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Abstract. Studies of the last two decades have
demonstrated that sphingolipids are important signal-
ling molecules exerting key roles in the control of
fundamental biological processes including prolifer-
ation, differentiation, motility and survival. Here we
review the role of bioactive sphingolipids such as
ceramide, sphingosine, sphingosine 1-phosphate, gan-
glioside GM3, in the regulation of skeletal muscle
biology. The emerging picture is in favour of a
complex role of these molecules, which appear
implicated in the activation of muscle resident stem

cells, their proliferation and differentiation, finalized
at skeletal muscle regeneration. Moreover, they are
involved in the regulation of contractile properties,
tissue responsiveness to insulin and muscle fiber
trophism. Hopefully, this article will provide a frame-
work for future investigation into the field, aimed at
establishing whether altered sphingolipid metabolism
is implicated in the onset of skeletal muscle diseases
and identifying new pharmacological targets for the
therapy of multiple illnesses, including muscular
dystrophies and diabetes.
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Introduction

It is presently well-accepted that sphingolipids are
subjected to a complex and intense metabolism which
ensures not only the proper supramolecular organ-
ization of biological membranes but also the control of
a number of bioactive metabolites capable of regulat-
ing cellular, tissue, and systemic vital functions. More-
over, studies performed in the last few years have
demonstrated that deregulation of sphingolipid me-
tabolism is implicated in the pathogenesis of impor-
tant diseases such as atherosclerosis, cancer, inflam-
mation and immune disorders. In this regard it is
important to mention that very promising results

contributing to the treatment of malignant and
immune disorders have been obtained recently by
employing drugs and monoclonal antibodies targeted
to sphingolipid metabolism (for a recent review see
Zeidan and Hannun [1]).
During these years abundant experimental evidence
favours a key role for sphingolipids also in the
regulation of various biological processes in skeletal
muscle. To set the stage for a detailed discussion of the
pleiotropic action of sphingolipids in skeletal muscle
we will first provide a brief overview of skeletal muscle
cell biology as well as sphingolipid metabolism and
signalling.

* Corresponding author.

Cell. Mol. Life Sci. 65 (2008) 3725 – 3736
1420-682X/08/233725-12
DOI 10.1007/s00018-008-8236-6
� Birkh�user Verlag, Basel, 2008

Cellular and Molecular Life Sciences

http://www.birkhauser.ch/CMLS


Skeletal muscle structure and cell biology

Adult skeletal muscle is the most abundant tissue of
the human body representing approximately half of
total body mass. Contraction of skeletal muscle
induces coordinated body movements through the
direct attachment of individual muscles to the
skeleton. A skeletal muscle is composed of many
bundles of myofibers which are endowed with con-
tractile properties and constitute the tissue func-
tional units. A single myofiber originates from the
fusion of many myoblasts and therefore is multi-
nucleated. Each myofiber contains many myofibrils,
which are composed by repeating sarcomeres. Cal-
cium-dependent interaction between sarcomere pro-
teins, actin and myosin, causes reciprocal sliding of
the two molecules, contraction of the myofibers and
thereby the whole skeletal muscle. Skeletal muscles
vary considerably in size, shape and arrangement of
myofibers; moreover they often contain a mixture of
three different types of myofibers which vary for the
myosin isoforms expressed and the consequential
contractile characteristics [2]. Type 1 myofibers are
slow twitch and fatigue resistant, type 2A myofibers
are fast twitch and moderately fatigue resistant and
type 2B myofibers are fast twitch and not fatigue
resistant. The percentage of individual types of
myofibers within skeletal muscles is not fixed and
can change throughout life.
Under normal biological conditions adult skeletal
muscle is an extremely stable tissue. However, upon
damage due to specific diseases, trauma or strong
physical exercise, skeletal muscle exhibits a remark-
able capacity of self-repair. Regeneration of skeletal
muscle almost exclusively depends on tissue-resident
stem cells, called satellite cells, which become acti-
vated upon skeletal muscle injury, giving rise to
proliferating myogenic precursor cells that eventually
differentiate and fuse to form multinucleated myo-
tubes [3, 4]. The molecular events that take place
subsequent to the activation of satellite cells and allow
muscle repair are quite complex and, at present, a
matter of intense investigation, also for their critical
implication in the development of therapies for many
diseases characterized by degeneration of skeletal
muscle.

Overview of sphingolipid metabolism

Sphingolipids are ubiquitous constituents of eukary-
otic cells, originally considered to have a predom-
inantly structural role as components of lipid bilayers.
They have received increased attention in the past two
decades after the disclosure of important additional

functions in signalling events and regulation of
fundamental biological processes.
Although a number of issues concerning sphingolipid
metabolism remain to be addressed, recently there has
been remarkable progress in identifying and cloning
the enzymes involved in the de novo synthesis of
sphingolipids as well as in outlining the route taken by
a sphingolipid from initiation of its biosynthesis on the
cytosolic leaflet of the endoplasmic reticulum,
through its transport from the endoplasmic reticulum
to the Golgi apparatus, and its metabolism in the Golgi
apparatus. Comprehensive reviews of sphingolipid
metabolism have been published recently [5–7]. Here,
a brief sketch of the main routes by which sphingo-
lipids are metabolized is provided.
Ceramide, a well-known mediator of various stress
responses including cell death and aging [8, 9],
occupies a central position in sphingolipid metabolism
(Fig. 1). The first step in its de novo synthesis involves
the formation of 3-keto-dihydrosphingosine through
the condensation of serine and palmitoyl-CoA, cata-
lyzed by serine palmitoyl-CoA transferase. In turn, 3-
keto-dihydrosphingosine is reduced to dihydrosphin-
gosine, acylated by a ceramide synthase to dihydro-
ceramide which is then converted into ceramide by the
action of ceramide desaturase.
Ceramide is a precursor of glycosphingolipids and
sphingomyelin, both key components of biological

Figure 1. Metabolism of sphingolipids. Ceramide represents the
central hub of sphingolipid metabolism. It can be formed by de
novo synthesis, sphingomyelin hydrolysis and the sphingolipid
salvage pathway. Abbreviations: serine palmitoyl-CoA-acyltrans-
ferase (SPT), 3-ketosphinganine reductase (KSR), (dihydro)-
ceramide synthase (CerS), ceramide desaturase (DES), ceramide
kinase (CK), ceramide-1-phosphate phosphatase (C1PPase), glu-
cosylceramide synthase (GCS), glucosyl ceramidase (GCase),
ceramidase (CDase), sphingosine-1-phosphate lyase (SPP lyase),
sphingosine kinase (SK), sphingosine 1-phosphate phosphatase
(SPPase), sphingomyelin synthase (SMS), sphingomyelinase
(SMase)
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membranes. In the synthesis of sphingomyelin, a
phosphorylcholine group is transferred from phos-
phatidylcholine to ceramide. Sphingomyelin synthesis
occurs in several cellular compartments, although
most is synthesized on the lumenal side of the Golgi
complex [10, 11]. In vertebrates, glycosphingolipid
synthesis is initiated by coupling a glucose or galactose
residue in a b-glycosidic linkage to the C1-hydroxyl of
ceramide. Specific glycosyltransferases catalyze the
transfer of additional single nucleotide-activated
sugars onto ceramide, forming more complex glyco-
sphingolipids.
In addition to de novo synthesis, ceramide can arise
from breakdown of membrane sphingolipids, namely
hydrolysis of sphingomyelin, catalyzed by various
sphingomyelinases (SMases), differing in their opti-
mal pH and subcellular localization [12], as well as
from demolition of glycosphingolipids, to glucosylcer-
amide or galactosylceramide, mediated by specific
hydrolases, and the subsequent release of ceramide
catalyzed by specific b-glucosidases or galactosidases
[13]. Additionally, it must be considered that further
metabolism of ceramide gives rise to various metab-
olites, all endowed with key biological activities.
Indeed, ceramide can be phosphorylated to ceramide
1-phosphate by the action of ceramide kinase which,
in turn, may be dephosphorylated back to ceramide by
a specific phosphatase; alternatively, through the
action of a number of ceramidases, ceramide can be
deacylated to sphingosine which can be further
metabolized to sphingosine-1-phosphate (S1P) by
sphingosine kinases (SKs). Intracellular breakdown
of S1P relies on the activity of specific phosphatases
that generate sphingosine, as well as on S1P lyase
which irreversibly cleaves S1P to hexadecenal and
ethanolamine phosphate, catalyzing the only exit
pathway from sphingolipid metabolism. Finally, it is
worth mentioning that sphingosine, which serves as
the product of sphingomyelin catabolism, is largely
salvaged through reacylation, resulting in the gener-
ation of ceramide and its derivatives, in the so-called
salvage pathway, contributing to the modulation of
ceramide formation [14].
Importantly, in multiple cell types, the metabolites
formed by ceramide metabolism, namely ceramide 1-
phosphate, sphingosine, S1P, elicit key biological
effects, including cell proliferation, differentiation,
survival and motility. In this regard, ceramide and
sphingosine on the one hand, and S1P on the other,
frequently have opposite biological effects. For
example, ceramide and sphingosine are generally
involved in apoptotic responses to various stress
stimuli and in growth arrest, whereas S1P is impli-
cated in mitogenesis, differentiation, and migration
[5, 9]. This homeostatic system is frequently referred

to as the ceramide/S1P rheostat [15] , in which the
control of SK activity appears to play a prominent
regulatory role [16] . Among the various bioactive
sphingolipids, S1P appears to be the only one that
exerts its biological action as receptor ligand. In fact,
following its intracellular formation, S1P can be
released outside the cell through ABCC1-facilitated
transport [17], where it can act in a paracrine or
autocrine fashion by binding to a panel of specific G-
protein coupled receptors originally identified as
endothelial differentiation gene receptors and then
renamed S1P receptors [18] . The receptor subtypes
S1P1, S1P2 and S1P3 are widely expressed, whereas
S1P4 and S1P5 are tissue-specific, being expressed
almost exclusively in the lymphoid system and in the
central nervous system, respectively [18] . Intrigu-
ingly, the biological response elicited by S1P in a
given cell type appears to be critically dependent on
the expression pattern of S1P receptors since they are
differentially coupled to heterotrimeric G-proteins
and downstream signalling pathways. In this respect,
while S1P1 and S1P3 enhance cell motility and
migration, S1P2 inhibits chemotactic response [19].
This provides a rationale for the pro-migratory effect
exerted by S1P in endothelial cells which exclusively
express S1P1 and S1P3 [20], and the chemorepellant
action exerted in melanoma cells where S1P2 is the
dominant receptor [21].
The pleiotropic role of sphingolipids in the regulation
of skeletal muscle cell biology can be fully appreciated
by separately examining individual biological effects
elicited by components of this lipid class.

Sphingolipids in the regulation of growth,
differentiation and regeneration of skeletal muscle

As outlined above, regeneration of skeletal muscle is
carried out by satellite cells. These resident stem cells
are an heterogeneous population composed of stem
cells and committed progenitors. Due to their limited
availability and the restricted number of experimental
approaches that can be employed to investigate their
biological features in vivo, myoblastic cell lines, such
as the C2C12 which is derived from mouse muscle
satellite cells, are widely utilized to study in vitro
skeletal muscle growth and differentiation. It is
presently clear that, upon mitogen depletion, a large
subpopulation of C2C12 cells undergoes terminal
differentiation and forms myotubes; another relative-
ly small subpopulation called reserve cells remains
undifferentiated and shares many characteristics with
muscle-resident stem cells, while a third subset of cells
undergoes apoptosis [22].
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Recent data support a key role of sphingomyelin
metabolism and S1P in the activation of satellite
cells. By employing lysenin, a protein that specifically
binds to surface sphingomyelin, Nagata et al. [23]
showed that, in C2C12 reserve cells, which model
myogenic cell quiescence [22], as well as in satellite
cells, sphingomyelin levels in the plasma membrane
of noncycling myogenic cells are high, but then fall as
they are activated. Cell membrane sphingomyelin
represents a key component of lipid rafts and
caveolae, therefore a diminution in sphingomyelin
suggests the occurrence of a profound change in the
supramolecular organization of plasma membrane of
satellite cells, strictly associated with the generation
of signals conveying the activation state. This hy-
pothesis is highly plausible in view of the observation
that the caveolae-scaffolding protein caveolin-1 is
down-regulated in satellite cells during skeletal
muscle regeneration [24]. However, the molecular
mechanism responsible for the dramatic reorganiza-
tion of membrane domains that takes place during
the transition between the quiescent and the prolif-
erative condition remains to be established. A
subsequent study from the same authors [25] has
demonstrated that, although the major amount of
sphingomyelin is localized in the outer leaflet of
plasma membrane, a small pool of sphingomyelin at
the inner leaflet is implicated in the signalling of
satellite cells, since sphingomyelin levels are main-
tained when satellite cell activation occurs in the
presence of GW4869, inhibitor of neutral SMase.
Since in the same report S1P was found to mediate
the entry of satellite cells into the cell cycle, the
authors concluded that the breakdown of the sphin-
gomyelin pool at the inner leaflet of plasma mem-
brane occurring upon their activation is functional to
S1P formation [25]. The potential key role of S1P in
skeletal muscle repair was further demonstrated in
the same study, since the SK inhibitor dimethyl-
sphingosine severely impaired the regeneration of
cardiotoxin-treated skeletal muscle. The involve-
ment of SK/S1P axis in this crucial biological process,
however, requires further study given that dimethyl-
sphingosine is rather unspecific, i.e. , it has been
shown recently to be responsible for suppression of
osteoclastogenesis by a mechanism independent of
SK inhibition [26]. Nevertheless, the seminal study of
Nagata et al. [25] challenges the question of whether
the ligation of growth factors and cytokines receptors
such as c-met, fibroblast growth factor receptor
family or CXCR4, which appears to be crucial for
satellite cell activation and proliferation [27–29],
triggers sphingomyelin hydrolysis in satellite cells
and whether this event is implicated in the receptor-
mediated biological response.

Pilot studies on the responsiveness of C2C12 myo-
blasts to challenge with S1P showed that this bioactive
lipid triggers numerous signalling pathways by acti-
vating phospholipase D [30], monomeric GTPase
RhoA [31], and increasing cytosolic calcium [32].
Since S1P action primarily depends on receptor
ligation, the expression pattern of S1P receptors was
also examined: S1P1, S1P2 and S1P3 were found
expressed in C2C12 myoblasts [30]. Intriguingly, the
expression of S1P2, which is upstream of phospholi-
pase D activation, was found to be highly diminished
throughout myoblast differentiation and substantially
abolished in myotubes, suggesting the implication of
S1P signalling via S1P2 in the molecular events
required to accomplish cell differentiation [33]. Ac-
tually, subsequent studies identified S1P as a negative
regulator of serum-induced cell proliferation and a
powerful activator of myogenic differentiation of
C2C12 cells [34]. Notably, although S1P1 and S1P3

are also expressed in these cells, only S1P2 was
identified as mediator of S1P biological action. The
key role of S1P2 in myogenic differentiation was
further strengthened by the observation that ectopic
expression of this protein accelerated the onset of a
differentiated phenotype. In a subsequent report the
S1P-induced regulation of the gap junctional protein
connexin-43 has been identified as a downstream
event implicated in the promyogenic effect of the
sphingolipid [35]. Interestingly, the mechanism by
which up-regulation of connexin-43 accounts for the
promotion of myogenesis also implicates, besides the
exchange of molecules through functional gap-junc-
tions, the specific interaction of the protein with
cytoskeleton. In this context it has also been shown
that actin remodelling and formation of stress fibers in
response to S1P generate a mechanical tension to the
plasma membrane of C2C12 cells, activate stretch-
activated channels and trigger calcium dependent
signals, thus influencing the phenotypic maturation of
myoblasts [36].
Experimental evidence has also been recently pro-
vided for a physiological role of SK1, one of the two
isoforms of S1P-synthesizing enzymes, in the regula-
tion of myoblast proliferation and differentiation. SK1
protein content and S1P formation were found to be
enhanced in myoblasts that became confluent as well
as in differentiating cells [37]. Moreover, enforced
expression of SK1 reduced the myoblast proliferation
rate, enhanced the expression of myogenic differ-
entiation markers and anticipated the onset of differ-
entiated muscle phenotype. Conversely, down-regu-
lation of SK1 by specific silencing or overexpression of
the catalytically inactive SK1, significantly increased
cell growth and delayed the beginning of myogenesis.
The biological role exerted by SK1 in myoblasts
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appears therefore distinct from that reported in the
majority of other cells, where it plays a pivotal role in
the promotion of cell proliferation [38]. Furthermore,
stimulation of myogenesis in SphK1-overexpressing
myoblasts was abrogated when S1P2 was silenced [37],
reinforcing the notion that this receptor type is critical
for eliciting S1P-mediated effects in these cells. In line
with these findings, Donati et al. [39] have shown that
the promyogenic effect exerted by low doses of TNFa

requires the activation of SK1 and the subsequent
engagement of S1P2, demonstrating that the SK1/S1P2

axis is part of the molecular machinery that regulates
agonist-dependent myogenesis.
Importantly, the finding that S1P elicits differential
effects in satellite cells and myoblasts, promoting
proliferation in the former cell type [25] and differ-
entiation in the latter [26], supports the view that the
SK/S1P pathway plays a unique role in skeletal muscle
regeneration, being required at multiple steps leading
skeletal muscle-resident stem cells to repair damaged
tissue. This pleiotropic action of S1P likely implies
profound changes of signalling pathways downstream
of S1PR, the molecular basis of which is largely
unknown. A first attempt to identify possible differ-
ential S1PR expression between satellite cells and
myoblasts, employing C2C12 reserve cells as a model
of quiescent satellite cells, did not reveal striking
differences, at least at the mRNA level [40]. However,
although S1P1 was expressed at the highest level in
both cell types, it was found mainly implicated in S1P-
regulated cell proliferation in reserve cells, whereas it
was uncoupled from DNA synthesis in myoblasts [40].
This supports the view that during the commitment of
satellite cells toward myogenic differentiation, critical
molecular events occur to readdress the signalling
mediated by S1P via its membrane receptors in order
to convey distinct biological actions.
A schematic diagram of the effects of sphingolipids on
satellite cell activation and myogenic differentiation is
illustrated in Figure 2.
Relevant to the role of S1P in skeletal muscle
regeneration, it has been reported recently that S1P
acts as a powerful stimulator of proliferation of
mesoangioblasts [41] which are mesodermic stem
cells capable of regenerating skeletal muscle after
systemic injection in animal models of muscular
dystrophy [42, 43]. Besides exerting a mitogenic
effect, S1P was found to robustly protect mesoangio-
blasts from apoptosis elicited by different stimuli.
Notably, the ex vivo treatment of mesoangioblasts
with the bioactive sphingolipid enhanced their surviv-
al after injection into the tibialis anterior muscle of
sarcoglycan-null mice, supporting the view that S1P
treatment can ameliorate the success of cell therapy
aimed at regenerating skeletal muscle.

Cell motility is a key component in the regulation of
multiple biological events, including myogenesis.
Upon serious skeletal muscle injury, satellite cells
from neighbouring intact muscles must be highly
motile in order to be recruited at the site of muscle
lesion; however, subsequently their cell motility must
be negatively regulated in order to establish the
proper stable cell-cell contacts and fuse with pre-
existing fibers. Interestingly, a recent study reported
that along with a promyogenic effect, S1P also exerts
anti-migratory action on S1P in C2C12 myoblasts [44].
The lipid mediator reduces the directional cell motil-
ity and fully abrogates the chemotactic response to
insulin-like growth factor-1. Given the major role of
inducer of satellite cell motility exerted by insulin-like
growth factor-1 [45], the finding that S1P is capable of
fully counteracting its action may have important
implications in the in vivo regulation of exact satellite
cell positioning to cause efficient cell fusion. The anti-
migratory response to S1P requires ligation to S1P2,
and the subsequent activation of RhoA [44], similar to
that observed in other cell systems, such as glioblas-
toma tumor cells [46]. Intriguingly, it has been
observed recently that prostacyclin shares with S1P
the unique property of inhibiting the migration of
myoblasts [47]. In view of the existing cross-talk
between SK and cyclooxygenase signalling pathways
in various cell types [48–50], it will be of interest to
know whether the anti-migratory action of S1P also
involves prostacyclin formation.
Ceramide also appears to be implicated in the
regulation of myogenic differentiation. In C2C12
cells the treatment with cell-permeable short chain
ceramide suppressed myogenic differentiation, moni-
tored by measuring the activity of the skeletal muscle
specific enzyme creatine kinase and the production of
insulin-like growth factor 2 [51]. Similarly, in rat
myogenic cell line L6 upon induction of the myogenic
process by arg8-vasopressin, treatment with medium
chain ceramide inhibited the expression of the myo-
genic marker myogenin [52]. Moreover, during the
accomplishment of the myogenic differentiation,
ceramide cellular content displayed an early decrease,
compatible with the formation of downstream sphin-
golipids, followed by a marked and sustained increase.
Inhibition of ceramide de novo synthesis, by fumonisin
B1 or myriocin administration, attenuated cellular
ceramide levels and, importantly, enhanced the onset
of the differentiated phenotype [52] (Fig. 2). In the
same study it was proposed that the beneficial effect
on myogenesis exerted by the inhibition of ceramide
synthesis depends on the negative regulation of
phospholipase D brought about by the sphingolipid,
being the phosphatidate-dependent signalling path-
way required for myogenesis. In support of a negative
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role for ceramide in the regulation of myogenesis it
has been reported that the inflammatory cytokines
TNFa and IL-1b, by stimulating de novo ceramide
synthesis and by accelerating sphingomyelin break-
down and subsequent ceramide accumulation, antag-
onize the enhancement of protein synthesis elicited by
insulin-like growth factor-1, which parallels the ago-
nist-induced promotion of myogenic phenotype [53].
This finding is in line with the observed negative
regulation of translation regulators by ceramide in L6
rat myoblasts [54].
To summarize, the results obtained so far support the
view that, in muscle progenitor cells, the relative levels
of ceramide and S1P, acting as components of the so-
called sphingolipid rheostat, regulate commitment
toward myogenic differentiation rather than cell
survival as it occurs in different cellular settings [55].
In contrast, very little is known about the role of
glycosphingolipids in myogenesis. Pioneering studies
indeed showed that myoblast differentiation was
paralleled by increased biosynthesis of lactosylcera-
mide and ganglioside GM3 [56, 57]. More recently,
cytosolic sialidase Neu2 was reported to be upregu-
lated during C2C12 myoblast differentiation and,
importantly, its overexpression was found to enhance
myogenesis [58]. Although ganglioside GM3 could
represent a major substrate for this enzyme, it remains
to be addressed whether the promyogenic effect of
sialidase Neu2 depends on the variation of GM3 or
lactosylceramide levels. However, in view of the
relevance of this issue, the involvement of glycosphin-
golipids in myoblast differentiation is worthy of
detailed investigation.

Effect of sphingolipids on excitation-contraction
coupling

The first hint of a role for sphingolipid in the
regulation of skeletal muscle physiology came from
studies in which it was demonstrated that sphingolipid
metabolites could influence muscle contractility by
regulating the excitation-contraction coupling. This
key process relies on the conformational modification
of dihydropyridine receptor induced by plasma mem-
brane depolarization, which by physical interaction
opens ryanodine-sensitive Ca2+ release channels pro-
voking efflux of Ca2+ from the stores of the sarcoplas-
mic reticulum and activation of the contractile machi-
nery. Among the sphingolipid molecules, sphingosine,
but not ceramide, appears to act as a negative
modulator of sarcoplasmic reticulum calcium release,
acting directly on the ryanodine receptor by inhibiting
labelled ryanodine binding to its high affinity site [59].
In favour of a physiological role exerted by sphingo-

sine in skeletal muscle, neutral SMase, which, by
initiating sphingomyelin breakdown, is upstream of
sphingosine formation, has been identified in junc-
tional T tubule membranes [60]. In agreement, high
sphingosine content characterizes skeletal muscle
membrane fractions isolated from junctional T tubule,
being in principle sufficient for the negative modu-
lation of calcium release in vivo [61]. Since many
endogenous positive regulators of ryanodine-sensitive
calcium channel may constantly act to challenge Ca2+

release during the relaxed state, whereas only a
restricted number of negative modulators of ryano-
dine receptor are known, a model has been proposed
in which in normal circumstances sphingosine has a
major role in maintaining the channel in the closed
configuration, until the excitation-contraction cou-
pling is initiated [62]. Conversely, the change in
electric field after depolarization is envisioned to be
responsible for a diminution of the cationic amphi-
phile in the microenvironment comprising the ryano-
dine receptor, favouring its opening. An independent
study performed on isolated cut fibers of mouse
extensor digitorum longus showed that S1P can also
affect the excitation-contraction coupling [63]. Sub-
micromolar concentrations of the bioactive lipid
modulates intramembrane charge movements by
shifting the voltage threshold, the voltage transition
of components of charge, and the inward calcium
current through the dihydropyridine receptor. On the
basis of the ablation of the effect by suramin treat-
ment, the action of S1P was proposed to implicate
engagement of S1P3, which was identified in extensor
digitorum longus muscle by RT-PCR.

Effect of sphingolipids on muscle fatigue

Muscles that are intensively used show a progressive
decline of performance which largely recovers after a
period of rest. This reversible phenomenon is denoted
as muscle fatigue. Multiple factors are involved in the
onset of fatigue with the relative importance of each
dependent on the fiber type composition of the
contracting muscles(s), and the intensity, type, and
duration of the contractile activity. Major hypotheses
of causes of fatigue center on disturbances in the
surface membrane and excitation-contraction cou-
pling. Noticeably, sphingosine and S1P, recognized as
modulators of excitation-contraction coupling [61,
63], were recently found capable of significantly
reducing the tension decline during fatigue of extensor
digitorum longus muscle [64]. Interestingly, the slow-
ing of fatigue induced by sphingosine was fully
prevented in the presence of dimethylsphingosine,
suggesting that its mechanism of action implicates its
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transformation into S1P. Moreover, the beneficial
effect of S1P on fatigue development was still
detectable in Ca2+-free solutions, whereas sphingosine
was inefficacious unless extracellular Ca2+ was avail-
able, further supporting the view that sphingosine
must be phosphorylated by calcium-dependent SK in
order to attenuate the development of fatigue. In
myoblasts sphingosine was previously found to bring
about activation of phospholipase D via its conversion
into S1P [65]. In the same vein, it has been more
recently shown that sphingosine could mimic the
trophic action of S1P in denervated soleus muscle [66].
Thus, it appears that sphingosine and S1P, which exert
opposite biological effects in many other cell systems,
mediate similar biological effects in skeletal muscle,
likely due to a sufficiently basal active SK, as observed
in myoblasts [65], or due to signal-regulated SK
activity, as shown in fatigued muscle [64]. The devel-
opment of fatigue induced by repeated brief contrac-
tions provoked a two-fold increase of endogenous
content of sphingosine [64]. This finding is in agree-
ment with the significant decrease in ceramide and
rise in sphingosine content induced by prolonged
exercise in rat skeletal muscle [67].
In view of the important role of fatigue in influencing
the performance of skeletal muscle, pharmacological
intervention aimed at reducing ceramide accumula-
tion and favouring S1P formation could be exploited
in the future to ameliorate skeletal muscle function-
ing.
All these results support the notion that activation of
the whole sphingomyelin hydrolysis pathway plays a
key role in the regulation of skeletal muscle contrac-
tile properties. With the notable exception of SMase
activation [61], however, the complete pattern of
enzymes involved still awaits identification.

Effect of sphingolipids on insulin responsiveness of
skeletal muscle

The sensitivity of skeletal muscle to insulin is critical
for removing excess glucose from the bloodstream
after a meal, contributing 80 % of whole body insulin-
stimulated glucose disposal. For this reason, insulin
resistance in this tissue is generally thought to
contribute most significantly to the glucose intoler-
ance associated with nutrient or glucocorticoid over-
supply. Obesity exerts a major impact on insulin
resistance and is closely associated with type-2 dia-
betes [68]. This has led to the hypothesis that excessive
accumulation of lipids in non-adipose tissues such as
skeletal muscle promotes the build-up of metabolites
that stimulate negative feed-back pathways to inhibit
insulin signalling [69]. Although elevated intramyo-
cellular triacylglycerol levels have been identified as a
potential link between increased non-esterified fatty
acid availability and insulin resistance, an increasing
body of evidence support a key role for ceramide.
Thus far, ceramide has been shown to be enhanced in
insulin-resistant muscles in both rodents [70, 71] and
humans [72, 73]. Moreover, very recently, increased
levels of ceramide have been detected in men at risk of
developing type-2 diabetes [74]. In agreement, ce-
ramide has also been shown to induce insulin resist-
ance in a variety of cultured cells [75, 76]. Conversely,
exercise training, which improves insulin sensitivity,
markedly decreases muscle ceramide levels in both
rats and humans [67, 77, 78]. In accordance, inter-
ventions capable of improving insulin sensitivity such
as administration of troglitazone, agonist of the
peroxisome proliferator activated receptor-g, mark-
edly reduce muscle ceramide levels [79].
Regarding the mechanisms implicated in the action of
ceramide, this sphingolipid has been shown to acutely
inhibit insulin-stimulated glucose uptake and glyco-
gen synthesis in cultured skeletal muscle cells [75]. A

Figure 2. Role of sphingolipids in the activation of satellite cells and
myogenic differentiation. Figure 3. Role of sphingolipids in insulin responsiveness in skeletal

muscle.
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number of studies have clarified that these effects are
due to ceramide-mediated inhibition of several steps
of insulin signalling, among which phosphatidylinosi-
tol 3-kinase (PI3K)/Akt activation appears to be
prominent, downstream of IRS1 phosphorylation
[80]. However, the mechanism by which ceramide
brings about the inhibition of this key kinase appears
to be complex, relying on at least two distinct
molecular mechanisms such as Akt dephosphoryla-
tion via protein phosphatase 2A-catalyzed reaction
[81] and protein kinase Cz-dependent phosphoryla-
tion of Akt�s PH-domain, blocking Akt translocation
to the membrane [82] (Fig. 3).
In favour of the hypothesis that ceramide acts as a key
effector in the induction of insulin resistance in
response to enhanced circulating lipids, in C2C12
myotubes palmitate, by activating de novo synthesis,
increases ceramide content, thereby inhibiting down-
stream insulin-stimulated Akt phosphorylation [83].
Moreover, the blockade of the de novo ceramide
synthesis in palmitate-treated C2C12 myotubes re-
lieves the inhibitory effect of saturated non esterified
fatty acids toward Akt activation by insulin, while the
induction of ceramide accumulation augments the
inhibitory effect of saturated non esterified fatty acids
[84]. More recently, a study performed in human
myoblasts has shown that the employment of myriocin
and fumonisin B1 to specifically inhibit distinct
enzymes involved in the biosynthesis of ceramide
from palmitate, prevented palmitate-induced insulin
resistance, further supporting the concept that intra-
myocellular triacylglycerol levels do not account per
se for the loss of skeletal muscle responsiveness to
insulin [85]. Notably, a study performed using phar-
macological agents as well as genetically modified
animals to impair ceramide biosynthesis has very
elegantly proved that ceramide is a common molec-
ular intermediate linking several different patholog-
ical metabolic stresses (i.e., glucocorticoids and satu-
rated fats) to the induction of insulin resistance [86].
Additionally, manipulating ceramide levels in obese
rodents markedly attenuates insulin resistance and
prevents the onset of diabetes, pointing to a thera-
peutic relevance for the enzymes of ceramide bio-
synthetic route [86].
It is also worth mentioning that palmitate-induced
ceramide accumulation was found to account for the
apoptosis elicited by palmitate in L6 myotubes [87].
Treatment with the ceramide synthase inhibitor
fumonisin B1 abrogated the pro-apoptotic effect of
palmitate, clearly implicating the de novo ceramide
synthesis in the process. Interestingly, the inhibition of
insulin-stimulated glucose uptake by palmitate ad-
ministration was efficiently counteracted by blocking
caspase-3, clearly demonstrating a relationship be-

tween ceramide-mediated apoptosis and insulin re-
sistance in skeletal muscle.
Importantly, it has been shown recently that the SK1/
S1P axis is also crucially implicated in the regulation of
glucose metabolism in skeletal muscle. In fact, phar-
macological or siRNA-mediated inhibition of SK1
resulted in an appreciable decrease in basal and
insulin-stimulated glucose uptake in C2C12 myoblasts
[88]. Moreover, overexpression of SK1, which caused
an increase in extracellular S1P levels, similarly to
exogenous S1P enhanced basal and insulin-stimulated
glucose uptake. In the same study, SK was found to be
involved in insulin signalling, since the enzymatic
activity was augmented dose dependently by the
hormone. In keeping with its insulin-mimetic effect,
SK1 gene delivery was able to reduce blood glucose in
a mouse model of type-2 diabetes [88].
Taking into account that SK1 acts as an essential
checkpoint in regulating the relative levels of ceram-
ide/sphingosine and S1P [15], in view of the potential
therapeutic interest of these findings, it will be
important to establish in the future whether the
biological effects observed following ectopic SK1
expression in myoblasts are mechanistically linked
exclusively to the signalling triggered by S1P or rather
implicate also the diminution of ceramide cellular
content, similarly to that observed in other cellular
settings [89].
A key role on insulin signalling in vivo has been
demonstrated also for the ganglioside GM3, a molec-
ular species of the glycosphingolipid family that
contains a trisaccharide composed of glucose, galac-
tose, and sialic acid linked to ceramide. Employing
mutant mice lacking GM3 synthase, which catalyzes
the transfer of sialic acid to lactosylceramide and
thereby generates GM3, it has been shown that this
ganglioside is a negative regulator of insulin signalling
and its ablation protects mice from high-fat diet-
induced insulin resistance [90]. The increased sensi-
tivity to insulin displayed by the GM3-synthase
knock-out mice was due to the enhancement of insulin
receptor phosphorylation in skeletal muscle, leading
to the hypothesis that the interaction between insulin
receptor and GM3 within the glycosphingolipid-
enriched membrane domains negatively regulates
insulin signalling. The overall role of sphingolipids
on insulin responsiveness in skeletal muscle is depict-
ed in Figure 3. Interestingly, the beneficial effect on
insulin sensitivity exerted by GM3 synthase knock-out
has been shown recently to be mimicked by in vivo
treatment of Zucker diabetic fatty rats with Genz-
123346, inhibitor of glucosylceramide synthase, which
catalyzes the first step in the biosynthesis of ganglio-
sides [91]. Although the identity of the critical
glycosphingolipid(s) was not directly addressed, in-
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triguingly, GM3 content, which was enhanced in
Zucker diabetic fatty animals compared to their lean
controls, was restored to control levels by pharmaco-
logical treatment. Also in this experimental setting,
improved glucose control and increased insulin sensi-
tivity were accompanied by an enhanced level of
tyrosine phosphorylation of the insulin receptor from
the skeletal muscle, in keeping with the hypothesis
that glycosphingolipids play a key role in the regu-
lation of insulin signalling in this tissue.

Trophic effect of sphingolipids on skeletal muscle

Skeletal muscle is characterized by a high degree of
plasticity. When a muscle remains in disuse for a long
period, the rate of degradation of contractile proteins
becomes greater than the rate of replacement, result-
ing in muscle atrophy. This defect may occur as a result
of lack of nutrition, loss of nerve supply, micro-gravity,
ageing, systemic disease, prolonged immobilization or
disuse. Conversely, exercise and nutrition favour
hypertrophy, in which the rate of synthesis is much
higher than the rate of degradation of contractile
proteins, leading to an increase in the size of muscle
due to enlargement of existing cell fibers. This unique
property permits skeletal muscle adaptation to dis-
tinct metabolic and physiological needs. Very inter-
estingly, in a recent study it has been demonstrated
that exogenous application of S1P counteracts the
reduction of muscle mass caused by denervation,
whereas neutralization of the extracellular lipid with a
specific anti-S1P antibody accelerates the atrophy
caused by denervation [66]. Despite its protective
effect on the progression of atrophy, S1P does not
affect the extent of denervation-induced apoptosis of
skeletal muscle nuclei, indicating a specific trophic
action of the sphingolipid, distinct from a basic pro-
survival effect. In this regard, the trophic effect of S1P
was found to imply the regulation of myosin heavy
chain isoform expression, resulting in the attenuation
of the slow-to-fast transformation due to inactivity.
Further experimental evidence in favour of a positive
role of the SK/S1P pathway in skeletal muscle
plasticity comes from a recent report in which global
gene expression in skeletal muscle of young men
following short-term creatine monohydrate supple-
mentation was examined. SK1 was identified among
the most significantly upregulated genes [92], suggest-
ing that enhanced S1P formation is implicated in the
increase in fat-free mass and muscle fiber size, which
accounts for the beneficial effect of creatine mono-
hydrate on muscle [93, 94]. Since creatine monohy-
drate also regulates osmosensing properties of muscle,
it will be of interest to precisely dissect the molecular

events downstream of SK1 responsible for the bio-
chemical and physiological effects of this diet supple-
ment.

Concluding remarks

In this review we have summarised recent advances, to
our knowledge, in understanding the role of sphingo-
lipids in the regulation of various aspects of skeletal
muscle cell biology. The emerging picture is in favour
of a complex action exerted by bioactive sphingolipid
metabolites in the control of key processes ranging
from skeletal muscle regeneration and plasticity, to
contractile properties and insulin-regulated metabo-
lism. However, much remains to be done in order to
obtain a clear-cut depiction of the molecular events
that participate in the control of sphingolipid metab-
olism in this tissue. Indeed, in many circumstances it is
not known which of the various isoenzymes of
sphingolipid metabolism are specifically expressed in
skeletal muscle and how their enzymatic activities are
interconnected with the signalling network in these
cells. Impairment of basic biological processes, such as
muscle regeneration or insulin responsiveness, is
causative of severe diseases such as muscular dystro-
phies or type-2 diabetes. We are confident that future
investigation in the fascinating field of sphingolipids,
addressed to better understand their physiological
roles in skeletal muscle, will also individuate new
pharmacological targets for the therapy of these
diseases.
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67 Dobrzyń, A., Zendzian-Piotrowska, M., Gorski, J. (2004)
Effect of endurance training on the sphingomyelin-signalling
pathway activity in the skeletal muscles of the rat. J. Physiol.
Pharmacol. 55, 305–313.

68 Ohlson, L. O., Larsson, B., Sv�rdsudd, K., Welin, L., Eriksson,
H., Wilhelmsen, L., Bjçrntorp, P., Tibblin, G. (1985) The
influence of body fat distribution on the incidence of diabetes
mellitus. 13.5 years of follow-up of the participants in the study
of men born in 1913. Diabetes. 34, 1055–1058.

69 McGarry, J. D. (2002) Banting lecture 2001: dysregulation of
fatty acid metabolism in the etiology of type 2 diabetes.
Diabetes. 51, 7–18.

70 Turinsky, J., O�Sullivan, D. M., Bayly, B. P. (1990) 1,2-
Diacylglycerol and ceramide levels in insulin-resistant tissues
of the rat in vivo. J. Biol. Chem. 265, 16880–16885.

71 Gorska, M., Dobrzyn, A., Zendzian-Piotrowska, M., Gorski, J.
(2004) Effect of streptozotocin-diabetes on the functioning of
the sphingomyelin-signalling pathway in skeletal muscles of
the rat. Horm. Metab. Res. 36, 14–21.

72 Adams, J. M.2nd, Pratipanawatr, T., Berria, R., Wang, E.,
DeFronzo, R. A., Sullards, M.C., Mandarino, L. J. (2004)
Ceramide content is increased in skeletal muscle from obese
insulin-resistant humans. Diabetes. 53, 25–31.

73 Straczkowski M, Kowalska I, Nikolajuk A, Dzienis-Stracz-
kowska S, Kinalska I, Baranowski M, Zendzian-Piotrowska M,
Brzezinska Z, Gorski J. (2004) Relationship between insulin
sensitivity and sphingomyelin signaling pathway in human
skeletal muscle. Diabetes. 53, 1215–1221.

74 Straczkowski, M., Kowalska, I. , Baranowski, M., Nikolajuk,
A., Otziomek, E., Zabielski, P., Adamska, A., Blachnio, A.,
Gorski, J., Gorska, M. (2007) Increased skeletal muscle
ceramide level in men at risk of developing type 2 diabetes.
Diabetologia. 50, 2366–2373.

75 Hajduch, E., Balendran, A., Batty, I. H., Litherland, G. J.,
Blair, A. S., Downes, C. P., Hundal, H. S. (2001) Ceramide
impairs the insulin-dependent membrane recruitment of
protein kinase B leading to a loss in downstream signalling in
L6 skeletal muscle cells. Diabetologia. 44, 173–183.

76 Zhou, H., Summers, S. A., Birnbaum, M. J., Pittman, R. N.
(1998) Inhibition of Akt kinase by cell-permeable ceramide
and its implications for ceramide-induced apoptosis. J. Biol.
Chem. 273, 16568–16575.
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