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Abstract

Recent evidence suggests that ceramide can play an important pathophysiological role
in the development of diabetes. Ceramides are primarily recognized as lipid bilayer building
blocks, but recent work has shown that these endogenous molecules are important intracellular
signaling mediators and may exert some diabetogenic effects via molecular pathways
involved in insulin resistance, beta cell apoptosis, and inflammation. Here, we present
available evidence on the possible roles of ceramides in diabetes mellitus and introduce eight
different molecular mechanisms mediating the diabetogenic action of ceramides categorized
into those predominantly related to insulin resistance versus those mainly implicated in beta-
cell dysfunction. Specifically, the mechanistic evidence involves beta cell apoptosis,
pancreatic inflammation, mitochondrial stress, endoplasmic reticulum (ER) stress, adipokine
release, IRS-1 (Insulin receptor substrate 1) phosphorylation, oxidative stress and insulin
synthesis. The collective evidence suggests that therapeutic agents aimed at reducing ceramide
synthesis and lowering circualating levels may be beneficial in prevention and/or treatment of

diabetes and its related complications.
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Novelty Statement

e Ceramides are building blocks of cellular lipid bilayers and have been causally
implicated in the pathophysiology of diabetes

e Recent evidence suggests that ceramides act as intracellular signalling molecules and
may exert diabetogenic effects via pathways involved in insulin resistance, beta cell
apoptosis and inflammation

e Here, we present the mechanistic evidence for the role of ceramides in diabetes

e New therapeutic agents that lower plasma levels of ceramides may be beneficial in

prevention and/or treatment of diabetes and its related complications.



Introduction

The global incidence of diabetes mellitus has reached epidemic proportions, and diabetes
is now established as the most prevalent metabolic disorder worldwide. The International
Diabetes Federation currently estimates there to be 366 million adults with diabetes,
representing more than 8% of the global population, and this is projected to rise to 552 million
by the year 2030. Additionally, there is a huge predicted number of undiagnosed cases of
diabetes. The vast majority of adults with diabetes have type 2 diabetes, and, thus, the
increasing prevalence of diabetes globally is largely due to an increase in type 2 diabetes [1].

Many of the debilitating complications of diabetes appear in middle to older age, and
cardiovascular disease, retinopathy and renal failure are strongly related to a history of
uncontrolled diabetes. Managing this disorder to maintain tight glycemic control is a key
element in the prevention and delay of development of these recognized complications. The
exact pathophysiology of diabetes is unknown, though a variety of different factors, such as
low-grade chronic inflammation, genetic background and gene defects, pancreatic beta cell
failure and insulin resistance in peripheral tissues are each known to play a role. Additionally,
sphingolipids are purported to promote cellular conditions conducive to the development of
diabetes mellitus [2].

Ceramides are a family of lipid molecules which are present in large amounts in the lipid
bilayer membranes of eukaryotic cells [3]. In addition to making the cell membrane
hydrophobic, these molecules are also considered to be bioactive agents which participate in
multiple intracellular pathways, examples being in the generation of free radicals, the release
of inflammatory cytokines, apoptotic processes and modulation of gene expression [4].
Therefore, a role for ceramides has been proposed in cardiovascular and neurodegenerative

diseases as well as in cancer, depression, inflammation and obesity [5]. Moreover, recent



evidence has implicated the involvement of ceramides in failing insulin signaling, insulin
resistance and, ultimately, diabetes development [6].
In this review, we consider the evidence for the possible mechanistic role of ceramides

in the development of diabetes mellitus and its complications.

The Physiology of Ceramides

Ceramides are naturally occurring lipid molecules that are fundamental building blocks
found in abundance in eukaryotic cell membranes. These physiological lipids are principally
composed of sphingosine and fatty acids that are incorporated during sphingomyelin synthesis.
They are a major component of the cellular lipid bilayer membrane and have an important role
in maintaining its integrity (Figure 1) [7].

Ceramide synthesis occurs in at least three distinct molecular pathways: the de novo
pathway, the sphingomyelin hydrolysis (degradation) pathway and the salvage (recycling)
pathway (Figure 2) [8].

The de novo pathway occurs most commonly in the endoplasmic reticulum (ER) and is
initiated by the rate-limiting enzyme, serine palmitoyl transferase,that produces 3-keto-
dihydrosphingosine, which in turn is reduced to dihydrosphingosine. Dihydrosphingosine is
then converted to ceramide by dihydroceramide synthase and dihydroceramide desaturase
enzyme activity [9]. There are six ceramide synthases (CerS1-6), each producing ceramides
with specific chain lengths, functions, tissue distribution, and effects [5]. The highest tissue
expression (and possible disease modulation) are respectively: CerS1 in brain, skeletal muscle
and testis which is responsible for synthesizes 18-carbon (C18) ceramide in brain (epilepsy,
head/neck cancer); CerS2 which is responsible for the synthesis of the very-long-chain
ceramides (VLC), e.g. C24, C24:1 in liver and kidney (breast cancer, neurological diseases);

CerS3 which is involved in the synthesis of ceramides with ultra-long-chain acyl moieties



(ULC-Cers) in skin and testis (epidermal defects); CerS4 that catalyzes production of
Ceramides containing C18-22 fatty acids in skin, heart, and liver (breast cancer, neurological
diseases); CerS5 which synthesizes C16-ceramide; a main proapoptotic ceramide; in lung
epithelium (leukemia, colorectal cancer); and CerS6 which preferentially generates C14- and
C16-ceramides in intestine, spleen, lymph nodes and thymus (breast cancer, neurological
diseases, colitis) [5, 10-16].Sphingomyelin hydrolysis is another pathway through which
ceramide is generated; sphingomyelin is converted to ceramide by sphingomyelinase enzyme
activity [17].

Ceramide is also produced via the salvage pathway. In this case, sphingosine is produced
as the product of sphingolipid catabolism, and is mostly salvaged through re-acylation,
resulting in ceramide production [18].

Overall, in physiological conditions, ceramides provide structural integrity and act in a variety
of pathways, including the heat shock response, apoptosis, cell cycle arrest, inflammation,
oxidative stress, and modulation of gene expression [4, 5]. Many of the underlying mechanisms
of ceramide action are still poorly understood, and probably include inhibition of the activity
of mitogen-activated protein-kinases (MAPKS), activation of stress-activated protein-kinases
(SAPKSs) and apoptotic mithocondrial pathways, mimicking of the cytotoxic effects of many
cytokines, and stimulation of pro-inflammatory adipokine secretion [19, 20]. The accumulation
of ceramide in sphingolipid-rich domains (lipid rafts) and their coalescence may affect
signaling by clustering of receptors and signaling molecules [19]. Indeed, the
sphingomyelinase enzymes are activated by many cytokines, including tumor necrosis factor-
a (TNF-a), interferon-y (IFN- v), interleukins (IL), such as IL-1p, or platelet-activating factor
(PAF) and adiponectin [21]. Besides inflammatory signals, oxidative stress increases ceramide

production as well [22].



Furthermore, ceramides have been reported as potential biomarkers of many
pathological diseases and conditions. Herein, their hypothesized role in the pathogenesis of
diabetes mellitus and its chronic complications is described.

Ceramide and diabetes mellitus, is there any verified relationship?

In addition to primary beta cell dysfunction as an underlying cause, type 2 diabetes
mellitus is well recognized as a metabolic disorder in which insulin resistance in peripheral
cells is a central feature. Insulin resistance interferes with cellular consumption of glucose as
a first-order substrate for metabolism and ATP (adenosine triphosphate) generation [23].
Whilst it has been purported that insulin resistance serves as a physiological defense against
metabolic stress and overfeeding, it is also recognized as a hallmark of disease in many
patients with type 2 diabetes [24].

The exact pathophysiology of insulin resistance is as yet unknown, but strong evidence
points to the involvement and interplay of a variety of factors: a defect in GLUT4 (Glucose
transporter type 4) expression, a defect in muscle glucose transport, impaired muscle glycogen
synthesis, deviations in insulin receptor isoform expression or insulin/IGF-1 hybrid receptor
abundance and defects in the insulin signaling pathway. One example of the latter is the
IR/IRS-1/P1 3-kinase/PKCz/I/Akt/GLUTA4 cascade, where any defect in this pathway may
contribute to the development of insulin resistance [25]. A body of evidence also suggests that
other factors, such as high fat diet, overfeeding, inflammatory cytokines, free radical species
and insulin signaling inhibitors, can induce insulin resistance and, ultimately, in the presence
of beta-cell dysfunction, type 2 diabetes mellitus [26].

More recent work has suggested a causal relationship between ceramide production and
beta cell dysfunction and insulin resistance [27]. It has been suggested that ceramide may play
a role in beta cell apoptosis, pancreatic inflammation, mitochondrial stress, endoplasmic

reticulum (ER) stress, adipokine release, IRS-1 (Insulin receptor substrate 1) phosphorylation,



oxidative stress and insulin synthesis [6]. The evidence supporting the involvement of
ceramide in each of these molecular pathways, known to be involved in the development of
diabetes mellitus, is discussed in greater detail below, by distinguishing those mechanisms
more specifically correlated with insulin resistance from those mainly implicated in beta-cell
dysfunction.

Ceramide and beta cell dysfunction

1. Ceramide and pancreatic beta cell apoptosis

Apoptotic death of beta cells residing in pancreatic islets is a hallmark of pancreatic
dysfunction in diabetic subjects. Loss of beta cell mass reduces the intrinsic capacity for
insulin production, secretion and, therefore, release [28]. Apoptosis of beta cells in islets is a
feature of both type 1 and type 2 diabetes. Beta cells are affected by metabolic factors that
induce protein misfolding and/or induce inflammatory responses [28]. Loss of beta cells
through apoptosis reduces the total effective beta cell mass and results in inadequate secreted
insulin in response to a glucose load [29]. Beta cells are sensitive to a variety of pro-apoptotic
stimuli, including ceramide [30].

Various clinical and experimental studies have demonstrated that sphingolipid
metabolites, such as sphingosine 1-phosphate, glycosphingolipids and ceramide, can induce
signaling pathways involved in beta cell apoptosis [31]. This can be accomplished either by
inducing ER stress, enhancing lipotoxicity or disrupting mitochondrial function with
subsequent development of oxidative damage [28]. Grosch and coworkers found that
ceramide can stimulate cytochrome-C release and trigger down-stream apoptotic related
pathways in beta cells [32]. Further, the apoptotic potency of ceramide was reported by Zhang
et al in 2009, where they suggested that ceramide induces beta cell apoptosis through
inhibition of ion channel activity [33]. Thus, induction of beta cell apoptosis is a direct

diabetogenic consequence of high circulating plasma levels of ceramide.



2. Ceramide and pancreatic cell inflammation

Pancreatic inflammation is strongly correlated to beta cell dysfunction and, accordingly,
inadequate insulin secretion [34]. Much work has demonstrated that upregulation of cytokines
and marked inflammatory responses are induced in an animal model of type 1 diabetes
mellitus [35]. Major and colleagues in 1999 demonstrated that ceramide can mimic the
cytotoxic effects of tumor necrosis factor-o. (TNF-a), interleukin-1p (IL-1) and interferon-y
(IFN-y) cytokines in pancreatic beta cells and trigger related inflammatory responses [36].
Sjoholm et al. in 1995 also found that ceramide mimics IL-1B activity and promotes its
cytotoxic and cytostatic influence in islet beta cells [37]. Moreover, Gregory et al recently
reported the same effects of sphingolipids and found that they are involved in chronic
inflammation in different tissues, including pancreatic islets [38]. Consequently, induction of

inflammation is another possible effect of ceramide in diabetes development.

3. Ceramide and pancreatic oxidative stress

Oxidative stress has a pivotal role in the pathophysiology of many diseases, including
the development of diabetes consequent upon beta cell stress [39]. Excess free radicals in beta
cells, due to hyperglycemia or toxicity, can impair insulin gene expression and insulin
secretion, and induce beta cells apoptosis [40]. Ceramide production enhances free radical
generation and oxidative damage [41]. High levels of circulating ceramides are associated
with mitochondrial dysfunction, thereby resulting in further free radical generation [42].
Czubowicz et al in 2014 showed that ceramide induces poly (ADP-ribose) polymerase-1
(PARP-1) activity, free radical generation and oxidative damage in neuronal cells [42]. While
no direct evidence shows ceramide-induced oxidative damage in beta cells, indirect evidence

indicates that oxidative stress due to ceramide accumulation can play a significant role in islet



dysfunction, impaired insulin secretion and diabetes development, and this relationship clearly

requires further investigation.

4. Ceramide and defects in insulin expression
Some studies have proposed that insulin mRNA/gene expression is under the influence of
plasma levels of ceramide [43]. A number of different sphingolipid metabolites, in addition to
ceramide, are strongly implicated in insulin gene expression and may exert inhibitory effects
upon it [31]. Kelpe et al in 2003 demonstrated that prolonged exposure to higher levels of
ceramide down-regulates insulin gene expression in a model of isolated islets in culture [43].
Guo and coworkers in 2010 demonstrated that accumulation of ceramide in plasma inhibits
proinsulin gene expression through protein phosphatase 2A (PP2A) activity [44]. Therefore,
we conclude that ceramide-induced insulin gene down-regulation can be considered as

another potential effect of ceramide in diabetes development.

5. Ceramide and defects in insulin secretion
Reduced insulin secretion is a central element in the pathogenesis of diabetes mellitus which
may be due to lower beta cell mass or failure of the beta cell secretory machinery [45]. Free
fatty acids, as well as ceramide, can affect insulin secretion in different ways, including via
intracellular trafficking, intracellular storage in Golgi or by inhibiting secretory machinery
[31]. Ceramide disrupts the apparatus transporting insulin from ER to Golgi and so disrupts
intracellular trafficking of insulin and its subsequent secretion from beta cells [31].
Karunakaran et al in 2015 reported that ceramide accumulation is involved in both beta cell
failure and disturbed insulin secretion [46]. Lang et al in 2011 reported that any defect in
sphingomyelin synthase 1 activity, which naturally converts ceramide to sphingomyelin, leads

to accumulation of ceramide and impairment of insulin release [20]. Therefore, it can logically

10



be concluded that impairment of the insulin secretion machinery is another mechanism by

which ceramide may induce diabetes mellitus.

Ceramide and insulin resistance
1. Ceramide and glucose metabolism

As stated earlier, insulin resistance is a hallmark of type 2 diabetes mellitus in which the
beta cells are unable to secrete adequate levels of insulin into the circulation to overcome the
resistance to this hormone; therefore, the entry of glucose into cells for use as a first line
substrate is disturbed [47]. Any agent that interferes with the insulin signaling pathway can
therefore induce insulin resistance and, ultimately, in the presence of beta-cell failure lead to
type 2 diabetes mellitus [47]. Available evidence suggests that higher levels of plasma
ceramides promote insulin resistance and the development of the metabolic syndrome [48].
Additionally, pharmacological or genetic disruption of ceramide synthesis has been shown to
improve glucose metabolism and enhance insulin sensitization [48].

Haus and coworkers in 2009 showed that the plasma level of ceramide is directly
associated with insulin resistance in people with type 2 diabetes and obesity [49]. They found

that insulin sensitivity in those patients is inversely correlated to the ceramide species C18:0,

C20:0, C24:1 and to the total plasma level of ceramide [49]. Reecenthy,—Cimmino—etal

insuhinresistance-[50): The accumulation of ceramide produced from palmitate (through the de

novo pathway) has been found to induce an inhibition of insulin signaling (in vitro) and diabetes
(in vivo) [51, 52]. Chavez et al in 2012 also emphasized the role of ceramide in insulin
resistance and presented a new hypothesis that implicated ceramide as a key agent in the

development of insulin resistance [27].
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Another possible mechanism for ceramide-induced insulin resistance is via insulin

receptor substrate-1 (IRS-1) phosphorylation [53]. IRS-1 is a mediator protein with signaling
activity that links the binding of insulin and insulin like growth factor-1 (IGF-1) to related
intracellular receptors of the insulin pathways, thus triggering associated down-stream
signaling pathways [54]. IRS-1 has approximately 232 Ser/Thr residues which are mainly
subjected to phosphorylation [55]. Previous work has shown that Ser/Thr residue
phosphorylation of IRS-1 decreases its ability to respond to insulin and negatively modulates
insulin signaling pathways, thus contributing to insulin resistance [54, 55]. Other reports
indicate that ceramides may be directly involved in IRS-1 phosphorylation and can therefore
negatively modulate insulin signaling and induce insulin resistance [53, 55]. Ceramide inhibits
IRS1 through activation of the PKR/JNK axis [56].
The accumulation of ceramide via different mechanisms blocks the activation of the Akt
pathway, a protein kinase that is essential for insulin signaling and insulin-mediated stimulation
of glucose metabolism, with consequent inhibition of the Akt-mediated GLUT4 translocation
and glucose uptake, and glycogen synthesis [56-58]. Intriguingly, ceramides were found to play
a role in insulin resistance induced by saturated fatty acids [59]. It has also been shown that
ceramides can impair glucose metabolism by acting on Akt signaling pathways through PP2A
and/or PKC( (zeta) mediators [60]. Chen et al. demonstrated that ceramides impair glucose
metabolism and induce insulin resistance through PP2A- and PKC{-dependent mechanisms
[60]. Also, Mahfouz and coworkers found that ceramides induces insulin resistance through a
PP2A-dependent pathway in skeletal muscles of animals [61].

Insulin resistance in skeletal muscle plays a key role in type 2 diabetes development.
Different studies support the importance of specific muscle ceramides in the development of
lipid-induced skeletal muscle insulin resistance [62, 63]. On the other hand, the role of

ceramides as mediators of hepatic insulin resistance is unclear and supported by a few [7, 64,
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65], but not all [66] studies, as recently reviewed [67]. The degradation of ceramides both in
the liver and in fat tissue improved glucose metabolism, thus suggesting a major contributing
role for both these tissues in regulating circulating ceramide levels, and, in addition,

confirming the role of these substances on glucose homeostasis [7].

2. Ceramide and ER stress

Endoplasmic reticulum (ER) stress is defined as any disturbance in proper function of
ER which may be due to improper folding or ER overloading [68]. ER stress is a prominent
marker of insulin-resistant cells which, in turn, further impairs glucose homeostasis [69].
Ceramide can induce ER stress and impair glucose homeostasis in a number of experimental
models in several cell lines such as islets beta cells [69, 70]. For example, Liu et al in 2014
found that exogenous application of ceramide induces severe ER stress by impairing ER Ca?*
homeostasis in human adenoid cystic carcinoma cells [70]. Yano and colleagues in 2011
showed that ceramide can cause ER stress by inducing protein misfolding in ER due to Ca®*
depletion in pancreatic B-cells [71]. Moreover, de la Monte and coworkers in 2012
demonstrated that ceramide-induced ER stress impaired the IGF (Insulin-like growth factor)
signaling pathway and enhanced insulin resistance in postmortem brain tissue of human
Alzheimer disease models [72].
However, specifically in muscle cells, ceramide-induced insulin resistance is mediated mainly
by impairment of the insulin signaling pathway (IRS1 and Akt) [73], rather than by ceramide-

induced ER stress, which probably plays a major role in the liver and adipose tissue [74].

3. Ceramide and Adipokines Expression/Release
The adipokines, also known as adipocytokines, are adipose tissue driven cytokines with

pro-inflammatory properties that are mainly released by adipocytes. Since the recognition of
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leptin as the first adipokine, hundreds of these cytokines have been discovered, such as

resistin, TNF-a. and interleukin-6; this effectively implies that adipose tissue is a major

endocrine organ [75]. Adipokines can exert diabetogenic effects by enhancing insulin

resistance in peripheral tissues of subjects with obesity [76]. Although some adipokines, such

as leptin and adiponectin, are involved in control of feeding behavior and balance of energy,

more recent evidence confirms that they are also involved in inflammatory response-induced

insulin resistance [76].

Some evidence suggests that ceramide increases adipokine expression and increases its level
in the circulation [48]. Available data indicate a strong link between ceramide and adipokines
[48, 77]. Hamada and colleagues in 2014 demonstrated that ceramide stimulates pro-
inflammatory adipokine secretion as well as IL-6 and monocyte chemo-attractant protein-1
(MCP-1) in mature 3T3-L1 adipocytes [77]. In addition, Chavez et al in 2012 showed that
ceramide production is directly correlated to leptin, TNFa, adiponectin and resistin levels in
tissues [27]. Furthermore, the adiponectin receptor is linked to ceramidase activity and induced
activation of this activity enhances ceramide catabolism, formation of its antiapoptotic
metabolite--sphingosine-1-phosphate, and subsequent decline in tissue ceramide levels, thus
contributing to the pleiotropic metabolic actions of adiponectin [78].

Therefore, ceramide-induced adipokine secretion can be considered as another
pathophysiologic pathway involved in insulin resistance and type 2 diabetes mellitus

development.

4. Ceramide and obesity
People with obesity are often insulin resistant and show an increased risk of developing
type 2 diabetes mellitus. Plasma ceramide concentrations are increased in people with obesity

(41). Obesity leads to increased circulating substrates required for de novo ceramide synthesis
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(palmitate and amino acids) [79]. Furthermore, the reduced blood adiponectin levels associated
with obesity, with the resultant reduction in adiponectin-receptor mediated ceramidase activity
[78], together with the increased sphingomyelinase activity induced by increased circulating
TNF-a concentrations, are characteristic of people with obesity [80] and lead to tissue ceramide
accumulation. Specific muscle and adipose ceramide compounds were found to be inversely
associated with energy expenditure and predictive of weight gain [81].

A relationship between ceramides and pro-inflammatory cytokines may be implicated in
both reduced insulin sensitivity and fat accumulation. In particular, ectopic fat accumulation
characterizes obesity and is critical in the development of obesity-associated diseases.
Ceramides are among the lipid metabolites accumulating in ectopic sites, such as the liver,
skeletal muscle, and heart [80]. A high-fat diet-induced both insulin resistance and a distinctive
ceramide accumulation in fat, liver and muscle tissues in mice [82]. By contrast, weight loss
by bariatric surgery plus exercise reduced muscle ceramides and improved insulin sensitivity
[83].

From this evidence, we can conclude that ceramides, through their metabolic effects and
tissue accumulation, contribute to insulin resistance, conferring an increased risk for

development of diabetes.

Roles of ceramides in chronic complications of diabetes mellitus

Ceramides, other than in pancreas, adipose tissue, muscle, liver, and brain, may
accumulate in tissues such as kidney, eye, heart and vessels, thus contributing to chronic
diabetes complications.
Increased ceramides and specific ceramide ratios have been reported to be associated with an
increased risk of death and negative outcomes in patients with cardiovascular diseases [84-86].

Ceramides may contribute causally to impaired vasoreactivity, dyslipidemia, aggregation of
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lipoproteins, uptake and retention of oxidized lipids in the vascular wall, and, ultimately, to
atherosclerotic plaque formation [67, 80]. Ceramide has been associated with lipotoxic and
diabetic cardiomyopathy in animal models [87, 88].
Furthermore, these substances have been implicated in mesangial cell apoptosis [89] and in
retinal pericyte apoptosis [90] which are associated with diabetic nephropathy and retinal
pericyte apoptosis, respectively

Therefore, tissue accumulation of ceramides may not only have a pathogenic, but also a
prognostic significance in diabetes mellitus, being associated with the risk of development of

diabetes-related complications.

Clinical implications

An increasing amount of evidence highlights the role of ceramide as a pathogenetic factor
especially in type 2 diabetes mellitus. However whether ceramide disease modulation occurs
as a response to pathological mechanisms, such as inflammation or cellular stress, or is actively
involved in diabetes pathogenesis, is still unclear.
Ceramides can be detected in blood samples and have been proposed as disease biomarker [86].
Wigger et al in 2017 reported that plasma dihydroceramides are important predictors of
diabetes and confirmed in two cohort studies that dihydroceramides are increase by up to 9
years before the onset of diabetes in suspected subjects [91]. In particular, increased plasma
concentrations of ceramides C18:0, C20:0, C24:1 have been found in patients with type 2
diabetes mellitus compared to control subjects [53], and plasma C18:0, C20:0, C22:0 and some
dihydroceramide species were significantly elevated in patient plasma many years prior to
diabetes diagnosis [5]. A recent large prospective study confirmed the significant and
independent role of ceramides (in particular, the Cer(18:1/18:0)/Cer(18:1/16:0) ceramide ratio)

in the prediction of type 2 diabetes up to 10 years before the onset of the disease [92].
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Furthermore, specific ceramides are associated early with insulin resistance, prior to its
progression to diabetes [93]. This is intriguing given the fact that the early stages of diabetes
are usually asymptomatic.

Ceramide ratios were improved following lifestyle intervention that included weight loss [92].
Intriguingly, the possibility of reducing circulating levels of specific ceramides by increasing
fruit and vegetable consumption has been recently reported [94]. Therefore, specific ceramides
or ceramides ratio might serve as useful biomarkers for diabetes risk, and can possibly be
modulated by reductions in body mass index and a healthier lifestyle.

Similarly, the use of ceramides might be useful in the evaluation of cardiovascular risk
and identification of patients requiring more aggressive treatment [95]. This is a particularly
important assessment in people with diabetes, since cardiovascular diseases are the leading
cause of their premature mortality.

Finally, the possibility of developing pharmacological ceramide antagonists that exert
their effect via downregulation of the enzymes implicated in ceramide synthesis, offers an
interesting future perspective in protection from, and treatment of, diabetes, obesity and
cardiovascular diseases. Whilst all the available evidence mechanistically implicates ceramides
in glucose/insulin metabolism, diabetes mellitus and its complications, randomized controlled

human trials are needed to conclude this definitively.

Conclusion

Ceramides are lipid molecules, primarily located in eukaryotic cell membranes, which
are integral to the lipid bilayer as well as many intracellular signaling pathways. Recent
evidence suggests that they also exert pathological effects and, as such, they may be causally
involved in the development of diabetes mellitus. Based on our review of the available data,

we conclude that ceramides can interfere with glucose homeostasis, induce insulin resistance

17



and enhance the likelihood of diabetes development; these effects are mediated through at least
eight molecular pathways. Development of new therapeutic agents that allow pharmacological
lowering of ceramide synthesis by using ceramide synthase inhibitors which precisely suppress
ceramide production, and therefore plasma levels, may be beneficial in prevention and/or
treatment of diabetes and its related complications. Since ceramides have regular tissue
expression, using ceramide inhibitors may provide new therapeutic targets against diabetes and

its complications.
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Figure legends
Figure 1: the structure of a ceramide molecule, composed of sphingosine

(upper half) and fatty acid (lower half)

Figure 2: Schematic delineating three known pathways of ceramide synthesis
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