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ABSTRACT

In most people with type 2 diabetes, progression from obesity to diabetes is accompanied by elevated tissue exposures to a variety of lipids. Among
these lipid species, ceramides and more complex sphingolipids have gained recent attention as being pathophysiologically relevant for the
development of insulin resistance and impaired glycemic control. Upon excess intake of saturated fat, ceramides accumulate in insulin sensitive
tissues either as a consequence of de novo synthesis or through mobilization from complex sphingolipids. Clinical studies have confirmed positive
correlation between plasma and tissue levels of several ceramide species and insulin resistance. At the cellular level, it has been demonstrated that
ceramides impair insulin signaling and intracellular handling of glucose and lipids with resulting deleterious effects on cellular metabolism. Hence,
we are reviewing whether therapeutic interventions aiming at reducing tissue exposure to ceramides or other sphingolipids represent viable

therapeutic approaches to improve glucose metabolism in people with diabetes.
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1. INTRODUCTION

In most people with type 2 diabetes, elevation of plasma glucose is the
ultimate consequence of failing beta cell function occurring after
extended period of waning insulin sensitivity in peripheral tissues. The
underlying pathophysiological mechanism(s) leading to manifest insulin
resistance are largely unknown. However, it has been suggested that
circulating metabolites in people with diabetes are ultimately responsible
for inducing insulin resistance. Thus, several of the circulating factors
that are perturbed in people with diabetes such as key metabolites
(glucose, branched chain amino acids, and lipids) have been shown to
impact target tissue glucose uptake. Since the initial proposal that
abnormal lipid metabolism leads to impaired insulin signaling [1], the
search for underlying mechanistic explanations on cellular and tissue
level have been intensified and a growing body of observational as well
as mechanistic evidence has been generated demonstrating the
important contribution of lipids to obesity induced insulin resistance.
Deterioration of insulin sensitivity occurs after prolonged ingestions of
energy-dense meals in excess of daily caloric requirements thereby
introducing a lipotoxic environment in peripheral tissues [2]. In addition
acute lipid infusion and consequent increase of lipid excess in non-
adipose tissue like muscle is associated with impaired insulin signaling
and action [3]. In in obese lipid overloaded individuals it is believed that
two elements contribute to the emergence of type 2 diabetes: insulin
resistance and lipo-toxicity. The liver and to some extent adipose tissue
are viewed as the major contributors of these untoward metabolic
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perturbations because increased hepatic lipid production and export
exceeds the metabolic and storage capacity of peripheral tissues leading
to elevated plasma lipid levels. Beside the impaired insulin action
mentioned above, sustained exposure to high lipid levels is toxic for
pancreatic B-cell and normalization of plasma lipids halts progressive
deterioration of p-cell failure [4].

Although the knowledge about the deleterious effects and the underlying
mechanisms of neutral lipids on whole-body insulin stimulated glucose
uptake, p-cell function and insulin sensitivity is growing, there is still
reason to believe that other lipotoxic factors are involved. Over the past
decade several investigators have been drawn to study the role of polar
sphingolipids as pivotal mediators of lipotoxicity leading to insulin
resistance [5,6]. Five common sphingolipids are easily detected in
human plasma: ceramides, glucosylceramides, lactosylceramides,
sphingomyelin, and ganglioside Gys [7]. In particular some sphingoli-
pids, such as ceramides have been associated with metabolic
dysregulation leading to diabetes. Admittedly, the current review is
rather ceramide centric as most studies have been particularly focused
on the negative impact of this class of polar lipids on glycemic control.

2. CERAMIDE SYNTHESIS
Before considering tissue ceramide accumulation and underlying

molecular mechanisms that possibly mediate negative impact of
sphingolipids on insulin signaling, it is worth considering the sources
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Figure 1: Ceramide de novo synthesis pathway. Sphingolipids are synthesized de novo in the endoplasmic reticulum. First and rate fimiting step Is the condensation of amino acid serine with saturated fatty
acid paimitate which is catalyzed by serine palmitoy! transferase. Subsequent reduction to sphinganine is catalyzed by 3-ketosphinganine reductase. A variety of ceramide synthases (CerS1-6) catalyze the
conjugation of a second acyl-CoA of variable chain length (C14-C32) leading to formation of dihydroceramide. Dihydroceramide desaturase converts the intermediaries info proper ceramides.
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Figure 2: Ceramide salvage pathway. Ceramide can also be formed through several lysosomal enzymes addressing complex sphingolipids such as glycosylsphingolipid, galactosylsphingolipid,
sphingomyelin, and ceramide 1-phosphate. Ceramide can be further degraded to sphingosine, which upon entry into the endoplasmic reticulum can be salvaged into ceramide. Sphingomyelinases
and glycosidases act in combination with sphingolipid activator proteins. CS: ceramide synthase, CSDase: ceramidase, G1PP: Ceramide 1 phosphatase, CK: Ceramide kinase, GCS: Glycosyl
ceramide synthase, GRS: glucocerebrosidase, SMS: sphingomyelin synthase, SMase: sphingomyelinase.

of these polar lipids in the human body. Spingolipids have an important
role as structural components of cellular membranes, ceramides serve
also as important bioactive lipids in a variety of cellular processes like
cell growth and differentiation, inflammation and apoptosis [8].
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Every cell in the body has the capacity to de novo synthesize
sphingolipids within the endoplasmatic reticulum. Also mitochondria
seem capable of contributing to sphingolipid metabolism as many of the
enzymes involved in ceramide synthesis are also localized in this
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Figure 3: Insulin resistance occur at several levels and is mediated through several biochemical pathways. Ceramide and sphingolipids are putatively responsible for mediating part of the insulin
resistance through interferences with insulin receptor function and signaling at several levels (see text for detalls). Ceramides activate PKCtheta, and PPA2 ultimately leading to decreased activity of
Akt and hence impaired Glut4 translocation to the cell membrane. GM3 ganglioside enriched lipid domains of the cell membrane interfere with insulin receptor cell membrane caveolae which are

essential for receptor signaling.

organelle. Four sequential reactions lead to the formation of bioactive
ceramide: the first, and rate-limiting step is the conjugation of an amino
acid (typically L-serine) with the fatty acid palmitoyl-CoA catalyzed by the
enzyme serine-palmitoyl transferase (SPT). The resulting product,
sphinganine, is rapidly acylated by (dihydro)ceramide synthase into
dihydroceramide which upon subsequently dehydrogenation catalyzed
by dihydroceramide desaturase 1 (Des1) gives rise to the key
intermediate ceramide. In addition to acylation of the sphinganine as
a step in de novo ceramide synthesis, ceramide synthases also catalyze
re-acylation of sphingosine as part of a salvage pathway (Figure 1).
Interestingly, six different but closely related ceramide synthases have
been identified [9], which demonstrate tissue specific expression and
variable substrate selectivity thereby providing the basis for tissue
specific presence of ceramides with varying acyl chain lengths. For
example, ceramide synthase CerC2 is widely expressed and preferen-
tially incorporates C20—C24 acyl residues in ceramide, whereas CerS3 is
predominantly expressed in skin and incorporates very long acyl chains
up to C34:0 in the resulting ceramides. Ceramide synthase CerC5 seems
specifically engaged with C16 ceramide formation, whilst ceramide
synthase CerC6 shows a slightly wider substrate selectivity as it is
involved in C14, C16, and C18 ceramide synthesis [7]. It is important to
emphasize that ceramides with different acyl chain length are generated
in specific physiological and pathophysiological contexts in a tissue and
cell dependent fashion which is like to constitute the basis for
differentially influences of signaling pathways [8] (Figures 2—-4).

From the endoplasmatic reticulum, ceramides are transported via a
specialized carrier system to the cytosolic leaflet of the trans-Golgi
apparatus membrane where several metabolic fates await the molecules
[10]. Thus, in the Golgi, ceramide can become glycosylated into
glycosylsphingolipids, phosphorylated into ceramide 1-phosphate, or
become modified with a polar head turning it into sphingomyelin [11].
Further additions of oligosaccharides and sulfate groups give rise to a
broad range of very complex glycol and gangliosphingolipids [12]. These
complex molecules are important components of the outer layer of the
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cell membrane. Ceramide is also a source of the bioactive signaling
molecule sphingosine 1-phosphate (S1P) which upon secretion to the
extracellular space acts as a ligand on a family of G-protein coupled
receptors, S1P(1-5).

Ceramide can also be formed through the salavage pathway which
involves the lysosomal degradation of complex sphingolipids into
ceramide. The catabolism of the complex glucosphingolipids is pre-
dominantly located to the surface of internal membrane vesicles or at
endocytosed lipoproteins. Receptor mediated endocytosis of low-density
lipoprotein (LDL) delivers the glycosphingolipids to lysosomal lumen. The
degradation of the simplest of the complex sphingolipids, glycosylcer-
amide, is catalyzed through the action of glycosylceramide-beta-
glucosidase (GBA1). Thus, sphingosine is generated in lysosomes from
degradation of complex sphingolipids whereby it has the ability to serve
as substrate for ceramide re-synthesis. Involved key enzymes for this
part of the salvage pathway are sphingomyleinases and ceramide
synthases. The importance of the salvage pathway is emphasized by the
rare but clinically very recognizable glycospingolipidoses characterized
by defects in sphingolipid degradation pathways due to mutations of
specific acid hydrolases [7].

In the circulatory system, sphingolipids are transported as components
of plasma lipoprotein associated particles [13]. Thus, LDL particles are
the most abundantly loaded with sphingolipids including sphingomyelin
and ceramide which is also transported via VLDL particles. As
mentioned, all tissues are capable of de novo sphingolipid synthesis
rendering locally generated sphingolipids a major source of tissue
specific accumulation of ceramide. However, as ceramides synthesized
in the liver are easily incorporated in LDL and VLDL particles, circulating
levels of plasma ceramides are most likely of hepatic and to some
extent of dietary origin. Sphingolipids are also part of the diet [14] but
the daily amounts consumed are relatively modest 0.3-0.4 g/day and
there is no evidence that dietary sphingolipids are essential for healthy
growth or even survival [14]. Nevertheless, it is likely that individuals
consuming foods particularly rich in sphingolipids will clearly exceed this
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Figure 4: Diagram demonstrating sites of interference by various small molecule agents or
genetic ablation of enzymes engaged in ceramide and sphingolipid synthesis pathway. The
shown pharmacological/genetic interferences lead to improved insulin action in several
preclinical animal models of diabetes. Myriocin and partial ablation of SPT1 leads to marked
decrease of ceramide content in metabolically active tissues with resulting improvement of whole
body insulin sensitivity. The glycosphingolipid synthesis inhibitors, ANP-DMN and Genz-123346
markedly decrease formation of several complex sphingolipids and improve whole body glucose
tolerance. Similar effects are seen in GM3 synthase KO mice.

level. Sphingolipids undergo considerable hydrolysis in all parts of the
small and large intestine, and the resulting sphingosine is rapidly taken
up intestinal epithelial cells and degraded in to fatty acids [15]. It is
possible that some sphingosine escape degradation in the gut
epithelium and access systemic circulation, as radiolabeled sphingoid
bases given orally to rats can be found as sphingolipids in the systemic
circulation [15]. Ceramides are also formed by degradation of more
complex sphingolipids. Thus, sphingomyelinase is subject to activation
through extracellular signaling pathways which leads to hydrolytic
conversion of sphingomyelin to ceramide. A well-known activator of
neutral sphingomyelinase is the proinflammatory cytokine tumor
necrosis factor alpha (TNFa) [16]. This way, oxidative stress induced
by TNFa enhances sphingomyelin degradation and subsequent cer-
amide synthesis through the salvage pathway. Other components of the
innate immune system such as fatty acid activated Toll-like receptor
activators can trigger ceramide synthesis thereby further enhancing the
stimulatory impact of inflammatory cytokines on tissue levels of
ceramide and glucosylsphingolipid [6].

Increased substrate availability seems to be the primary trigger of increased
de novo ceramide synthesis. During conditions of lipid overload, mito-
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chondrial capacity to oxidize fatty acids becomes saturated, and esterified
long-chain acyl-CoA chains are channeled away from carnitine plamiotyl
transferase 1 (CPT-1). By escaping this CPT-1 mediated entry to
mitochondrial p-oxidation, long-chain fatty acyl-CoA are instead driven
towards synthesis of triacylglycerols, and sphingolipids. Serine palmitoyl-
transferase activity is highly dependent on tissue levels of L-serine and
palmitate acyl-CoA [17]. Thus, under circumstances characterized by excess
caloric intake (in the form of palmitate and serine), ceramide levels increase
in peripheral tissues substantially involved in whole body glucose home-
ostasis (such as skeletal muscle, liver, and adipose tissue). It has been
argued that at least part of the lipotoxic effects of palmitate are due to
aberrant synthesis of ceramides because of the selectivity of SPT-1 for this
fatty acid [18]. This view is supported by clinical observations of human
volunteers subjected to intravenous infusion of non-esterified fatty acids
demonstrating a very tight correlation between concentrations and time
course of rising plasma levels of free fatty acids and ceramides as well as
an increased ceramide content in the muscle [19,20].

More acute regulation of ceramide synthesis is mediated via endocrine
regulators of metabolism such as glucocorticoids. The acutely induced
impairment of glycemic control by dexamethasone is corroborated by
prior inhibition of SPT suggesting that increased ceramide levels are
downstream mediators of glucocorticoids [21]. This hypothesis is further
supported by observations that dexamethasone induces hepatic expres-
sion of a number of sphingolipid synthesizing enzymes such as SPT2,
GCS1, and GCS6 [21]. Strangely and in contrast to ceramides,
glucosylsphingolipid levels are differentially affected in a tissue depen-
dent fashion during high fat feeding, with elevated levels of GM3 in
adipose tissue and concomitantly decreased GM3 levels in skeletal
muscle [22]. Actually, this recent study from the Summers laboratory
has nuanced our understanding of the putatively deleterious role of
glycosylceramides on glucose metabolism in peripheral insulin sensitive
tissues. Apparently, glycosylceramides impair insulin action in adipo-
cytes whilst in skeletal muscle overexpression of glycosylceramide
synthase not only elevates cellular levels of glycosylceramide but also
improves insulin action [22].

3. SPHINGOLIPIDS AND METABOLIC DISEASE

A variety of diabetic animal models such as leptin signaling deficient db/db
mice and Zucker Diabetic fatty (ZDF) rats display profound changes in tissue
sphingolipid levels [6]. Also in non-human primates having developed
diabetes due to persistent high-fat feeding, plasma levels of ceramide and
dihydroceramide are elevated [23]. Interestingly, the rare sphingolipid
species, C18:0 deoxysphinganine, which is a marker of increased flux
through the serine palmitoyl transferase pathway was also elevated in these
diabetic non-human primates suggesting that de novo sphingolipid
synthesis could drive the impaired glycemic control in these animals.

In people with type 2 diabetes, insulin resistance correlates with plasma
levels of ceramide [24—-27], but longitudinal studies confirming causality
of rising ceramide levels preceding development of insulin resistance
are missing. In a recent study, examining people in various stages of
type 2 diabetes, concluded that plasma levels of long-chain GM3
and ceramide are clearly positively correlated to impaired insulin
sensitivity [26]. Although it is obvious that alterations of plasma
ceramide and long-chain GM3 levels constitute early markers of
impaired insulin action it is not possible to conclude whether these
are causal mediators of insulin resistance or passive bystanders of other
underlying mechanisms of dysmetabolic syndrome. However, high-fat
fed mice lacking GM3 synthase have both lower plasma glucose levels
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and improved insulin sensitivity compared to high-fat fed wild type mice
[28]. This observation suggest that complex sphingolipids are also
interfering with insulin action, although the lack of metabolomic profiling
of the GM3 synthase null mice makes it difficult to address which
sphingolipid species in particular could mediate these untoward effects.
Carefully conducted clinical studies scrutinizing the correlation between
plasma and tissue levels of sphingolipids are rare and mostly of quite
limited size [24,29-31]. High quality quantitative analytical methodolo-
gies have not been widely available for classification of tissue and
plasma sphingolipids, which has made comparison of different reports
difficult. Most clinical trials reporting plasma levels of sphingolipids have
measured total ceramides accompanied by a limited subfractionation.
With recent methodological advancements it has been possible to
analyze specific molecular sphingolipid subspecies in a quantitative
fashion and with reasonable throughput. Using high-specificity quanti-
tative methods, it has it seems evident that plasma levels of longer
chain ceramides (> 16) and ganglioside GM3 (> 18) are associated
with impaired insulin sensitivity [26]. However, far more studies are
needed to conclusively confirm which of the many sphingolipid species
detectable in plasma are the most reliable surrogate markers of
metabolic disease.

Further, a number of studies have found increased intramyocellular
levels of ceramides in skeletal muscle biopsies from obese insulin
resistant human volunteers [19,32]. However, not all clinical observa-
tions confirm a connection between muscle ceramides and insulin
resistance, as improvement of skeletal muscle insulin sensitivity through
endurance training seemingly have no impact on intramyocellular
ceramide content in young males [33]. More recently a correlation
between HOMA-IR and total ceramide as well as ceramide C16:0 in
subcutaneous and epicardial adipose tissue could be established, which
suggest that the bioactive lipid content in this tissue might be more
predictive for insulin resistance. Furthermore increased ceramide
content in this tissue might result in disturbance of its metabolism
and gene expression capabilities. Interestingly, dramatic decrease in
body adiposity and improvement of insulin sensitivity as obtained in
obese subjects after bariatric surgery is accompanied by reduction of
plasma C16:0 and C24:0 ceramides in particular [34].

4. INSULIN SIGNALING AND GLUCOSE DISPOSAL

Numerous in vitro experiments have consistently demonstrated that
increased exposure to ceramide and glucosphingolipids impair func-
tional activity of several of the molecular components of the insulin
signaling pathway. The primary target of ceramides in the insulin
signaling pathway is protein kinase B (PKB)/Akt. Two distinct underlying
molecular mechanisms appear to be involved in ceramide induced
impairment of PKB/Akt activity [35]. Ceramide interferes with both a
kinase and a phosphatase required for insulin mediated activation of
PKB/Akt: firstly, ceramide activates cytosolic protein phosphatase-2A
(PP2A) which is a serine/threonine phosphatase responsible for PKB/Akt
dephosphorylation. Dephosphorylation of Thr*® and/or Ser*”® in PKB/
Akt leaves it inactivated whereby translocation to the plasma membrane
does not occur [36]. Secondly, upon accrual of ceramide in the outer
layer of the cell membrane it accumulates in the caveolin-enriched
domains. In this location, ceramide interferes with PKCzeta catalyzed
phosphorylation of PKB/Akt Thr** whereby PKB/Akt sequesters in a
repressed state preventing downstream insulin receptor signaling.
A third albeit lesser validated mechanism via which ceramide inhibits
glucose transport has to do with ceramide enriched microdomains in
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phosphatidylcholine containing membranes. Due to altered membrane
fluidity ceramides interferes with GLUT4 translocation and fusion to the
cell membrane [37]. It has also been proposed that ceramide inhibits the
expression of GLUT4 in 3T3-L1 adipocytes which would synergize
aforementioned effects on GLUT4 translocation [38].

For glycosphigolipids a direct interaction with the insulin receptor has
been proposed [39,40]. The interaction of GM3 seems to be mediated by
a specific lysine residue in the transmembrane domain of the receptor
and excess levels of this ganglioside promote the dissociation of the IR
from the caveolae hence hindering signal transduction. Consistent with
this theory mice lacking GM3 have been reported to show enhanced
phosphorylation of the IR [28].

There is a growing literature on chain length-specific cellular activities of
ceramides [7]. Thus it has been demonstrated that elevation of
intracellular levels of very-long chain-ceramides (> 24) through
increased CerS2 activity promotes proliferation whilst increase in
long-chain-ceramides (C16:0 and C18:0) promotes apoptosis. Further,
the ratio between very-long-chain ceramides and long-chain-ceramides
influences autophagy in a variety of pathophysiological settings.
Unfortunately, studies scrutinizing the importance of specific ceramide
chain lengths on insulin signaling and glucose uptake are lacking.
However, it has been shown that aforementioned ceramide induced
activation of PP2A is particularly mediated via C16:0 ceramide
suggesting that elevated Cers5 and/or CerS6 activity could be linked
to impaired insulin action [41,42].

Recently, another very interesting link between ceramide and insulin
action was discovered. Through a thorough series of experiments,
Holland and colleagues demonstrated that adipocyte derived adiponectin
imposes its beneficial effects on insulin signaling through effects on
sphingolipid metabolism [43]. Apparently, both adiponectin receptors,
AdipoR1 and AdipoR2 possess intrinsic ceramidase activity which upon
receptor activation promotes degradation of intracellular ceramide
species to sphingosine-1-phosphate (S1P). However, it cannot be
excluded the adiponectin induced S1P formation is also the result of
AdipoR1/AdipoR2 mediated activation of other ceramidases. Irrespective
of the synthesis pathway, Holland et al. further demonstrated that
adiponectin induced S1P formation is required as an important
messenger between AdipoR1/AdipoR2 and AMPK activation [43]. The
similar beneficial effects on insulin sensitivity are also obtained when
acid ceramidase is overexpressed in free fatty acid overexposed
myotubes [44].

Whereas the negative impact of ceramide upon insulin signaling affects
all studied insulin receptor expressing tissues, a recent study has
demonstrated that interference of glucosylceramide with insulin signal-
ing predominantly affects adipose tissue whereas myotubes are
unaffected by this sphingolipid [22]. However, the cellular mechanisms
have largely been studied using cell systems, and future studies are
required to translate these in vitro findings to in vivo models of insulin
resistance and humans [45].

5. SPHINGOLIPIDS AND WHOLE BODY GLUCOSE
HOMEOSTASIS

Given the evidence that alterations of cellular sphingolipid levels alters
insulin action it has been speculated whether therapeutic interventions
modifying synthesis and tissue distribution of ceramides and/or complex
sphingolipids will improve whole body glucose homeostasis. Unfortu-
nately, studies bridging in vitro observations of deleterious effects of
ceramide and GM3 on insulin signaling to conclusive evidence of
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ceramide induced impairment of whole body glucose homeostasis are
not entirely conclusive. So far, clinical phenotypes with impaired insulin
action and/or overt diabetes have not been convincingly associated with
genetic variations of enzymes involved in sphingolipid synthesis path-
ways. However, this may simply be due to the fact that people suffering
from serious sphingolipidoses exert rather severe phenotypes primarily
characterized by neurological complications and early fatality rendering
potential metabolic disorders undetected. With the absence of human
genetic data it remains to be proven that transgenic animal models
carrying gain or loss of function mutations of sphingolipid synthesis
enzymes have any translational validity.

Mice carrying a tissue wide deletion of GM3 synthase have improved
insulin sensitivity in skeletal muscle compared to wild type animals
and display a clear resistance against diet-induced impaired insulin
function [28]. Apparently, the absence of GM3 synthase has no
deleterious effects on vital functions. In contrast, mice lacking other
sphingolipid synthesis enzymes have overt phenotypes rendering
interpretation of the metabolic consequences of the absence of these
specific enzymes difficult. Genetic ablation of dihydroceramide desatur-
ase 1 (Des1) affects the animals ability to form ceramide. Animals
lacking both alleles encoding Des1 are growth retarded and display
increased mortality due to a complex phenotype with hepatomegaly,
scaly skin, and practically no hair probably resulting a loss of core
temperature and impaired liver function [21]. However, heterozygous
Des1 + mice are characterized by markedly lower ceramide levels in
peripheral tissues with concomitant significant improvements of insulin
sensitivity and insensitivity to glucocorticoid induced metabolic impair-
ment [21].

Dependent on substrate acyl chain length one of several ceramide
synthases is involved in adding a second acyl chain to sphinganine to
form dihydroceramide. Genetic ablation of ceramide synthase 1, which
primarily catalyzes C18:0 acylation leads to a severe cerebellar Purkinje
cell loss and accompanying ataxia [46]. Complete deletion of ceramide
synthase 2 leads to cerebral depletion of myelin sheet formation,
cerebellar degeneration and increased prevalence of hepatocellular
carcinoma [47]. Genetic ablation of ceramide synthase 6 in mice
leads to behavioral abnormalities indicating a vital role of C16:0
sphingolipids in central nervous system function [48]. Another more
profound phenotype is seen in mice carrying a tissue selective deletion
of glucosylceramide synthase (GCS) in the epithelial cells of the intestine
[49]. Newborn mice with a villin promoter driven GCS knock-out die
soon after birth due to grossly impaired ability to absorb nutrients from
intestine. Also adult mice carrying an inducible deletion of the GCS gene
in intestinal epithelial cells die shortly after activating the deletion. The
malabsorption is caused by grossly impaired ability to form intracellular
vesicles trafficking lipids from the apical plasma membrane of the
enterocyte to intracellular lipid depots [49]. Obviously, it is impossible to
deduct which of the complex glycosphingolipids being formed down-
stream of the GCS catalyzed step are required for normal intestinal
absorption of lipids, but given the seemingly normal phenotype of GM3
synthase knock-out mice, it seems evident that sphingolipids formed
upstream of GM3 synthase are involved.

5.1. Therapeutic interventions

Presence of elevated ceramide levels in plasma as well as tissues of
importance for glucose metabolism such as liver, skeletal, muscle, and
adipose tissue does not necessarily confirm causality between ceramide
exposure and deterioration of insulin signaling. For example, it is well
recognized that plasma levels of triglycerides correlate positively as a
surrogate marker of insulin resistance whereas data demonstrating that
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aggressive triglyceride lowering therapy with fibrates and niacin are
incapable of improving glycemic control. Although several studies have
demonstrated that increased ceramide exposure deteriorate insulin
signaling in vitro, it was only recently that in vivo evidence linking
plasma levels of ceramides to insulin sensitivity became available. Due
to their lipophilic nature, ceramides do not readily lend themselves for
formulation suitable for in vivo studies. However, when using LDL
particles as carriers of ceramides it has been possible to elevate plasma
ceramide levels to patophysiologically relevant levels in mice with
concomitant deterioration of whole body glucose handling due to
increased insulin resistance [27]. Interestingly, Boon et al. demonstrated
that intraveneous LDL-ceramide infusions increase ceramide content
in skeletal muscle cell membranes but not in any other examined
tissues [27]. Thus, it seems evident that increased plasma levels of
ceramide impair glycemic control, but clear cut evidence from in vivo
experimentation demonstrating that therapeutic improvement of insulin
sensitivity is causally linked to lowering of plasma ceramide levels is still
missing.

Till this moment, there is no publicly available information about clinical
experience with specific inhibitors of sphingolipid synthesizing enzymes
in diabetes patients. However, the glycosylceramide synthase (GCS)
inhibitor, eliglustat, is currently undergoing late phase clinical develop-
ment targeting patients with Gaucher's disease as the inhibition of GCS
reduces the substrate load into the glycosphingolipid synthesis pathway
[50,51]. Patients with Gaucher's disease are characterized by an inborn
error of the enzyme glycosylceramide-beta-glucosidase (GBA1), which
leads to accumulation of glucocerebroside within lysosomes of macro-
phages. Some patients with this disease show a markedly increased
hepatic glucose production, elevated insulin levels and reduced insulin
mediated whole body glucose uptake as demonstrated in euglycemic
clamp experiments, which might be the result of the increased
production of gangliosides like GM3 [12]. However following enzyme
replacement therapy some patients gain body weight and develop
diabetes, which might be the result of the loss of glucose-consuming
macrophages. Therefore it is impossible to extrapolate effects of GCS
inhibition on glycemic control from these clinical trials, and only rigorous
assessment of the GCS inhibitors in adequate patient populations can
tell if inhibition of glycosylceramide production will translate into clinical
benefits for people with diabetes.

A wide variety of experimental molecules have been tested in cellular
in vitro systems as well as in preclinical in vivo models. The atypical
amino acid, myriocin, is a potent inhibitor of SPT1 [52]. Although it is
likely that myriocin has other molecular targets, it has been widely used
as a tool compound to inhibit SPT1 activity in a variety of animal models.
Thus, myriocin treatment significantly improves glycemic control in both
obese and overtly diabetic rodent models. Oral administration of
myriocin is associated with moderate weight loss, but as parenteral
administration of myriocin does not affect body weight it is reasonable to
assume that improved glycemia is not simply the result of negative
energy balance. Formal assessment of myriocin's chronic effects on
whole body energy balance has yet to be conducted but chronic dosing
of myriocin (0.3-0.5 mg/kg/day) to ZDF rats significantly improve
metabolic control in parallel with dramatic reduction of skeletal muscle
and plasma ceramide [53]. In addition to eliglustat, other inhibitors of
GCS are available and some of these have been tested in animal models
of diabetes. Small molecule compounds like fumonisin B1 and the
imonosugar N-(5'-adamantine-1’-yl-methoxy)-pentyl-1-deoxynojirimycin
(AMP-DNM) have been used in chronic in vivo studies to demonstrate
that pharmacologically induced depletion of glycosphingolipids is
associated with improved insulin sensitivity in mice [54]. In addition to
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improved glycemia, ob/ob mice treated with AMP-DNM also display
improved hepatic lipid deposition, amelioration of cirrhosis markers, and
reduced hepatic gluconeogenesis [54]. The data obtained with AMP-
DNM should be interpreted with caution as this molecule also infers
inhibition of the intestinal enzyme sucrose-isomaltase whereby intestinal
carbohydrate absorption is likely to be hampered. However, the far more
specific inhibitor of GCS, GENZ-123346, also concomitantly reduces
formation of glucosphingolipids and improves insulin sensitivity and
corrects hepatosteatosis [55].

Given it becomes possible to decipher which of the ceramide species
exert most deleterious effects on glucose homeostasis it may be
possible an interesting therapeutic approach could be to target specific
CerS1-6 isoforms rather than SPT1. Such approach would potentially
provide selective reduction of the unwanted ceramides whilst leaving
others unaffected. Further addressing specific Ceramide synthases will
affect both de novo synthesis as well as salvage pathway synthesis of
ceramides.

6. CONCLUSION

Although clinical experience with pharmacological tools reducing tissue
and plasma levels of sphingolipids is still missing, a solid body of
circumstantial evidence is available to justify investment in experimental
clinical studies bridging existing gaps in the translation of preclinical
data to relevant clinical setting. Most importantly, we are short of
thoroughly safety profiled agents that can be applied clinically to deliver
graded tissue specific inhibition of enzymes involved in sphingolipid
synthesis. Provided such investigational compounds become available it
will become possible to link quantifiable tissue specific reductions of
sphingolipids to level of improvement of insulin sensitivity in both normal
individuals as well as in people with insulin resistance.
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