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The Role of Ceramides in Insulin
Resistance

Emilia Sokolowska™ and Agnieszka Blachnio-Zabielska

Department of Hygiene, Epidemiology and Metabolic Disorders, Medical University of Bialystok, Bialystok, Poland

Resistance to insulin is a pathophysiological state related to the decreased response
of peripheral tissues to the insulin action, hyperinsulinemia and raised blood glucose
levels caused by increased hepatic glucose outflow. All the above precede the onset of
full-blown type 2 diabetes. According to the World Health Organization (WHO), in 2016
more than 1.9 billion people over 18 years of age were overweight and about 600 million
were obese. Currently, the primary hypothesis explaining the probability of occurrence
of insulin resistance assigns a fundamental role of lipids accumulation in adipocytes or
nonadipose tissue (muscle, liver) and the locally developing chronic inflammation caused
by adipocytes hypertrophy. However, the major molecular pathways are unknown. The
sphingolipid ceramide is the main culprit that combines a plethora of nutrients (e.g.,
saturated fatty acids) and inflammatory cytokines (e.g., TNFa) to the progression of insulin
resistance. The accumulation of sphingolipid ceramide in tissues of obese humans,
rodents and Western-diet non-human primates is in line with diabetes, hypertension,
cardiac failure or atherosclerosis. In hypertrophied adipose tissue, after adipocytes excel
their storage capacity, neutral lipids begin to accumulate in nonadipose tissues, inducing
organ dysfunction. Furthermore, obesity is closely related to the development of chronic
inflammation and the release of cytokines directly from adipocytes or from macrophages
that infiltrate adipose tissue. Enzymes taking part in ceramide metabolism are potential
therapeutic targets to manipulate sphingolipids content in tissues, either by inhibition
of their synthesis or through stimulation of ceramides degradation. In this review, we
will evaluate the mechanisms responsible for the development of insulin resistance and
possible therapeutic perspectives.

Keywords: insulin resistance, obesity, ceramide, inflammation, diabetes, therapy

INTRODUCTION

Consumption of a high-fat diet is associated with the accumulation of lipids in skeletal muscles,
which leads to many disorders, like obesity, insulin resistance, type 2 diabetes mellitus (T2DM),
and metabolic syndrome (1). Obesity is the most common trigger for the development of insulin
resistance in skeletal muscles and the liver. Both are an integral part of metabolic syndrome,
together with glucose intolerance, hypertriglyceridemia, low HDL cholesterol, hypertension,
atherosclerosis, and impaired fibrinolytic capacity (2). Metabolic syndrome significantly increases
the risk of cardiovascular system diseases. WHO global report of diabetes from 2016 estimates that
more than 422 million adults were living with diabetes in 2014, half of them in Asia (3). In 2016
there were 1.6 million deaths worldwide directly caused by diabetes. Statistical data shows that in
2012, diabetes was the fifth most common cause of premature death among women.
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FIGURE 1 | Hyperplasia and hypertrophy of adipose tissue cause systemic inflammation and lipotoxicity due to elevated cytokines and accumulation of lipid
metabolites in the tissues not suited for fat storage. Increased ceramide level in enlarged adipocytes elicit the pathophysiological disturbances in different tissues and
organs. DAG, diacylglycerol; TAG, triacylglycerol; NAFLD, nonalcoholic fatty liver disease.
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Insulin resistance occurs in almost 20-25% of the human
population and is defined as a decreased response of the
peripheral tissues to insulin action, and consequently impairment
in postprandial nutrient storage mainly in skeletal muscle
and in the liver. At this stage, pancreatic islets are not yet
damaged and respond to elevated blood glucose levels by
insulin oversecretion, resulting in their hypertrophy and necrosis
(4). On the other hand, as a consequence of continuously
maintaining high concentrations of insulin, peripheral tissues
are becoming resistant to this hormone. Insulin resistance and
weight gain are contributing factors to stroke, nonalcoholic
fatty liver disease (NAFLD), asthma, cancer, polycystic ovary
syndrome, Alzheimer’s disease, hypertension or atherosclerosis
(Figure 1) (5). The insulin signaling system is complex
and manifold. However, genetic approaches provide valuable
insight into certain early-onset forms of diabetes but fail
to clarify insulin resistance (6). Ceramides, reactive oxygen
species, diacylglycerols, branched chain amino acids, short-chain
acylcarnitines, and other metabolites have all been implicated as
antagonists of insulin action. Herein we will review suggested
mechanisms responsible for the onset of insulin resistance and
perspectives to the treatment of patients at risk of diabetes.

INSULIN-DEPENDENT GLUCOSE AND
LIPID METABOLISM

Insulin is the principal anabolic hormone secreted by pancreatic
p-cells, which stimulates uptake and storage of glucose and
other nutrients in muscle and fat. It modulates post-meal
balance of carbohydrates, lipids, and proteins by increasing

lipogenesis, glycogen, and protein synthesis, and suppressing
glucose production, and its release from the liver. Insulin
resistance causes profound dysregulation of these processes and
is related with inhibition of the insulin signal transduction
downstream to the insulin receptor and phosphorylation
of the insulin receptor substrates proteins (IRS 1-4), in
particular, IRS-1 (5, 6). In several pathological conditions
such as T2DM and metabolic syndrome, the physiological
dose of insulin cannot obtain anabolic responses in peripheral
tissues (2).

Insulin acts via its transmembrane, heterotetrameric receptor
which belongs to a large family of tyrosine kinase receptors. The
activated insulin receptor phosphorylates endogenous insulin
receptor substrates family proteins that activate intracellular
effector enzymes, like the lipid phosphatidylinositol 3-kinase (PI-
3K) (7), which stimulates the Akt kinase/protein B (PKB). PKB
regulates cell proliferation and survival, but it is thought to
contribute to several cellular effects including the stimulation
of glucose transport, nutrient metabolism, cell growth, or
transcriptional regulation (8). Therefore, in muscle and fat tissue,
Akt/PKB stimulates the transfer of insulin-dependent glucose
transporter (Glut 4) from the depot inside the cell to the cell
membrane. Thus, it facilitates the inflow of glucose to the muscles
(9). Akt/PKB also promotes system an amino acid transport
(10), and vasodilatation by activation nitric oxide synthase (11).
Additionally, Akt/PKB stimulates in liver and muscles glycogen
synthase kinase 3b (GSK3b) (12), and in muscles and in fat tissue
induces protein synthesis (13). In fat tissue, Akt/PKB promotes
expression and activity of fatty acid synthase, which is linked to
visceral fat accumulation by catalyzing multiple reactions in the
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conversion of malonyl-CoA and acetyl-CoA to long-chain fatty
acids (14).

HYPOTHESES OF INSULIN RESISTANCE

Accumulation of intramuscular lipids, in particular:
diacylglycerols (DAG), ceramide (Cer) and long-chain acyl-
CoAs (LCACoA) (15-18) (which are substrates in the de
novo synthesis of both ceramide and DAG) are proposed to
be involved in the induction of insulin resistance. Bioactive
sphingolipids like ceramide, sphingosine (Sph), and sphingosine
1-phosphate (S1P) combine overnutrition, inflammation, and
metabolic dysregulation (19) (Figure 2).

Nuclear magnetic resonance spectroscopy has demonstrated a
relation among intramyocellular irregularity of lipid metabolism
and triglyceride level with whole-body insulin resistance in
overweight patients and those with type 2 diabetes (20).
Excess of fatty acids is stored in adipocytes to support energy
during fasting periods. After exceeding the buffering capacity
of adipose tissue, neutral lipids accumulate in nonadipose
tissues such as liver, heart, pancreas, and skeletal muscle,
inducing organ dysfunction called lipotoxicity (Figure 1). This
anomaly increases the probability of the onset of two molecular
pathogenesis responsible for the persistent hyperglycemia
observed in T2DM like the progressive decrease in function
and the mass of pancreatic B-cells (21). Muscle tissue adjusts to
increased clearance of free fatty acids (FFA) from the circulation
and lipids begin to accumulate in skeletal muscle. It is likely
that a significant uptake of FFA by muscle may be the result
of increased mRNA expression for the CD36/FAT transporter
and the acyl-CoA synthetase. Furthermore, intramyocellular
lipids levels were more effective in the prognosis of insulin
resistance than were other predictors of obesity (e.g., waist-to-
hip ratio, body mass index (BMI), and body fat percentage)
(22, 23). Moreover, LCACoA through inhibition of hexokinase
(24), pyruvate dehydrogenase and glycogen synthase activity
(25), decrease the insulin signaling. LCACoA also disrupt muscle

glucose utilization by stimulation of PKC isoenzymes which
activate serine/threonine phosphorylation of the insulin receptor
or insulin receptor substrate 1 (IRS-1) (26). Moreover, palmitoyl-
CoA inhibits mitochondrial adenine nucleotide translocator,
resulting in the greater formation of reactive oxygen species
(27). Tt was shown that muscle insulin resistance arises from
impaired mitochondrial uptake and oxidation of fatty acids (28).
Excessive supply of nutrients circulating in the blood and their
uptake by the cells increase the rate of cell metabolism (described
as metabolic overload), impair the activity of mitochondrial
and endoplasmic reticulum-associated enzymes, decrease the
accumulation of acetyl coenzyme A in cells, and inhibit glycolysis
by suppressing the activity of key enzymes in the Krebs cycle (29).

The short-chain fatty acids, same as glucose, enhance insulin
secretion, while chronic exposure of pancreatic islet to high
concentrations of FFA lead to desensitization and inhibition of
insulin release (30) as well as lower insulin gene expression (31).
Disproportionate accumulation of FFA in cells of overweight
people impairs signaling pathways regulated by diacylglycerol
(DAG). Recently, more attention is being paid on DAG because
of their suggested role in the initiation of insulin resistance
in muscle and liver (32). Ceramides have a detrimental effect
on pancreatic B cells, where they activate the stress-induced
apoptotic pathway (i.e., cytochrome C release and free radicals
production) (33).

The results of dietetic, epidemiological, and animal studies
clearly show that the consumption of saturated fats (SAT)
decrease sensitivity to insulin (34). Among SAT, palmitate
is remarkably harmful, as initiate accumulation of ceramide,
which impairs insulin-dependent activation and signaling of
PKB/Akt [downstream mediator of the insulin receptor (IR)]
(35) to relevant endpoints, such as glucose transport by: simplify
signaling pathways initiated by inflammatory cytokines (TNFa)
(36), activation of protein phosphatase 2A or atypical protein
kinase C isoform (PKCt) (35). Infusion of a triglyceride emulsion
into humans elevates DAG amount in muscles, but not ceramides
(37, 38). Data from our group have shown that diet rich in
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SAT, in contrast to a diet rich in polyunsaturated fatty acids
(PUFA), leads to an elevation in ceramide (1), pointing this
sphingolipid as a strong candidate combining lipid oversupply
to the antagonism of insulin signaling (35). Research conducted
by Pinel et al. in C2C12 myotubes indicate that n-3-PUFA
may display their beneficial metabolic effects on skeletal muscle
and enhance insulin sensitivity by improved metabolism of
fatty acids in skeletal muscle cells, in particular through their
ability to increase mitochondrial B-oxidation (39). Bikman
et al. showed that monounsaturated fatty acid oleate prevents
insulin resistance by inhibition of the ceramides synthesis in
the presence of palmitate (40). Athletes also become insulin
resistant after administration an unsaturated lipid emulsion.
However, thanks to their better metabolic flexibility, the increase
in fatty acid oxidation compensate the decreased glucose
oxidation. It seems that the accumulation of FFA in tissues
not adapted to their storage is not directly responsible for the
development of insulin resistance (41). Reduced tissue sensitivity
to insulin is also associated with disturbances in the functioning
of nuclear receptors PPAR family and the changes in the
secretion of adipokines (leptin, adiponectin, and resistin) and
proinflammatory cytokines (IL-6, TNFa) (42). In fat pad of
obese rodents and humans, overexpression of TNFa promotes
insulin resistance through increased serine phosphorylation of
the IRS-1 receptor and decreased insulin receptor kinase activity
(43). It was also shown that intraperitoneal injection of TNFa
into C57BL/6] mice upregulates the activity of neutral and
acidic sphingomyelinases and therefore produces ceramide in
excess (44).

CERAMIDES AND INSULIN RESISTANCE

Ceramides are important bioactive lipids belonging to the
sphingolipid family produced from a fatty acid and sphingosine
or by sphingomyelin hydrolysis (21). Ceramides in biological
membranes are part of the membrane microdomains, known
as lipid rafts, which stabilize the cell membrane structure and
modulate the distribution of receptors and signaling molecules.
Additionally, ceramides affect cell signaling pathways that
mediate growth, proliferation, motility, adhesion, differentiation,
senescence, growth arrest, apoptosis (33, 36, 45). These
compounds regulate the activity of many enzymes like kinases
or phosphatases but also can alter the activity of transcription
factors (46, 47).

Ceramide Synthesis and Degradation

The rate of ceramides generation depends mainly on the
availability of long-chain saturated fatty acids, which participate
in the novo ceramide synthesis within the endoplasmic reticulum
(48). Ceramides vary in acyl-chain lengths from C14:0 to C30:0.
At the first, rate-limiting step of the de novo pathway, serine
palmitoyltransferase (SPT) initiates the condensation of serine
and palmitoyl-CoA to produce 3-ketosphinganine. Further
reactions lead to the formation of sphinganine which is acylated
to dihydroceramide by six ceramide synthase enzymes (CerS1-
6), and then to ceramide through dehydroceremide desaturase.
Among various acyl-CoAs, palmitoyl-CoA is a highly specific

substrate of mammalian SPT in vitro and consequently, in
mammals, the chain length of the sphingoid bases is mainly
C18 (48, 49). Recent studies revealed that exogenous fatty acids,
cytokines (i.e., IL-1), and even UVB radiation elevate ceramide
generation by upregulating the expression of SPT (48, 50).
Ceramide may also be formed by hydrolysis of sphingomyelin
by the neutral and acid sphingomyelinases (nSMase and aSMase),
which is a stress-activated pathway for ceramide synthesis.
These enzymes break down sphingomyelin into ceramide and
phosphocholine and are upregulated in response to TNF-a (51),
Fas ligand (52), TLR4 activation (53), or oxidative stress (54).
Ceramide can be phosphorylated (by ceramide kinase),
rapidly deacylated (by ceramidase, CDase: acid, neutral, and
alkaline), or glucosylated (by glucosylceramide synthase)
(55). The enzyme sphingomyelin synthase (SMS) transfer a
phosphocholine group from phosphatidylcholine to ceramide,
whereby sphingomyelin (SM) is reformed (56) (Figure 3).

Does Tissue Ceramide Level Effectively
Predict the Insulin Resistance?

Human studies indicate a connection between ceramides and
insulin resistance. The accumulation of ceramides can increase in
tissues due to excessive supply of either saturated or unsaturated
fatty acids, most likely as a result of sphingolipid recycling
or the salvage pathway activity. For example, elevations in
muscle ceramides were reported in individuals with general or
abdominal obesity in association with muscle insulin resistance
(57, 58). Correlations between liver ceramides and hepatic insulin
resistance and between adipose ceramides and fatty liver disease
are also reported (59). However, the accumulation of fatty acids
does not always correlate positively with the decrease in tissue
sensitivity to insulin.

Caloric restriction diet, exercise training or bariatric surgery
reduce muscle ceramide levels and enhance muscle insulin
sensitivity, while levels of DAG in skeletal muscle in endurance-
trained athletes were higher (57, 60, 61). This phenomenon is
known as “the athlete’s paradox” (41) and is in line with studies
which have shown that DAG maintain a certain balance in
the body, simultaneously preventing the accumulation of more
reactive species of lipid metabolites in muscles (62).

Ceramides antagonize insulin signaling by inhibiting
transmission of signals through phosphatidylinositol-3 kinase
(PI3K) and blocking activation of the anabolic enzyme Akt/PKB
(63). Thereby, ceramides interfere with glucose uptake and
impair storage of nutrients such as glycogen or triglyceride (21),
activate protein phosphatase 2A (PP2A) (15, 35) and activate
proinflammatory cytokines. These sphingolipids also disrupt
lipid metabolism, particularly in the liver, by inhibiting oxidation
and stimulating fatty acid uptake (21). Moreover, ceramides
enhance cell death by stimulation of caspase, protein kinase C,
serine/threonine protein phosphatase (PP1), and cathepsin D
activity (33, 45).

Plasma ceramides are higher in obese children (64), diabetic
adults (65), or in non-human primates fed a Western diet (66). It
was shown that decrease in plasma ceramides during pioglitazone
treatment (67), inhibition of ceramide synthesis (i.e., myriocin,
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FIGURE 3 | Ceramide biosynthesis pathways and their subcellular localization. Ceramide is synthesized by three pathways; the de novo pathway; the sphingomyelin
pathway; and the salvage/recycling pathway. The de novo synthesis pathway (endoplasmic reticulum), begins by the condensation of serine with palmitoyl-CoA by
serine palmitoyltransferase into dihydrosphingosine. Next, dinydrosphingosine is converted into ceramide. In the salvage pathway, sphingosine is metabolized into
ceramide by ceramide synthase, and glucosylceramide is degraded into ceramide by glucosylceramidase. The recycling pathway is accountable for the cycling
among ceramide and complex sphingolipids. In the sphingomyelin hydrolysis pathway, plasma membrane sphingomyelin is hydrolyzed into ceramide by
sphingomyelinase. Inhibitors of ceramides metabolism are shown in red. Cytopl, cytoplasm; ER, endoplasmic reticulum; lys, lysosome; PM, plasma membrane;
SMase, sphingomyelinase; SM synthase, sphingomyelin synthase; SPT, serine palmitoyltransferase.

SALVAGE PATHWAY

fumonisin B1) or stimulation of ceramide degradation (i.e.,
acid ceramidase overexpression) improves insulin signaling (21).
Furthermore, the addition of SPT inhibitors (myriocin or L-
cycloserine) to muscle cell lines L6 (rat normal skeletal muscle
myoblasts) significantly preserved both PKB activity and insulin-
stimulated glucose transport (68). Manukyan et al. have shown,
that C14, C16, and C24 ceramides produced by sphingosine
acylation in response to enhanced palmitate levels contribute to
the disturbance of insulin secretion (69).

Taking all into account, a number of studies carried on
humans, rodents and cell cultures indicate the undeniable
participation of tissue and plasma ceramides in obesity and the
development of insulin resistance.

Skeletal Muscle

Sphingolipids were identified in various tissues in all higher
organisms. The vast majority of the works related to the
problem of obesity and insulin resistance focused on the
metabolism of sphingolipids in skeletal muscles (1, 18, 41, 70, 71),
which constitute 40% of the human body and are responsible
for 70-80% of whole body insulin-stimulated glucose uptake.
Furthermore, enhanced the intracellular level of ceramides
in the muscles of insulin-resistant, overweight humans (58,
70) directly inhibit insulin-stimulated glucose uptake in L6
myotubes, reduce Glut4 translocation and is followed by a

reduction in levels of activated Akt/PKB through different
mechanisms (72). First, ceramides stimulate activation of atypical
PKC isoforms (PKCt/\), which favors their combination with
PKB/Akt and further prevents the activation of PKB/Akt in
response to insulin (35, 46, 73). Moreover, ceramides indirectly
suppress the PKB/AKkt activity by stimulation of PP2A (73).

The level of ceramides has also been measured in insulin-
sensitive tissues. Patients with type 2 diabetes, almost double the
level of ceramides in muscle cells (18, 57). However, Skovbro
et al. demonstrated that the amount of ceramides in human
skeletal muscle is not the principal determinant of muscle
sensitivity to insulin (74). In a similar study, Straczkowski et al.
after administration of a lipid infusion in humans, found a
significant negative relationship between the ceramide level in
skeletal muscle and the degree of insulin resistance (71). These
conclusions assume that the accumulation of lipids in nonadipose
tissues may block glucose disposal. Interestingly, in contrary to
muscle and adipose tissue, de novo synthesized ceramides are
not stored in the liver. Watt et al. observed a liver removal of
newly synthesized ceramides following the infusion of lipids in
healthy volunteers, which prevent the accumulation of ceramides
in the body (75). We have shown that elevated plasma FFA
increase the activity of ceramide metabolism enzymes, especially
SPT, and promote de novo ceramide synthesis (76). Also, Adams
et al. showed that ceramide content correlates with the plasma
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FFA concentration (70). In diabetes, there was an increase in
activity of nSMase (an enzyme involved in the generation of
ceramide) and the inhibition of aSMase. Our study showed
that elevated plasma FFA concentration in nondiabetic animals
stimulate the nCDase activity in the soleus and red section of
the gastrocnemius. The sphingosine elevation can be a result of
increased activity of sphingosine-1-phosphate (S1P) phosphatase
or decreased activity of sphingosine kinase, what could explain
the fact, why the level of SIP does not change although the
sphingosine content increased (76).

Adipose Tissue

Adipose tissue is the most effective energy storage organ that
manages whole-body energy homeostasis and acts as a decoy for
fatty acids plethora coming from nutrients (77). Several studies
prove the presence of ceramide in adipose tissue (44, 59). In
3T3-L1 and brown adipocytes, enhanced ceramide can deregulate
both insulin-stimulated Glut4 expression and glucose uptake,
may also mediate the effect of TNFo on Glut4 mRNA amount.
In brown adipocytes TNFa influence on insulin action through
de novo ceramide synthesis, while in 3T3-L1 adipocytes the Glut4
expression is inhibited by ceramide produced via sphingomyelin
hydrolysis (78). In leptin-deficient, genetically obese (ob/ob)
mice, the hyperinsulinemia and increased TNFa associated with
obesity lead to the elevated expression of three prominent
enzymes taking part in ceramide generation in adipose tissue:
nSMase, aSMase, and SPT (44). In adipocytes of obese people,
the greater ceramide level is probably the result of the increased
activity of enzymes reliable for ceramide production (SPT,
nSMase). In obese females, the increased activity of nCDases in
adipose tissue is a compensatory mechanism that reduces the
accumulation of ceramide in adipocytes. Kim et al. suggest that
adipocyte hypertrophy is a leading cause of insulin resistance in
early obesity, regardless of inflammatory responses (79).

Anti-insulin resistance adiponectin action via ceramide
degradation

Adiponectin, an adipocyte-secretory factor poses autocrine and
paracrine functions. It was shown that adiponectin exerts a
variety of beneficial systemic action by lowering triglyceride
content in muscle and liver in obese mice and enhance
insulin sensitivity (80). Furthermore, only when adiponectin
and leptin were administered simultaneously in physiological
concentrations the resistance to insulin in a mouse model of
lipoatrophic diabetes was reversed. Declined adiponectin level
causes a reduced response to the insulin action what indicates
that the adiponectin may become a way of treatment of insulin
resistance and T2DM (81). For clinicians, the level of adiponectin
is an attractive parameter determining the qualitative status of
adipose tissue and the general health of the patient. Holland et al.
showed that increased concentration of circulating adiponectin
in mice reduces ceramides in different tissues (82). Adiponectin
increases the activity of ceramidase linked with its two receptors,
AdipoR1 and AdipoR2 and enhances ceramide catabolism to
from sphingosine. In the next step, through phosphorylation
is formed sphingosine-1-phosphate (S1P), a major bioactive
antiapoptotic sphingolipid metabolite (83) (Figure 3).

INFLAMMATION AND INSULIN
RESISTANCE

Obesity correlates with as a state of persistent low level
inflammation (84), which likely cooperate to ceramide
cumulation (44, 65, 80) (Figure4). A broad spectrum of
investigations have related insulin resistance with systemic
inflammation and oxidative stress but also with dysregulated
lipid metabolism and elevated ceramide production. In obese,
Caucasian patients with T2DM blood levels of proinflammatory
cytokines (such as IL-1, IL-6, and TNFa) are enhanced. The
significant rise of serum sialic acid (an indicator of the acute-
phase reaction), a-1 acid glycoprotein, IL-6 among three groups
were also observed, as follows: the lowest content in nondiabetic
patients, middle content in a T2DM group without metabolic
syndrome, and the highest content in patients with metabolic
syndrome (85). The TNFa ligand-free mice or lacking the p55
TNF receptor were secured from insulin resistance induced by
adiposity (86). Silencing of genes encoding TNE, IL-1a or one of
the stress-induced kinases—JNK-1, increased the sensitivity of
peripheral tissues to insulin (84). Also, the chemokine monocyte
chemotactic protein-1 (MCP-1) decrease adipocyte insulin
sensitivity (87).

In obesity, adipose tissue grows excessively (hypertrophy)
and adipocyte number increases (hyperplasia) (79). Distribution
of fat tissue is also very significant. Visceral adipose tissue,
compared to the subcutaneous, is less sensitive to the
antilipolytic action of insulin and therefore releases more
FFA (88). Hypertrophy contributes to hypoxia of adipocytes,
which activates the HIF-1 gene, leads to cell stress, modulates the
population of immune cells (i.e., macrophages), activates the cells
death, stress-induced kinases (JNK, PKC6) and transcription
factor NFkB (89, 90). Furthermore, NFkB in adipocytes
increases expression of genes encoding proinflammatory
cytokines, adipokines, and a chemoattractant (e.g., MCP-1),
what leads to monocyte recruitment to the adipose tissue
where they differentiate in macrophages and further secrete
proinflammatory cytokines (87, 89, 90). Thereby, a significant
disturbance of insulin cellular signal transmission can occur
in the adipocytes, ultimately resulting in enormous adipose
tissue lipolysis, cell death, and systemic insulin resistance.
Moreover, excessive growth of fat tissue, disrupt the production
of adipokines, and so the leptin level increases and adiponectin
concentration decreases, which is directly connected with the
progression of insulin resistance and the onset of full-blown
T2DM (84). Simultaneously with the raised inflammation state,
M1 macrophages migrate intensively into adipose tissue. In
obese patients, more than 50% of the mass of adipose tissue may
contain activated proinflammatory M1 macrophages in contrary
to slim individuals, whose adipose tissue contain <10% of M2
macrophages. All of the above is responsible for phosphorylation
of IRS-1 protein on serine residues located at positions 302 and
307, what prevents the phosphorylation of the insulin receptor
on tyrosine residues and consequently leads to inhibition of
the insulin signal transduction (26, 46). Increased lipolysis of
WAT results in the release of a large amount of FFA, which
leads to resistance to insulin action in skeletal muscle and liver
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(20, 22, 75, 76). Therefore, it is possible that FFA are a relevant
link between long-term fat pad inflammation and systemic
insulin resistance. Researchers assumed that inflammation in
obese patients decrease the insulin sensitivity, as that adipose
tissue is a source of proinflammatory cytokines from adipocytes
and macrophages that infiltrate fat tissue (90, 91).

THERAPEUTIC PERSPECTIVES OF
INSULIN RESISTANCE PREVENTION

One of the therapeutic possibilities in the prevention of insulin
resistance is selectively increased metabolism of fatty acids in
adipocytes by elevated activity of acetyl coenzyme carboxylase
A (ACC) or kinase activated by AMP (AMPK). Several studies
concern influence on inflammatory factors and their receptors.
Researchers are trying to: (1) block the TNF receptors using
antibodies (90); (2) use of anti-inflammatory properties of
activators of PPAR family receptors (67); (3) use of anti-
inflammatory properties of statins (so far clinical studies failed
to demonstrate their impact on insulin resistance); (4) use
non-acetylated salicylates which efficiency is checked in clinical
trials in patients with T2DM (e.g., Trilisate, Disalcid) (92).
Salicylates are useful in the treatment of inflammatory states
such as rheumatic fever and rheumatoid arthritis, but when
administered in high doses lower blood glucose concentrations
(92). Furthermore, salicylate-based inhibitors or declined IKKP
expression reduce signaling through the IKKf pathway, the main
pathway in tissue inflammation, which leads to the improvement
of insulin sensitivity in vivo (92, 93). Systemic insulin sensitivity

is also enhanced in JNK1 mice deficient, another pivotal mediator
of inflammatory reactions (92, 94).

Many of sphingolipids present in mammalian cells play
essential roles in tissue function (95), yet, increased ceramide
content in cells correlates with elevated inflammation and insulin
resistance (18, 21, 51, 70). Inhibition of ceramide generation
prevents lipid- and diet-induced-insulin resistance, or hepatic
steatosis (34, 96, 97). Thus, prevention of these lipids harmful
actions appears to be an attractive therapeutic approach. Two
strategies are taking into account: (1) acting on PKCt/\ or PP2A
that are ceramide downstream signaling targets (15, 35, 45) or
(2) modulating ceramide content. However, the only second
possibility seems to be interesting. Furthermore, PKCg/%\ and
PP2A are relevant components of numerous pathways, thus
it would be problematic to precise influence their function in
muscle cells without causing undesired actions. Nevertheless,
global inhibition of ceramide production could also be harmful.

Serine Palmitoyltransferase (SPT)

Mammalian SPT is a heterodimer, which belongs to the family
of pyridoxal 5'-phosphate-dependent enzymes, present in the
endoplasmic reticulum (ER), and is primarily composed of
two distinct subunits, Sptlcl, and Sptlc2 (49, 95). SPT is
necessary for the de novo production of ceramide from palmitate
and is a possible central player in suppressing lipid-induced
insulin resistance. SPT activity is inhibited by serine analogs
such as cycloserine and by the antifungal agent myriocin
(Figure 2) (49). Physiologically, the intracellular amount of 3-
ketosphinganine, sphinganine, and ceramide generated through
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different sphingolipids metabolism pathways remain at rather
low levels (98). However, the increased availability of circulating
saturated fatty acids, particularly palmitate, significantly enhance
ceramide generation, which cellular cumulation is proapoptotic
(99), as well as impairs insulin action in skeletal muscle
and adipose tissue (21). Holland (34) suggested that SPT
may be the relevant molecular goal for antidiabetic therapies
while the myriocin used in rodents improves some of the
metabolic disturbances correlated with glucocorticoid-, saturated
fat- and obesity-induced insulin resistance. Inhibition of Sptlc2
in subcutaneous WAT prevented HFD-induced adipocyte
hypertrophy and was adequate to alter whole-body energy
expenditure, as a consequence of decreased adiposity (100).

Dihydroceramide Synthases (CerSs)

A family of six enzymes, ceramide synthase (CerS$), is responsible
in mammals for the reaction of acylation of sphinganine by
sphinganine N-acyl transferase. CerS vary in tissue distribution
and substrate specificity. CerS generate ceramide with a
different acyl chain length (Figure 5). Thus, CerS1, CerS5, and
CerS6 are responsible for C18- and C16-long-chain ceramides
generation, which adequate contribute to exhibit proapoptotic
or antiapoptotic action in endoplasmic reticulum stress (101).
C18:0 ceramides, synthesized by CerS1 are crucial for cerebellar
development. Furthermore, CerS1 is also the most abundant
isoform in skeletal muscle, and therefore changes in its regulation
may improve glucose tolerance in high-fat-fed mice (102). CerS2
generates C22-C24-acyl-chain ceramides (34) which influence
hepatic, kidney, and lung function (103). Increased expression of
CerS2 prevents HeLa cells apoptosis induced by radiation, while
expression of CerS5 promotes cellular apoptosis (104). It was
shown, that genetically CerS2-deficient mice displayed glucose
intolerance even with physiological insulin secretion from the -
cell of the islets of Langerhans. Park et al. reported the lack of
receptor phosphorylation in the liver associated with the inability
to translocate the receptor to detergent-resistant membranes,
which was not found in adipose tissue and skeletal muscle (105).
CerS3-derived C24:0 ceramides are essential for skin barrier
function (106) (Table 1). Incubation of pancreatic f-cells with
high concentrations of palmitate showed an increased expression
of CerS4 and induced apoptosis in pancreatic B-cells (107). BMI
fat content and hyperglycemia positively correlated with CerS6
expression. CerS6 modulate B-oxidation in brown adipose tissue
(BAT) and liver (108). Raichur et al. (109) revealed that CerS6
is a possible therapeutic target for metabolic diseases prevention.
Our results indicate that C18:0 and C18:1-derived ceramides play
a leading role in fat-induced skeletal muscle insulin resistance.
We have shown that intramuscular DAG acyl chain composition
in high-fat fed animals was strongly diverse. Only C18:0, C18:1,
and Cl18:2-derived molecular species were elevated, which is
related to both the plasma FFA and muscle LCACoA species
bioavailability (110). Studies of Raichur and co-workers link
C16:0-ceramides with hepatic insulin resistance and suggest the
reduction of Cl6-ceramides level (109). However, C18-derived
ceramides were the major species of ceramides stored in skeletal
muscle of high-fat fed animals (111), mice with streptozotocin-
induced diabetes (112) and in obese, diabetic patients (113).

L-serine + palmityl-CoA

serine palmityltransferase
 /
3-ketosphinganine

3-ketosphinganine reductase

\ A

CerS Family sphinganine

CerS1

CerS2 ceramide

CerS3 —> synthase

CerS4

CerS5  /

CerS6 dihydroceramide
dehydroceramide
desaturase

 /
CERAMIDE

FIGURE 5 | The family of Ceramide Synthases acylates sphinganine to form
dihydroceramide.

TABLE 1 | Comparison of ceramide synthases (CerS) family.

Ceramide synthase Tissue expression Acyl-chain lengh

CerS1 Brain, skeletal muscle, testis C18
CerS2 Kidney, liver C20-C26
CerS3 Testis, skin C22-C26
CerS4 Low level of expression in C18-C20
various tissues
CerS5 Low level of expression in C16
various tissues
CerS6 Low level of expression in C14 and C16

various tissues

CerS isoforms vary in tissue distribution and substrate preference, thus generating vide
range of ceramides with various acy! chain lengths.

Within 2 decades, knowledge about the etiology of metabolic
diseases has increased significantly. The role of lipids in the
development of type 2 diabetes is particularly well known, and
new strategies for pharmacological intervention are emerging.
It is relevant to identify the group of ceramides responsible for
the progress of insulin resistance and then synthesis of specific
CersS inhibitors.

Other Approaches

Glycerol-3-Phosphate Acyltransferases (GPATSs)
Researchers still looking for new therapeutic options for
clinicians who challenge with patients affected by the metabolic
syndrome. Four isoforms of GPAT are well described: two
mitochondrial (GPAT1, GPAT2) and two microsomal (GPATS3,
GPAT4). GPATs are present in the endoplasmic reticulum
and the external mitochondrial layer (114), where esterify
long-chain fatty-acyl-CoAs (i.e., palmitoyl-CoA by GPAT1)
for the biosynthesis of lysophosphatidic acid, a naturally
occurring phospholipid which is the first common stage in
the production of triglycerides and phospholipids (Figure 6).
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Thus, GPATs are potential targets for pharmacological treatment
of insulin resistance and T2DM (115, 116). Mice with the
absence of mtGPAT isoform 1 pose a decreased fat pad,
lower body weight, and lower VLDL level (117). The use of
recombinant adenoviruses encoding shRNA that knockdown
the mtGPAT isoform 1 in the liver of ob/ob mice significantly
reduced liver triacylglycerol, diacylglycerol, and FFA content,
decreased plasma cholesterol ester levels and reduced high blood
sugar (glucose) known as hyperglycemia (118). It was shown
that pharmacological GPAT inhibition decreases body weight,
obesity, and food intake in mice, simultaneously increasing fatty
acid oxidation and preserve against falling energy expenditure
caused by hypoxia (119).

CONCLUSION

Diet-induced obesity (DIO) is the leading cause of the increasing
number of patients diagnosed with metabolic disorders such
as type 2 diabetes, cardiovascular disease or atherosclerosis
(120). Adiposity is associated with a state of chronic, low-level
inflammation accompanied by lipid and glucose levels disorders,
which is partially caused by macrophages infiltration into adipose
tissue (89). It was suggested that adipose tissue hypertrophy
increases the risk of insulin resistance, due to improper
deposition of triglycerides in tissues unadapted for safety fat
storage (21). In hypertrophied adipose tissue the lipolytic activity
is increased what leads to the release of a large amount of FFA
that inhibit the insulin action (79, 88). In addition, hypertrophic
adipocytes are a source of proinflammatory cytokines that
increase insulin resistance (89, 90).

In the last few years, there has been significant progress in
understanding the processes of insulin action and molecular
defects that give rise to insulin resistance. But many gaps
according to the pathophysiology of metabolic disorders still
exist in our comprehension. The results of scientific research
published over the last 2 decades conducted both on rodents

and humans reveal a distinguished role for sphingolipids in
insulin resistance in skeletal muscle, liver and fat pad (38, 41,
57, 59, 76, 90). Particular attention has been paid to ceramides
as the major suspects in the development of insulin resistance
(21). Therefore, changing of ceramides generation may become a
desired therapeutic target. First of all, it was shown that increased
degradation of ceramides or inhibition of their synthesis
ameliorates insulin sensitivity in rodents. For example, insulin
signaling improved markedly when ceramide synthesis was
inhibited by myriocin and fumonisin B1, but also by increased
ceramide degradation by acid ceramidase overexpression. Plasma
and tissue ceramide levels also correlate with insulin resistance.
Plasma ceramides were higher in overweight children (64),
diabetic adults (65), or in non-human primates fed a Western
diet (66). Finally, salicylates (92), inflammatory agonists (90), and
adiponectin (82) enhance systemic insulin sensitivity.

Researchers have significantly improved the knowledge of
the mediators of obesity-related diseases and described a
number of various enzymes taking part in different pathways
of ceramide metabolism, such as SPT, CerS family or GPAT;,
which turn to be potential targets to manipulate ceramide
generation. Nowadays perspectives of genetic inhibition of
enzymes controlling global ceramide synthesis are more
often taken into account as an attractive therapeutic goal
in the treatment of diseases related to obesity (21, 70,
95, 121). It is worth noting, that ceramides participate in
various cellular processes, so risk exists of negative effects
of systemic sphingolipid synthesis inhibition. It seems to
be extremely important to determine which enzymes in
the ceramides pathway participate in the metabolic disease
progression. Raichur suggested a reduction in the level of
Cl16-ceramides (109). Nevertheless, regarding ceramide wide
biological action, the inhibition of specific ceramide species
synthesis could also pose detrimental effects on cellular
metabolism. Experimental data suggest that ceramide synthesis
and degradation is associated with several crucial cellular
responses (apoptosis, cell cycle, and autophagy) (33, 36, 45, 98).
Garcia-Gonzélez and co-workers described an interrelationship
between ceramide metabolism and cancer development and
progression, highlighting its importance in the modulation of
the pivotal processes such as apoptosis, proliferation, migration,
invasion, and metastasis (122). Hence, it would be essential
to verify whether the ceramide synthesis inhibitors used to
prevent insulin resistance would not consequently lead to a
carcinogenic effect.
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