipid storage, inflammation, and
reduced thermogenesis capacity, leading to dysfunction that underlies lipotoxic
cardiomyopathy (Law et al., 2018; Park et al., 2008). In skeletal muscle, accumulation of
C18:0 ceramide contributes to the development of obesity-associated insulin resistance
(Turpin-Nolan et al., 2019).

Numerous studies have shown that pharmacological reduction of elevated ceramides
suppresses or even prevents progression of metabolic diseases in rodents (Chaurasia and
Summers, 2020). The potent SPT inhibitor myriocin that has frequently been used to block
de novo ceramide synthesis was shown to improve insulin resistance and hepatic steatosis,
and to protect from atherosclerosis and cardiomyopathy in several animal models
(Frangioudakis et al., 2010; Holland et al., 2007). Indeed, in diet-induced obese mice
adipocyte-specific ablation of Spt/c2, one of the subunits of SPT, reduced adipose ceramide
levels and fat mass, while increasing adipose browning, mitochondrial activity, and insulin
sensitivity (Chaurasia et al., 2016). However, others reported that deletion of either Spt/c or
Sptlc2in adipose tissue impaired adipose differentiation and elicited a lipodystrophic
phenotype (Alexaki et al., 2017; Lee et al., 2017). Other approaches are needed to determine
whether the discrepancy could be due to different roles of ceramide in pre-adipocytes and
mature adipocytes as the CRE-recombinase expression in the deletion strains showed
developmentally distinct patterns of expression (Chaurasia et al., 2020).

Fenretinide, an inhibitor of desaturase 1 (DES1), which converts dihydroceramides to
ceramides (Figure 1), resolved insulin resistance and hepatic steatosis (Bikman et al., 2012).
Although Des1 homozygous knockout mice are not viable, the heterozygous knockout
reduced ceramide levels in multiple tissues and improved insulin sensitivity (Holland et al.,
2007). The lethality of DesZ homozygous deletion was recently overcome by generation of
inducible DesI knockout mice (Chaurasia et al., 2019). Global as well as liver and adipose-
specific Des? deletion in adult mice protected from obesogenic diet-induced hepatic
steatosis and insulin resistance (Chaurasia et al., 2019). Taken together these studies
demonstrate that elevated de novo ceramide synthesis is a key event in the development of
metabolic disease and significant protection is achieved by inhibition of its generation. This
provides compelling evidence for the development of potent pharmacological inhibitors of
key enzymes in de novo sphingolipid biosynthesis.

On the other hand, elevation of dihydroceramides by depletion or inhibition of DES1 may
also contribute to the metabolic benefits observed. While dihydroceramides have previously
been considered merely biologically inert ceramide precursors, more recent studies reveal
that, among other activities, dihydroceramides promote autophagy (Young and Wang, 2018),
a process that is emerging as largely beneficial in the context of metabolic disease.
Moreover, only ceramides, but not dihydroceramides, induce apoptosis and insulin

Cell Metab. Author manuscript; available in PMC 2022 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Green et al. Page 8

resistance (Chaurasia and Summers, 2015). Furthermore, dihydroceramide-related
metabolites including dihydrosphingosine and its phosphorylated derivative
dihydrosphingosine-1-phosphate have also been shown to have distinct biological activities.
Though these metabolites have not historically gained much research attention, the striking
phenotype of DES1-deficient mice may warrant such studies.

MECHANISMS LINKING CERAMIDES TO THE DEVELOPMENT OF
METABOLIC DISEASES

Although abundant evidence links ceramide elevation to development of metabolic diseases,
the mechanisms involved remain understudied. It is now well accepted that in most types of
tissue, ceramide induces insulin resistance due to suppression of insulin-stimulated AKT, a
key serine/threonine kinase that regulates gluconeogenesis in the liver and glucose uptake in
adipose and muscle tissue (Chavez et al., 2003; Holland et al., 2007) (Figure 3A-C). Many
detailed mechanistic studies that followed found that inhibition of AKT by ceramide is due
to activation of two independent effectors, protein phosphatase 2A (PP2A) and protein
kinase C( (PKCC(). Activation of PP2A causes dephosphorylation at T308 that inactivates
AKT (Stratford et al., 2004). Interestingly, ceramide only activates atypical PKC isoforms
such as PKC( that lack the calcium-sensitive C2 domain and contain a C1 domain that binds
phosphatidylinositol-3,4,5-triphosphates (PIP3) and ceramides (Hannun and Obeid, 2008).
PKCC activated by ceramide phosphorylates threonine 34 in the PH domain of AKT,
preventing PIP3 binding and inhibiting AKT translocation and subsequent activation in
response to insulin (Powell et al., 2003; Stratford et al., 2004). In liver, PKC( also likely
mediates the effect of ceramide on expression of both sterol regulatory element binding
transcription factor 1c (Srebplc) (Jiang et al., 2015a), a key regulator of triglycerides, and
the fatty acid translocase CD36 that facilitates uptake of fatty acids and enhances their
esterification (Chaurasia et al., 2019; Xia et al., 2015). In addition, PP2A also inhibits
hormone-sensitive lipase (HSL), slowing lipolysis in adipose tissue (Chaurasia et al., 2019)
(Figure 3B). A recent study provided direct evidence that hepatic C16:0 ceramide
specifically formed by CerS6, but not by CerS5, binds to mitochondrial fission factor (MFF)
to promote mitochondrial fission, causing impairment of mitochondrial function and insulin
resistance in obesity (Hammerschmidt et al., 2019). C16:0 ceramide may also directly
inhibit Complex 11 and 1V activity of mitochondrial electron transport (Zigdon et al., 2013)
by yet unknown mechanisms thereby suppressing p-oxidation in liver and adipose tissue and
increasing accumulation of excessive triglycerides in lipid droplets (Raichur et al., 2014;
Turpin et al., 2014) (Figure 3B).

The most well studied genetic risk factor for the development of NAFLD is a mutant variant
of the patatin-like phospholipase domain-containing 3 (PNPLA31148M) (Romeo et al.,
2008). Interestingly, a recent study demonstrated that overexpression of this mutant
promotes NASH by metabolic reprogramming, causing increased triglycerides and
ceramides. It was suggested that ceramide activates STAT3 in hepatocytes and consequent
downstream inflammatory pathways drive stellate cell fibrogenic activity (Banini et al.,
2020). However, hepatic stellate cells express higher levels of PNPLA3 than hepatocytes
(Bruschi et al., 2017) and the clinical significance of its overexpression is not clear.
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Recently it was shown that ceramides interact directly and specifically with the voltage-
dependent anion channel VDAC2, a mitochondrial platform for BAX/BAK translocation and
an effector of ceramide-mediated apoptosis (Dadsena et al., 2019). However, it is still not
known whether this mechanism contributes to apoptosis of pancreatic p-cells (Shimabukuro
et al., 1998) or cardiomyocytes (Law et al., 2018) that underlie diabetes and
cardiomyopathy, respectively.

Inducible overexpression of adiponectin receptors to enhance ceramidase activity (Holland
etal., 2017) as well as adipose-specific overexpression of acid ceramidase that reduced
ceramide-activated PKCC, increased adipose glucose uptake while also reducing hepatic
steatosis (Xia et al., 2015). This emphasizes the importance of cross-talk between liver and
adipose sphingolipids to regulate systemic glucose metabolism. Aberrant ceramide
accumulation in adipocytes induced SOCS-3 and inhibited UCP3 expression suggesting a
role for ceramide in weight gain, energy expenditure and thermogenesis (Yang et al., 2009).
Indeed, cold or B-adrenergic agonists reduced adipose ceramides whereas adipocyte-specific
inhibition of ceramide synthesis induced adipose beiging by enhancing expression of the
uncoupling protein UCP1 and the transcriptional co-activator PGC-1a (Chaurasia et al.,
2016). Conversely, ceramide treatment of adipocytes suppressed mitochondrial respiration
and expression of several genes important for browning including UcpI and Ppargcla,
thereby impairing beige fat thermogenesis (Jiang et al., 2015b).

In muscle, overexpression of the ceramide transporter (CERT) that diverts ceramides from
the ER to the Golgi for synthesis of sphingomyelin improved insulin sensitivity in mice by
enhancing insulin-mediated activation of AKT, glycogen synthase kinase 3 beta (GSK3p),
and extracellular signal-regulated kinases (ERK1/2) (Bandet et al., 2018). Intriguingly,
CerS1 and its product C18:0 ceramide are increased in skeletal muscle of obese mice.
Furthermore, muscle-specific CerS1 deletion, but not deficiency of C16:0 ceramide-
producing CerS5 and CerS6, improved glucose tolerance likely by increasing expression of
Fgf21 that acts as an insulin sensitizer to overcome peripheral insulin resistance (Turpin-
Nolan et al., 2019) (Figure 3C). However, although a selective CerS1 inhibitor enhanced fat
oxidation in muscle, it did not improve insulin sensitivity (Turner et al., 2018). Further
studies are needed to better understand the different effects between genetic inactivation of
Cersl compared to its pharmacological inhibition.

THE JANUS FACES OF SPHINGOSINE KINASES AND S1P IN METABOLIC
DISEASES

While there is overwhelming evidence that ceramide functions in myriad ways to exacerbate
metabolic diseases, roles for its further metabolite S1P and the SphKs that produce it are
more nuanced. Initially it was suggested that S1P has beneficial roles in cell functions that
pertain to metabolic disease. Whereas earlier studies of lipotoxicity implicated ceramide in
B-cell death (Shimabukuro et al., 1998), genetic ablation of SphkZ predisposed diet-induced
obese mice to the onset of diabetes by promoting pancreatic -cell death, and treatment with
S1P bolstered resistance to palmitate-induced cell death (Qi et al., 2013). Moreover,
expression of dominant-negative SphK1 promoted palmitate-induced cell death in pancreatic
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B-cells. These data support a beneficial role of SphK1 in protection from lipotoxicity-
induced pancreatic dysfunction. Moreover, in contrast to ceramides that antagonize insulin
function, SphKs have been reported in earlier studies to promote insulin signaling in some
tissues. For example, injection of SphK1-expressing adenovirus improved glucose tolerance
in diabetic KK/Ay mice, increased glycogen storage, and reduced triglycerides that
correlated with activation of hepatic AKT and GSK3p signaling (Ma et al., 2007). Likewise,
transgenic mice globally overexpressing SphK1 have improved glucose tolerance and
muscle insulin sensitivity and reduced ceramide levels, as well as activation of c-Jun N-
terminal kinase (JNK), a serine threonine kinase associated with insulin resistance (Bruce et
al., 2012). Indeed, skeletal muscle and whole body insulin resistance were improved in
HFD-fed SphK1-overexpressing mice. However, in contrast, SphK1 expression was found to
be elevated specifically in adipose tissue of HFD-mice and human T2D patients. Moreover,
SphK1 deletion or its pharmacological inhibition improved systemic insulin sensitivity of
obese mice (Wang et al., 2014), and protected from HFD-induced hepatic inflammation,
NASH (Geng et al., 2015) and hepatosteatosis, likely due to reduced activation of PPARy
(Chen et al., 2016). Similarly, tissue-specific opposing functions for SphK2 in metabolic
diseases have been reported. On one hand, overexpression of SphK2 in the liver ameliorated
glucose intolerance and insulin resistance in diet-induced obese mice (Lee et al., 2015). On
the other hand, deletion of SphK2 preserved insulin production and prevented progression of
diabetes by protecting pancreatic B-cells against lipoapoptosis (Song et al., 2019).

What is the explanation for the seemingly opposing actions of SphKs?

First, expression of SphKs in various tissues can have different functions. For example, it
was suggested that global SphK2™~ mice are protected from age-related obesity due to
increased adipocyte-produced adiponectin, which has glucose- and lipid-lowering effects,
and the adipocyte triglyceride lipase (ATGL), which catalyzes the rate-limiting step of
lipolysis (Ravichandran et al., 2019). Conversely, exacerbated insulin resistance and glucose
intolerance in hepatocyte-specific SpAK2knockout obese mice was due to increase of its
substrate sphingosine that mediated inhibition of the hepatic PI3 kinase/AKT signaling
pathway (Aji et al., 2020) (Figure 4A). However, it is still not clear how sphingosine inhibits
PI13K and further studies might reveal a new aspect of hepatic insulin signaling regulation.
Furthermore, in contrast to global loss of SphK1 that ameliorates steatosis and adipocyte
pro-inflammatory responses (Wang et al., 2014), adipocyte-specific SphK1 deletion
exacerbated glucose intolerance and adipocyte hypertrophy, and impaired lipolysis
(Anderson et al., 2020) (Figure 4B). Although the molecular mechanisms by which SphK1
regulates adipocyte function are not clear, it seems that SphK1 has an essential homeostatic
role in adipocytes that can protect from obesity-associated pathology (Anderson et al.,
2020). Together, these studies emphasize the need for better understanding of the complex
inter-organ communication and tissue-specific roles of SphKs and S1P signaling involved in
the pathogenesis of metabolic disease.

HOW DO SPHKS AND S1P AFFECT METABOLIC DISEASES?

SphKs are key enzymes that regulate levels of several bioactive sphingolipid metabolites. As
mentioned above (Figure 1), ceramide is hydrolyzed by ceramidases to sphingosine, which
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undergoes phosphorylation by SphKs to form S1P. One critical aspect of this
phosphorylation is that S1P can be irreversibly degraded, thus reducing total sphingosine
and ceramide burden. Therefore, one function of SphKs in metabolic disease may be the
removal of excess ceramide. However, S1P is also a potent signaling molecule in its own
right. Intracellularly generated S1P can be transported out of cells by several ATP-binding
cassette transporters and the major facilitator superfamily member SPNS2, where it acts in
an autocrine or paracrine fashion as a ligand for S1IPR1-5, that mediate signaling in
numerous cell types. SIPR1-3 are ubiquitously expressed whereas, SIPR4 is predominantly
expressed in the immune system and S1PRS5 in the central nervous system. These receptors
are associated with different profiles of Ga subunits. For example, SLIPR1 couples solely to
Gi/Go; S1PR2 couples to Gs, Go/G11, G12/G13; SIPR3 couples to Gi/Gq, G¢/G11, G12/C13;
S1PR4 and S1PR5 couple to Gij/G, and G12/G13 (Spiegel and Milstien, 2003). Because all
cells express some flavor of these receptors, which are coupled to distinct G proteins that
activate effectors, S1P signaling is involved in myriad physiological and pathophysiological
functions (for review see (Spiegel and Milstien, 2003)). Thus, many drugs have been
developed that target S1P/S1PR signaling axes, some of which are already in the clinic. This
has allowed for more targeted studies into the roles of S1P signaling which has revealed that
SphKs, S1P, and S1PRs have primarily adaptive but also maladaptive roles in metabolic
disease.

S1P also has intracellular targets (Maceyka and Spiegel, 2014). In contrast to SphK1, which
is localized in the cytosol and translocates upon activation to the plasma membrane, SphK2
is also present in several intracellular compartments, including nuclei and mitochondria
depending on cell type (Maceyka and Spiegel, 2014). The relevance of its function in these
compartments to metabolic syndrome has not yet been extensively studied. S1P formed in
the nucleus by SphK2 inhibited histone deacetylases HDAC1/2 (Hait et al., 2009), causing
an increase in acetylation of histones and upregulation of hepatic genes encoding nuclear
receptors and enzymes involved in lipid metabolism (Nagahashi et al., 2015) (Figure 4A). In
this regard, the pro-drug FTY720/Fingolimod that is phosphorylated /n vivo by SphK2
protects from insulin resistance and hepatosteatosis by reducing muscle ceramides and
CD36 expression (Bruce et al., 2013), and in part by inhibition of HDAC and attenuating
fatty acid synthase expression (Rohrbach et al., 2019).

S1PRS SIGNALING IN METABOLIC TISSUES

Despite these beneficial roles, SphKs and S1P have deleterious functions likely due to their
known effects in immune cell trafficking and proinflammatory signaling (Maceyka and
Spiegel, 2014). Saturated fatty acid overload upregulates SphK1 in livers from mice and in
humans with NASH. S1P in turn activates SIPR1 signaling in hepatocytes leading to NF-xB
activation, elevated cytokine/chemokine production, and immune cell infiltration (Geng et
al., 2015). Others have shown that binding of S1P to S1PR2/3 in hepatocytes also regulates
expression of peroxisome proliferator-activated receptor gamma (PPAR-y) through the AKT-
mTOR pathway, which promotes lipogenesis and lipid storage (Chen et al., 2016) (Figure
4A). It has been suggested that S1P synthesized in hepatocytes in response to excess
palmitate is released, leading to paracrine activation of hepatic stellate cells by binding to
S1PR3 (Al Fadel et al., 2016), and also increases migration of myofibroblasts into the
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damaged areas in a SIPR1/3-dependent manner (Li et al., 2011). These initiate fibrosis and
further studies are needed to determine whether altered S1P metabolism in fibrotic liver
regulates NASH disease progression.

Of note, palmitate upregulates SphK1 in skeletal muscles by activation of the key
transcription factor PPARa involved in regulating lipid catabolism. S1P then stimulates
S1PR3 to induce the pro-inflammatory cytokine IL-6 and the autocrine loop of IL-6
signaling leading to insulin resistance (Ross et al., 2013) (Figure 4C). Furthermore, it was
suggested that adiponectin stimulates ceramidase activity of AdipoR1/2 to produce
sphingosine and subsequently S1P (Holland et al., 2011b) that can be secreted and activate
S1PRs to protect skeletal muscle cells from palmitate-induced ROS production and cell
death (Botta et al., 2020). Similarly, activation of S1PR by this adiponectin-S1P autocrine
axis led to stimulation of AMPK and AKT, thus suppressing p-cell apoptosis and enhancing
their survival (Holland et al., 2011b) (Figure 4D). Unfortunately, the S1PR involved in this
adiponectin-S1P autocrine-axis has not yet been identified.

The role of the SphK/S1P/S1PR axis in adipose tissue is also complicated. Increased SphK
activity can initially remove harmful ceramide. However, depletion of adipocyte SphK1 also
caused adipocyte hypertrophy and decreased insulin sensitivity (Anderson et al., 2020). The
S1P formed can also increase pro-inflammatory cytokine secretion (Wang et al., 2014) and
its binding to S1PR2 recruits circulating pro-inflammatory M1-macrophages that can lead to
adipose dysfunction and insulin resistance (Kitada et al., 2016). Moreover, whereas S1IPR1/3
inhibit, SIPR2 activates preadipocyte differentiation, important for adipogenesis (Kitada et
al., 2016) (Figure 4B). The biological functions of each S1PR need to be validated /n vivoas
the majority of studies were carried out using cell lines that do not fully mimic adipose or
skeletal muscle tissues nor their potential communication with the liver.

THE APOLIPOPROTEIN M AND S1P AXIS IN METABOLIC DISEASE

High levels of S1P are present in blood, much of which is carried by HDL-associated
apolipoprotein M (ApoM) secreted by the liver (Maceyka and Spiegel, 2014). In addition to
the well-known function of HDL in clearance of excess cholesterol, HDL/ApoM-associated
S1P signaling through S1PRs is responsible for some of the beneficial effects of HDL, such
as attenuation of apoptosis and inflammation, and vasoprotection (Rohrbach et al., 2017).
Recently it was suggested that ApoM/S1P attenuates the development of insulin resistance
by stimulating AKT and AMPK, the main insulin signaling pathways in liver, adipose tissue,
and skeletal muscle, through S1IPR1 and/or S1PR3, and perhaps also by improving
mitochondrial functions through upregulation of SIRT1 protein levels (Kurano et al., 2020)
(Figure 4B). However, another report suggested that the ApoM/S1P axis directly affects
S1PR1 endothelial barrier function in brown adipose tissue in a SIPR1-dependent manner to
decrease browning and to slow triglycerides clearance, thus exacerbating diet-induced
obesity (Christoffersen et al., 2018) (Figure 5A).

S1PR signaling in endothelial cells and macrophages is also involved in metabolic disorders
and T2D. In high fat diet-fed ApoE~/~ mice, inhibition of SIPR2 reduced plaque formation
and atherogenesis, likely through inhibition of INK signaling, which promotes macrophage
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recruitment by inducing expression of the adhesion molecule VCAM-1 and monocyte
chemoattractant protein-1 (MCP-1) in endothelial cells (Figure 5A) (Ganbaatar et al., 2020;
Skoura et al., 2011). Conversely, activation of SIPR1 via ApoM-S1P limits endothelial
inflammation and monocyte adhesion by inhibition of endothelial expression of VCAM-1
and E-selectin without affecting MCP-1 expression (Ruiz et al., 2017) (Figure 5A). As
endothelial cell dysfunction can cause metabolic dysregulation, it is likely that these
opposing mechanisms within endothelial cells function to maintain homeostasis and restore
balance after inflammatory insults or injury. This raises the interesting question of how the
balance between S1PR1 and S1PR2 activity is maintained. One intriguing facet of this
balance is the carrier of S1P. It was shown that ApoM-S1P acts as a biased agonist that
prolongs S1PR1 signaling leading to sustained SIPR1-PI3K-AKT-eNOS-dependent
enhanced barrier function (Wilkerson et al., 2012), while albumin-S1P leads to rapid
internalization and desensitization of SIPR1 (Galvani et al., 2015). Moreover, activation of
S1PR1 by ApoM-S1P antagonized the cytokine-induced NF-xB pathway that increased
ICAM-1 and VCAM-1 in endothelial cells (Galvani et al., 2015) (Figure 5A). Together, this
suggests that endothelial SIPR1 protects the vessel wall from inflammation and
atherosclerosis. A biased agonist of SIPR1, SAR247799, that mimicked ApoM-S1P effects
in endothelial cells was recently developed (Poirier et al., 2020). In a clinical trial,
SAR247799 treatment of patients with T2D reversed endothelial dysfunction without the
side effects of other S1IPR1 agonists, likely through restoring endothelial junctions and
barrier function as no significant effects on lymphocyte trafficking were observed
(Bergougnan et al., 2020).

Impaired vasodilation in hypertension is a serious complication of metabolic diseases. HDL-
ApoM-S1P activates SIPR1 on endothelial cells, stimulates AKT-dependent
phosphorylation and activation of endothelial nitric oxide synthase (eNOS) to produce NO, a
critical regulator of vasorelaxation (Wilkerson et al., 2012) (Figure 5A). HDL from T2D
patients had lower S1P and reduced ability to stimulate eNOS and suppress NF-xB-
mediated immune responses (Vaisar et al., 2018). Similarly, HDL from non-diabetic
metabolic syndrome patients had lower associated S1P and reduced ability to stimulate AKT
and eNQOS, which could be reversed with S1P enrichment (Denimal et al., 2017). Together,
these studies suggest that decreased S1P may contribute to the impairment of HDL
functionality and antiatherogenic properties in these patients. In contrast, increased TNFa
vascular smooth muscle led to S1P-dependent augmented myogenic tone in a mouse model
of diabetes, suggesting that S1P may also contribute to microvascular complications in
diabetes (Sauve et al., 2016).

Macrophage apoptosis is a central feature of atherosclerotic plaque development. HDL-
ApoM-S1P was also shown to inhibit macrophage cell death. (Feuerborn et al., 2017).
Stimulation of S1PR2/3 enhanced JAK?2 activity and phosphorylation and translocation of
the master transcription factor STAT3 to the nucleus where it enhanced expression of
survivin that suppressed ER stress and apoptosis by inhibiting caspase 3 activation
(Feuerborn et al., 2017) (Figure 5B). The infiltration of cholesterol-accumulating
macrophages in the vascular wall, another characteristic of atherosclerosis, was greatly
exacerbated in SphK2 deficient ApoE ™'~ mice. It was shown that SphK2, but not SphK1, in
macrophages was required for autophagosome- and lysosome-mediated catabolism of
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intracellular lipid droplets to prevent cholesterol accumulation and limit the development of
atherosclerosis (Ishimaru et al., 2019). Whether SphK2 functions internally by regulating
levels of sphingosine or ceramide to stimulate autophagic lipid degradation or externally via
S1PR signaling remains to be elucidated. Evidence for S1P acting in an autocrine/paracrine
role in macrophages originated from the finding that the nuclear transcription factor, liver X
receptor (LXR), known to be activated by oxysterols, stimulated SphK and that S1P/S1PR3
signaling, perhaps through PKC, regulated ABCA1-mediated cholesterol efflux to lipid-poor
HDL (Vaidya et al., 2019) (Figure 5B). Together, these results demonstrate that the complex
roles of S1P depend on cell type, the effectors that S1PRs signal through, and the synthesis
and degradation of S1P.

THE UNKNOWNS: CONCLUSIONS AND FUTURE PERSPECTIVES.

We have come a long way from the initial mindset that sphingolipid pools represent a sink
for excess palmitate, resulting in aberrant biosynthesis of ceramide, which drives insulin
resistance and metabolic diseases. However, a relic of this mindset is that catabolic pathways
of sphingolipid metabolism have been largely unexplored. Although deficiency of acid
sphingomyelinase that generates ceramide from sphingomyelin hydrolysis protects mice
against adipocyte hypertrophy and diet-induced steatosis (Sydor et al., 2017), the mechanism
of the protection has not been elucidated. Furthermore, while the major human neutral
sphingomyelinase, SMPD3, was shown to be elevated in inflamed vs. healthy adipose tissue
in obese women (Kolak et al., 2012), the link to metabolic disease is still unclear.

This review has focused on the signaling roles of ceramide and S1P, as these are the the best
studied sphingolipid metabolites. However, it is possible that these metabolites, found to be
altered by targeted lipidomics, are not the cause but a symptom of dysregulated sphingolipid
metabolism that leads to the observed pathophysiologies. Moreover, many studies have
found altered levels of other sphingolipid species, including glucosylceramides,
sphingomyelins, and ganglioside GM3, in T2D, obesity, and other metabolic diseases
(Drouin-Chartier et al., 2021; Ooi et al., 2021). An additional layer of complexity arises
from the recent discovery of several atypical sphingolipids formed by alternative utilization
by SPT of amino acids, such as alanine or shorter chain acyl-CoAs to form 1-deoxy or
shorter-chain sphingoid bases, respectively (Kovilakath et al., 2020; Lone et al., 2019).
Because the majority of studies that have revealed relationships between sphingolipids and
metabolic diseases have relied on targeted lipidomics approaches, these minor atypical
sphingolipids have been largely ignored. However, a recent study revealed association of 1-
deoxy-sphingolipids that cannot be converted into complex sphingolipids or phosphorylated
and terminally degraded by S1P lyase (Lone et al., 2019), with steatosis but not
steatohepatitis or fibrosis in NAFLD (Weyler et al., 2020). Also, myristate-derived d16:0
ceramides generated by SPTLC3, a subunit of SPT that promotes utilization of alternative
shorter fatty acyl-CoAs, were shown to increase in a mouse model of obesity and contribute
to cardiomyocyte apoptosis (Russo et al., 2013). Additionally, genome-wide association
analyses revealed loci of SPTLC3associated with CVD risk in humans (Tabassum et al.,
2019). Future studies are needed to address the roles of atypical sphingolipids and SPTLC3
and its products in metabolic diseases to define potential mechanistic functions. It will also
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be important to determine other genetic determinants that influence aberrant sphingolipid
levels in patient populations compared to healthy controls.

There are still many open questions remaining. Although much is known about S1PRs and
S1P intracellular targets, only a few direct targets of specific ceramides or dihydroceramide
species have been identified and even much less is known in relation to their mechanisms of
action in metabolic diseases. Uncovering additional molecular targets and mechanisms are
central for understanding the functions of critical dihydroceramide/ceramide species. It is
also still unclear whether specific dihydroceramide species are the key regulators of
metabolic diseases or just biomarkers for increased de novo biosynthesis of ceramides
whose inappropriate buildup triggers adverse effects. Moreover, tissue-specific roles of
distinct ceramide species or S1P in disease etiology are still not fully delineated. The
challenge for this field is that these bioactive sphingolipid metabolites are rapidly
interconvertible and are intermediates in the biosynthesis of complex sphingolipids and thus
assigning specific functions to distinct sphingolipid species is a daunting task. For example,
depletion of a ceramide synthase isoform may not only impact those downstream
dihydroceramide and ceramide pools, but also sphingomyelins and glycosphingolipids
derived from them. In fact, in the context of gain- and loss-of-function studies targeting
sphingolipid metabolic enzymes, identification of specific lipid mediators is impossible
without taking into account potential impacts on the greater sphingolipidome.

Preclinical research use of mouse models and pharmacological tools together with
sophisticated mass spectrometry methods to measure the sphingolipidome in human patients
support the idea of development of new therapeutic approaches that reduce ceramide
biosynthesis (e.g., by inhibiting DES1 or a specific CerS) or by targeting specific S1PRs to
combat metabolic disease. Mechanistically, further tissue- and organelle-specific studies of
ceramide, sphingosine, and S1P actions will be imperative for delineating how these
bioactive sphingolipids affect disease development. Together, a better understanding of
sphingolipid synthesis and degradation and how they are regulated by metabolic alterations
holds great promise for the development of tractable therapeutic targets and approaches.
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Figure 1. Spatial distribution and compartmentalization of sphingolipid metabolism.
De novo sphingolipid synthesis begins at the ER as described in the text, leading to the

formation of ceramide (Cer). Cer is transported to the Golgi either by the ceramide transfer
protein CERT at ER-trans-Golgi contact sites for the formation of sphingomyelin (SM), or
by vesicular transport to the cis-Golgi. There, Cer is glucosylated to GluCer, which is then
trafficked further in the Golgi via FAPP2 to form LacCer, and sequentially glycosylated to
form complex glycosphingolipids (GSLs). Cer may also be translocated to mitochondria at
membrane contact sites with the ER. At the plasma membrane, in a signal-mediated process,
sphingomyelinase (SMase), ceramidase (CDase), and sphingosine kinases (SphK) produce
the bioactive metabolites Cer, sphingosine (Sph) and sphingosine-1-phosphate (S1P),
respectively. S1P is then transported outside of cells and acts in a paracrine or autocrine
fashion via S1P receptors (S1PRs) to initiate myriad signaling pathways. Plasma membrane
sphingolipids are internalized by the endocytic pathway to the lysosome for degradation to
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Sph, which can be trafficked by unknown mechanisms to the ER. In the ER, Sph can either
be recycled back to Cer for reutilization or degraded after phosphorylation by SphKs and
cleavage by S1P lyase (SGPL1). S1P produced by SphK2 in mitochondria interacts with the
electron transport chain, and in the nucleus, it regulates histone acetylation.

Color code: Red box, enzymes; orange box, lipid binding and transport proteins; blue
arrows, vesicular transport steps; red arrows, protein-mediated lipid transport step; dashed
arrows, unknown transport step(s).
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Figure 2. Ceramide and S1P are critical links in the development of metabolic disease.
Multiple factors associated with increased susceptibility to metabolic dysfunction influence

the synthesis of ceramides and S1P. Subsequent derangements in ceramide/S1P levels have
significant consequences to glucose and lipid homeostasis in metabolic tissues and the heart
and vasculature systems.
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Figure 3. Ceramide modulation and tissue-specific effects on cellular metabolism.
Ceramides generated during the progression of metabolic disease activate protein

phosphatase 2A (PP2A) and protein kinase CC (PKCC), which inhibit AKT activation and
reduce insulin signaling and glucose uptake. (A) Hepatic ceramides also reduce
mitochondrial function and increase lipid accumulation. (B) Adipose tissue ceramides are
also linked to decreased fatty acid g-oxidation and lipolysis. (C) In muscle, excess
ceramides inhibit expression of the myokine FGF21, a key regulator of glucose metabolism.
White boxes highlight the sphingolipid biosynthetic enzymes shown to affect metabolic
outcomes when altered /in vivo.
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Figure 4. S1IP/S1PR signaling modulation in metabolic tissues.
Regulation of S1P/S1PR signaling exhibits tissue-specific metabolic outcomes. (A) S1P

generated in liver hepatocytes can activate AKT to enhance insulin signaling and triglyceride
storage as well as regulate sterol, lipid, and inflammatory gene expression. (B) S1P and S1P/
S1PR signaling modulates adipocytes inflammation, differentiation, and pathways affecting
lipolysis, glucose uptake, and mitochondrial biogenesis. (C) In muscles, SIP/S1PR affects
insulin signaling in part through IL6 generation and receptor activation to block AKT
activity. (D) In pancreatic p-cells, S1P enhances insulin secretion, and activation of SIPRs
suppresses apoptosis and regulates mitochondrial biogenesis.
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Figure 5. S1IP/S1PR signaling in inflammation and metabolic dysregulation.
(A) Endothelial S1PRs influence inflammation and increase vasodilation through eNOS

activation, counteracting effects mediated by ceramides. (B) In macrophages, intracellular
S1P enhances degradation of stored lipids, while S1P/S1PR signals block apoptosis and
increase ABCAL-mediated cholesterol export. White boxes highlight the sphingolipid
biosynthetic enzymes shown to affect metabolic outcomes when altered /in vivo.
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