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Abstract: Sphingolipids are essential structural components of cellular membranes, playing prominent roles in signal
transduction that governs cell proliferation, differentiation and apoptosis. Ceramides, a family of distinct molecular
species characterized by various acyl chains, are synthesized de novo at the cytosolic side of the endoplasmic reticulum serving as precursors for the biosynthesis of sphingolipids in the Golgi. Recently, mitochondria emerged as an
important intracellular compartment of sphingolipid metabolism. Thus, several sphingolipid-metabolizing enzymes
were found to be associated with mitochondria, including neutral ceramidase, novel neutral sphingomyelinase, and
(dihydro) ceramide synthase, an important ceramide-generating enzyme in de novo ceramide synthesis and recycling
pathway. Mitochondrial dysfunction appears to be essential in tissue damage after brain ischemia/reperfusion (IR).
Mitochondria are known to be involved in both the necrosis and apoptosis detected in animal models of ischemic
stroke, and treatments that ameliorate tissue infarction were associated with better recovery of mitochondrial function. Although mitochondrial injury in stroke has been extensively studied and key mitochondrial functions affected by
IR are mainly characterized, the nature of the molecule that causes loss of mitochondrial integrity and function remains obscure. Emerging data indicate a deregulation of ceramide metabolism in mitochondria damaged by IR suggesting that ceramides could play critical roles in cerebral IR-induced mitochondrial damage. This review will examine
the experimental evidence supporting the key role of ceramides in mitochondrial dysfunction in cerebral IR and highlight potential targets for development of novel therapeutic approaches for stroke treatment.
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Introduction

mately leads to cell death.

After more than a decade of extensive investigations, it has become clear that ceramides are
essential sphingolipid messengers regulating a
diverse range of cell-stress responses, including
apoptosis, cell senescence, and autophagy [1].
Each ceramide is tightly regulated in cells, and
its participation in cell death signaling pathways
is controlled by rapid conversion of ceramide
into less deleterious sphingolipids (Figure 1).
Thus, ceramide can be metabolized into complex sphingolipids by glucosylceramide synthase
or into SM by SM synthase, or into ceramide-1phosphate by ceramide kinase [2, 3], or into
sphingosine-1-phosphate by ceramidase and
sphingosine kinase [4]. However, pathological
conditions, including cerebral ischemia/
reperfusion, could disturb ceramide metabolism
resulting in ceramide accumulation that ulti-

Pathways of ceramide generation in mammalian cells
Ceramide is a family comprised of about 50
distinct molecular species characterized by various acyl chains, their desaturation, and hydroxylation. Ceramide is an N-acylsphingosine consisting of a fatty acid bound to the amino group
of the sphingoid base, sphingosine. Ceramides
can contain monounsaturated or saturated fatty
acids of various lengths from 2 to 28 carbon
atoms, and the fatty acid chain length profoundly alters ceramide’s biophysical properties.
Short-chain ceramides with fatty acyl chains of
fewer than 12 carbons can be easily dispersed
in water and serve as detergents [5]. In contrast, most ceramides found in mammalian cellular membranes contain long fatty acyl chains
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Figure 1. Biosynthesis of ceramide and its conversion into other bioactive sphingolipids. De novo ceramide synthesis
begins with the conversion of serine and fatty acyl CoA into 3-ketosphinganine by serine palmitoyl transferase (SPT),
then 3-ketosphinganine is converted into dihydrosphingosine. Myriocin is a potent inhibitor of SPT activity. (Dihydro)
ceramide synthase (LASS/CerS) acylates dihydrosphingosine to form dihydroceramide, which is then reduced to ceramide by dihydroceramide desaturase. Ceramide is also produced by SMases through SM degradation in SMase pathway. Ceramidase converts ceramide into sphingosine, which is phosphorylated by sphingosine kinase (SK) to generate sphingosine-1-phosphate. Ceramide is phosphorylated by ceramide kinase (CK) yielding ceramide-1-phosphate
(C1P). In the salvage or recycling pathway, complex sphingolipids are broken down to ceramide by glucosylceramidase (GCase) and then by ceramidase to sphingosine, which is re-acylated to ceramide by LASS/CerS. Fumonisin B1
inhibits LASS/CerS activity.

of 16-28 carbon atoms rendering them hydrophobic lipids lacking detergent properties.
As a result, ceramide metabolism is restricted to
cellular membranes and is highly compartmentalized. Hydrophobic ceramides are generated
by membrane-associated enzymes, and exert
their effects either in close proximity to the generation site or require specific transport mechanisms to reach their targets in another intracellular compartment [6]. Long-chain ceramides
appear to be able to flip-flop across the membrane [7]; however, spontaneous inter-bilayer
transfer is extremely slow [8]. Therefore, the
transfer of ceramide between intracellular compartments is facilitated by vesicular transport
pathways [9]. Alternatively, ceramide is transported by a non-vesicular pathway involving a
transfer protein, CERT, from its generation site
in the endoplasmic reticulum (ER) to the Golgi
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where it is required for SM synthesis [10]. In
addition to de novo biosynthesis, ceramide is
generated by sphingomyelinases (SMases) from
SM in two major pathways: the neutral SMase
(nSMase)-dependent pathway and aSMase
(aSMase)-dependent pathway or salvage
(recycling) pathway (Figure 1).
De novo ceramide biosynthesis
De novo ceramide biosynthesis occurs in the
endoplasmic reticulum (ER) where all the participating enzymes have been found [11-13].
Ceramide is synthesized at the cytosolic side of
the ER [13, 14], serving as a precursor for the
biosynthesis of glycosphingolipids and SM in the
Golgi [15, 16].
(Dihydro) ceramide synthase (EC 2.3.1.24) is a
key enzyme in de novo ceramide synthesis, and
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it utilizes fatty acid acyl CoA for N-acylation of
sphinganine (dihydrosphingosine) yielding dihydroceramide that is converted to ceramide by
desaturase (Figure 1). Each of the 6 known
mammalian ceramide synthases (CerS/LASS)
appears to regulate synthesis of a specific subset of ceramides, and displays a unique substrate specificity profile for chain-length and/or
saturation in fatty acid acyl CoA. Overexpression of any CerS protein in mammalian
cells resulted in increased levels of a specific
subset of ceramide species. It has been demonstrated that CerS1 exhibits high specificity for
C18:0-CoA generating C18:0-ceramide [17]. CerS2,
CerS4, and CerS3 appear to have broader
specificity [18, 19]. CerS2 or CerS4 mainly synthesizes C20:0-, C22:0-, C24:1-, C24:0-, C26:1 and C26:0
ceramide, but is unable to synthesize C16:0- or
C18:0-ceramide [17, 19]. CerS3 generates C18:0-,
C20:0-, C22:0- and C24:0-ceramide [18]. It has been
shown that CerS5 generates C14:0-, C16:0-, C18:0-,
and C18:1-ceramide [17, 20]; and CerS6 produces C14:0-, C16:0-, and C18:0-ceramide [17].
The availability of certain fatty acyl-CoA species
and the characteristic distribution pattern of
CerS family members in tissues seem to regulate the tissue-specificity of the ceramide species. Northern blot and real-time RT-PCR analysis revealed broad expression of CerS5, CerS4,
and CerS6 genes in mammalian tissues, but
CerS1 expression was limited to the brain and
skeletal muscle [18, 19]. Interestingly, CerS2
mRNA was more abundant than other CerS family members and had the broadest tissue distribution [19]. Except for a weak display in skin,
CerS3 mRNA expression is limited almost solely
to testis, implying that CerS3 plays an important
role in this gland [18].
CerS are integral membrane proteins, but the
exact number of transmembrane domains and
their topology has not been resolved experimentally. All of the CerS genes have a highly conserved stretch of 52 amino acids known as the
Lag1p motif which is essential for enzyme activity [21]. Some of the CerS proteins are posttranslationally modified, and, for instance,
CerS6 is expressed as a native and an Nglycosylated form. The N-glycosylation site is
conserved in CerS6, CerS2, and CerS5, but this
post-translational modification is not required
for ceramide synthase activity [17]. Intriguingly,
CerS1 phosphorylation appears to regulate the
protein turnover [22]. All CerS except CerS1
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contain a homeobox domain, suggesting involvement in developmental regulation [23]. De
novo synthesis of ceramide is required for cell
survival in vivo, and is widespread among cell
types and tissues. Regulation of ceramide synthesis is only beginning to be understood. Regulation at the transcriptional level has been observed with a number of agents, including endotoxin and cytokines, UVB irradiation, and retinoic acid [14].
Sphingomyelin hydrolysis
SM hydrolysis by one of several SMases is another source of cellular ceramide. Three groups
of SMases, acid, neutral, and alkaline, are distinguished by their primary structure, catalytic
pH optimum, and localization.
A well-characterized enzyme, acid SMase
(aSMase) contributes to the catabolism of SM
and ceramide formation in lysosomes [24, 25].
aSMase could relocate from intracellular compartments to the plasma membrane where it
plays an important role in SM hydrolysis and
ceramide generation within lipid rafts [26]. aSMase is a soluble enzyme with no transmembrane domains, and the mechanism of aSMase
association with the membrane, at which its
substrate, SM, resides, remains unclear. aSMase is also secreted through the Golgi secretory pathway, and it is constitutively present in
plasma [27] where it is involved in hydrolysis of
lipoprotein-bound SM, the second most abundant lipid in human plasma.
Three mammalian closely related isoforms of
neutral SMase (nSMase) have been recently
cloned, including nSMase1, nSMase2 and mitochondria-associated nSMase (MA-nSMase) [28].
nSMase1 is localized to the ER and nucleus
[29]. nSMase2 had a dynamic intracellular localization [30], having been found in the Golgi
of sub-confluent cells, at the plasma membrane
at the regions of cell-cell contact [31] and in
recycling compartments [32]. MA-nSMase is
found within the mitochondria and associated
membranes [33]. The physiological role of neutral SMase isoforms may be dictated by their
immediate environment in the specific intracellular compartment. Alkaline SMase lacks homology to neutral or aSMase and its mRNA is abundant in the intestine where the enzyme plays a
major role in digestion of dietary SM [34].
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Recycling or salvage pathway
Ceramide is also produced during the recycling
of sphingosine in the process termed the
“salvage pathway” [35]. In this process, complex sphingolipids are broken down to ceramide
and then to sphingosine, which is then used by
ceramide synthase to yield ceramide. SM is converted to ceramide by aSMase. Ceramide accumulation via the salvage pathway requires ceramide synthase which is important in de novo
synthesis of ceramide. Complex sphingolipids
undergo constitutive degradation in the late
endosomes and the lysosomes yielding ceramide which does not leave the lysosomes [36]
unless converted into sphingosine by acid ceramidase. Free sphingosine could be released
from the lysosomes and re-acylated by ceramide synthase to form ceramide.
Ceramide generation in mitochondria
Mitochondria arise as important intracellular
compartment for ceramide metabolism, and
they have been shown to contain a variety of
sphingolipids, including SM and ceramide [37,
38]. Mounting evidence suggests a local action
of ceramide on mitochondria in intact cells.
Thus, selective hydrolysis of a mitochondrial
pool of SM by overexpressed sphingomyelinase
(bSMase) targeted to mitochondria resulted in
apoptosis. In contrast, generation of ceramide
in the plasma membrane, ER, or Golgi apparatus by bSMase targeted to these compartments
had no effect on cell viability [39]. Recently,
mitochondrial ceramide engagement in apoptosis has been shown using loss-of-function
mutants of ceramide synthase in the germ cell
line of C. elegans [40]. In this study, an ionizing
radiation-induced apoptosis of germ cells was
obliterated upon inactivation of ceramide synthase, and restored upon microinjection of longchain ceramide. Radiation-induced increase in
ceramide localized to mitochondria was required for activation of CED-3 caspase and
apoptosis. Many studies underscore the physiological significance of the mitochondrial ceramide and SM pools [37, 38, 41-44].
Although several enzyme activities involved in
ceramide metabolism have been demonstrated
in mitochondria, the nature of enzymes generating ceramide in this organelle is still a matter of
debate [19]. Mitochondria evolve as a specialized compartment of sphingolipid metabolism
with their own subset of ceramide synthesizing
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and degrading enzymes. Three possibilities may
account for ceramide generation in mitochondria.
First, experimental evidence suggests the presence of ceramide synthase activity in mitochondria. Thus, ceramide synthase activity was first
detected [45, 46] and partially purified from a
bovine brain mitochondria-enriched fraction
[47]. Mitochondrial enzymes had higher specific
ceramide synthase activity with C16:0- or C18:0acyl CoA than the ceramide synthase from the
ER [47]. Purification of ceramide synthase from
bovine liver mitochondria yielded two major protein bands, 62 and 72 kDa on a gel [48]. Detailed analysis of ceramide synthase activity in
highly purified mitochondria by Bionda et al.
essentially confirmed previous findings [49].
Ceramide synthase activity was demonstrated
in rat liver mitochondria and in the subcompartment of the ER closely associated with
mitochondria. Further sub-mitochondrial investigation of ceramide synthase activity revealed
that both outer and inner mitochondrial membranes can synthesize ceramide [49].
Recent reports describing several ceramide synthase isoforms, including CerS1, CerS2, CerS4
and CerS6, in purified mouse brain mitochondria [50, 51] support the notion that several
ceramide synthesizing enzymes could be localized in mitochondria [52]. No such association
was found in HeLa cells [53], suggesting that
this might be a cell type/tissue specific event.
The intra-mitochondrial localization of CerS was
examined in purified brain mitochondria by immunoprecipitation [51]. These studies reveal a
selective CerS6 association with adenine nucleotide translocase, the inner membrane component of the mitochondrial permeability transition pore (MPTP). In contrast, CerS2 associated
with the outer membrane resident protein
Tom20, a receptor of the protein import complex. The data suggest CerS6/ceramide could
regulate MPTP activity and mitochondrial Ca2+
homeostasis whereas CerS2/ceramide could
modulate the mitochondrial protein import machinery.
Secondly, recent studies identified two novel
SMases, which hydrolyze SM to ceramide, and
phosphocholine in mitochondria from zebrafish
[42] and mouse tissues [33]. Notably, in yeast,
the mammalian nSMase ortholog Isc1p associates with mitochondria in the post-diauxic
phase of yeast growth and regulates mitochondrial sphingolipid metabolism [54, 55].
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Figure 2. Ceramide formation from Acyl-CoA and sphingosine (Sph) mediated by coupled activities of mitochondrial
thioesterase (MTE) and nCDase (NCD).

Thirdly, the additional source of ceramide in
mitochondria is a reverse reaction of a neutral
ceramidase (nCDase), e.g., formation of ceramide as a result of condensation of palmitate
and sphingosine [56]. On the basis of molecular
cloning and confocal microscopy data, this activity was ascribed to mitochondria [57], and it
was demonstrated in purified mitochondria
[49]. Recent studies describe the molecular
mechanism of ceramide generation from palmitate and sphingosine in purified liver mitochondria that requires concerted action of two enzymes nCDase and thioesterase (which hydrolyzes palmitoyl-CoA to CoA and fatty acid) [58].
Thus, mitochondria from nCDase-deficient mice
have significantly decreased formation of ceramide from sphingosine and palmitoyl-CoA (or
palmitate) compared to mitochondria from wild
type mice, indicating that nCDase participates
in ceramide formation in liver mitochondria, and
that ceramide formation may occur from sphingosine and palmitoyl-CoA from coupled activities
of a mitochondrial thioesterase and nCDase
catalyzing the reverse reaction (Figure 2). Another possibility is that ceramide could be also
transported from the ER to mitochondria
through the contact sites between them [59].
Ceramide accumulation in cerebral ischemia/
reperfusion (IR)
Ceramide accumulation has been demonstrated
in various in vivo models of IR and it has been
implicated as an important mediator of apoptosis in the injured tissue, but mechanisms of
ceramide generation are not well-defined and
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the downstream targets of ceramide remain
unresolved. The IR-induced accumulation of
ceramide appears to be a general phenomenon
for heart, kidney, liver and brain.
Ischemic stroke occurs when cerebral or precerebral arteries are occluded or significantly
stenosed by emboli or by local atherosclerotic
disease. Within minutes of interrupted blood
flow, mitochondrial energy production is shut
down due to lack of oxygen resulting in membrane depolarization and excessive release of
neurotransmitters, specifically, glutamate. Extracellular glutamate accumulation overstimulates glutamate receptors, promoting cytosolic Ca2+ overload, the generation of ROS, and
mitochondrial dysfunction leading to cell death.
A few studies reported ceramide accumulation
during cerebral ischemia and IR [60, 61], and it
appears that the mechanism of ceramide accumulation depends on the severity of the insult to
the brain. Thus, severe and lethal cerebral IR
resulted in ceramide accumulation via activation of aSMase and SM hydrolysis [60-62] or
inhibition of ceramide utilization by glucosylceramide synthase [63]. Consistent with these
data, the extent of brain tissue damage was
decreased in mice lacking aSMase [64]. In a
recent study, severe cerebral IR induced SM
hydrolysis and increased ceramide and sphingosine in the ischemic brain [65]. Similarly,
chronic cerebral ischemia caused ceramide
accumulation due to activation of SM degradation accompanied by reduced ceramide utilization via glucosylceramide synthase [66]. The
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data highlight IR-induced deregulation of complex sphingolipids metabolism.
In mild IR, ceramide accumulation resulted from
de novo ceramide biosynthesis rather from hydrolysis of SM [50]. There is apparent tissue
specificity in the expression of individual ceramide species that might reflect the tissue specificity of the ceramide synthases. In brain, C18:0-,
C18:1- and C24:1-ceramide are the major species
expressed (39.5%, 34%, and 12.5% of total ceramide, respectively) whereas C16:0- ceramide
contributes only 4% of total ceramide. All ceramide species were elevated in the ischemic
brain about 1.5-2-fold. The enhanced accumulation of sphingolipids seems to occur during the
reperfusion phase; there were no changes in
sphingolipid content after ischemia without
reperfusion. This finding is in line with data
which show that both ischemia and the restoration of blood flow to ischemic tissue
(reperfusion) causes cellular damage by different molecular mechanisms [67, 68].
Investigation of intracellular sites of ceramide
accumulation after mild IR revealed the elevation of ceramide species both in purified mitochondria and in the ER [50]. In mitochondria,
only C18:0-, C18:1- and C16:0-ceramides were increased, but all ceramide species increased in
the ER suggesting activation of different ceramide synthases in these intracellular compartments. Indeed, several ceramide synthases
were identified in mitochondria and the ER, including CerS1, CerS2, and CerS6, but CerS5
was localized only in the ER in the brain. Activity
measurements indicated activation of CerS6 in
ischemic mitochondria apparently via posttranslational mechanisms; IR did not affect the
CerS6 protein expression [50].
It appears that CerS6 is developmentally regulated and primarily generates C16:0-ceramide in
brain mitochondria [51]. An investigation into
the role of CerS6 in mitochondria revealed that
ceramide synthase down-regulation during brain
development is associated with dramatically
decreased mitochondrial Ca2+-loading capacity
(CLC) which could be rescued by addition of
ceramide. Ceramide-mediated blockade of
MPTP opening seems to be the underlying
mechanism of the increased CLC in brain mitochondria isolated from young animals. In fact,
mitochondria maintain low cytosolic Ca2+ levels
by sequestering Ca2+ inside the mitochondrial
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matrix complexed with phosphate. Energized
mitochondria take up Ca2+ via the mitochondrial
calcium uniporter which has been recently described as a highly selective, inwardly rectifying
channel [69]. Excessive accumulation of Ca2+ in
the mitochondrial matrix could trigger opening
of MPTP at a high conductance state, which
would be accompanied by dissipation of the
transmembrane potential and mitochondrial
swelling. In brain mitochondria, Ca2+ may also
activate a limited permeability state of MPTP
opening [70] that only depolarizes mitochondria
without causing swelling [71]. This depolarization dramatically reduces the driving force for
Ca2+ influx via mitochondrial Ca2+ uniporter,
thus limiting the mitochondrial ability to sequester Ca2+ [72]. The lower CerS6 expression and
C16:0-ceramide content were associated with
reduced mitochondrial CLC in adult brain mitochondria, whereas exogenous C16:0-ceramide
restored CLC to that of young brain mitochondria. This is in line with the finding that longchain ceramides, including C16:0-ceramide, are
potent inhibitors of MPTP activity [73]. This suggests that CerS6-generated ceramide could prevent MPTP opening, leading to increased Ca2+
accumulation in the mitochondrial matrix.
The role of CerS6 in cell survival was examined
in primary oligodendrocyte (OL) precursor cells,
which undergo apoptotic cell death during early
postnatal brain development or following cerebral IR. Exposure of OLs to glutamate resulted in
apoptosis that was prevented by inhibitors of de
novo ceramide biosynthesis, myriocin and fumonisin B1. Knockdown of CerS6 with siRNA
reduced glutamate-triggered OL apoptosis,
whereas knockdown of CerS5 had no effect.
Importantly, blocking mitochondrial Ca2+ uptake
or decreasing Ca2+-dependent protease calpain
activity with specific inhibitors prevented OL
apoptosis. Finally, knocking down CerS6 decreased calpain activation. The data suggest a
novel role for CerS6 in the regulation of both
mitochondrial Ca2+ homeostasis and calpain,
which could be important in cell death after
cerebral IR (Figure 3). These studies illuminate
a novel determinant in cerebral IR, mitochondrial ceramide synthase CerS6 which could be
an important future target for neuroprotection.
In vitro, de novo synthesized ceramide increased after brief exposure of cultured brain
cells to hypoxia, oxygen/glucose deprivation, or
TNF [74, 75]. In neuronal precursor cells, hypoxia/reoxygenation triggered a robust eleva-
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Figure 3. Hypothetical role of CerS6/ceramide in mitochondria after cerebral IR. IR triggers glutamateinduced cytosolic Ca2+ influx into the mitochondria and an activation of mitochondrial CerS6 that elevates
ceramide. Ceramide blocks the MPTP opening at a low conductance state, leading to increased Ca2+ in
the mitochondrial matrix. This MPTP inactivation would allow mitochondria to support adequate ATP production for formation of the apoptosome, and might be responsible for the initial raise in ATP production
(and hence Δψ) during apoptosis [135], an observation that corresponds well with the reported transient
mitochondrial hyper-polarization in the apoptosis induced by IL-3 withdrawal [136]. Rising mitochondrial Ca2+
activates calpain 10, which could cleave protein components of the MPTP [137] resulting in the MPTP opening at a
high conductance state, swelling, and rupture of the outer mitochondrial membrane leading to necrotic cell death.

tion in C14:0- and C16:0-ceramides, and a small
increase in C18:0-, C18:1- and C20:0-ceramides,
and no increase in C24:0- and C24:1-ceramides
[76]. The elevations in ceramides were primarily
due to the actions of aSMase and ceramide
synthase CerS5, demonstrating the involvement
of the salvage pathway. Interestingly, C2ceramide infusion protected the brain against IR
injury [77, 78]. However, this effect could be
also attributed to the intracellular/extracellular
conversion of ceramide into sphingosine-1phosphate, which is known to protect cells from
apoptosis [24, 79, 80].
Ceramide and mitochondrial injury in stroke
Although IR-induced mitochondrial injury has
been extensively studied and mitochondrial
functions affected by IR are characterized [81],
crucial information is needed regarding the

353

cause of mitochondrial dysfunction. Our studies
suggest that exogenously added ceramide could
provoke mitochondrial dysfunctions similar to
that occurring in cerebral IR [82]. Of note, some
data on mitochondrial effects of ceramide have
been obtained using synthetic short-chain analogs, which may not fully mimic the properties of
naturally occurring long-chain ceramides.
Respiratory chain
The restriction on mitochondrial respiratory
chain function has been shown in various rodent models of stroke [81]. An impairment of
Complex III has been implicated (Figure 4), but
the mechanisms remain unresolved, and a
Complex I defect has not been ruled out. We
and others have reported that short-chain ceramide could directly suppress respiratory chain
Complex III activity [83, 84]. Also, ceramide

Int J Biochem Mol Biol 2011:2(4):347-361

Ceramide and mitochondria in ischemic brain injury

for Ca2+ influx via the uniporter channel in the
inner membrane, thus limiting the mitochondrial
ability to sequester Ca2+.

Figure 4. Mitochondrial respiratory chain complexes.
Mitochondrial respiratory chain consists of four multiprotein complexes Complex I-IV. The respiratory chain
function is determined using substrates such as glutamate, succinate or ascorbate, which are oxidized
via different complexes of respiratory chain. An inhibition of the electron transport through the Complex I
or III could result in generation of ROS.

seems to participate in displacement of cytochrome c from its binding site on Complex III
[85] corresponds to an apparent mitochondrial
Complex III defect in IR.
Reactive oxygen species (ROS)
Free radical formation occurs during cerebral IR.
In fact, mitochondria are the major site of production of ROS, and are the likely source for the
generation of peroxynitrite, formed from nitric
oxide and superoxide during IR [86]. Studies in
isolated mitochondria indicated that Complex I
and III are potential sites of superoxide formation [87]. Complex III deficiency observed in
cerebral IR strongly implicates Complex III as
the major and relevant site of ROS generation;
however, Complex I remains to be ruled out.
Short-chain ceramide could increase the generation of ROS in isolated mitochondria [88].
Mitochondrial permeability transition pore
(MPTP)
Excessive accumulation of Ca2+ in mitochondrial
matrix could trigger opening of the MPTP at a
high conductance state that is accompanied
with dissipation of transmembrane potential
and swelling of mitochondria. In brain mitochondria, Ca2+ may also activate a limited permeability state of MPTP opening that only depolarizes
mitochondria without swelling [70]. This depolarization dramatically reduces the driving force
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MPTP opening at a high conductance state appears to be a crucial event leading to cell death
by necrosis [89-91]. Severe insult causes widespread opening of the MPTP in mitochondria.
Cell death proceeds through necrosis when the
MPTP remains open, causing the inhibition of
ATP production. If the initial insult is not too severe and MPTP does not open, cellular ATP can
be maintained to support the energy demand of
apoptosis. This provides an explanation for the
coexistence of apoptotic and necrotic cell death
in IR-injured tissue. It has been emphasized that
MPTP regulates necrotic, but not apoptotic cell
death in cardiac and cerebral IR [92, 93]. Mice
deficient in cyclophilin D (CyD), the main regulatory component of MPTP, developed up to 37%
smaller brain infarcts after IR. CyD-deficient
cells died normally in response to various apoptotic stimuli, but were resistant to necrotic cell
death induced by ROS and Ca2+ overload. MPTP
opening at a high conductance state has been
proposed to occur in cerebral IR, but the evidence is largely indirect [81, 94]. The opening of
the MPTP at a high conductance state has been
implicated as another mechanism of cytochrome c release from mitochondria due to
short-chain ceramide [95-98]. However, it has
been demonstrated that long-chain ceramide is
a potent inhibitor of MPTP [73].
Release of pro-apoptotic proteins from
mitochondria
The release of mitochondrial cytochrome c and/
or Smac, which antagonizes apoptotic protein
inhibitor, into the cytosol initiates the activation
of caspase-9 leading to the proteolytic activation of executioner caspase-3 and -7. Cytochrome c release from mitochondria is well
documented in different models of ischemia
[91]. Recent studies have showed caspaseindependent apoptosis involving the release of
mitochondrial proteins, apoptosis-inducing factor (AIF), and endonuclease G (EndoG) and their
translocation to the nucleus in brain IR [91, 99].
Emerging evidence indicates an important role
of Bax in cytochrome c and Smac (but not AIF
and EndoG) release from brain mitochondria
[100]. Importantly, mitochondrial calpain has
been implicated in AIF release from mitochondria [101]. The release of mitochondrial pro-
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teins implies that the outer and /or the inner
mitochondrial membrane is compromised in IR,
but the precise mechanisms of the protein release remain unclear. Short-chain ceramide
accelerated the release of cytochrome c and AIF
from heart mitochondria [102], and natural C16ceramide has been shown to form large channels in the outer mitochondrial membrane permeable to cytochrome c [103].

mains to be determined. However, in cardiomyocytes exposed to exogenous C2-ceramide, an
increased expression of mitochondrial resident
Fis1 and enhanced recruitment of cytosolic
DRP1 to mitochondrial fission foci may contribute to disintegration of the mitochondrial network [113].

Moreover, current research is focused on the
ability of ceramides to release cytochrome c or
other pro-apoptotic proteins from the mitochondrial inter-membrane space. Within the model
of Colombini and co-workers, pro-apoptotic protein release is due to formation of large pores in
the outer mitochondrial membrane by ceramide
itself, whereas the inner membrane is viewed as
being ceramide-insensitive. This model is supported by extensive experimental material using
isolated mitochondria [102, 104-106] and artificial membranes (liposomes and black lipid
membranes) [104, 107]. Importantly, it was
recently shown that anti-apoptotic Bcl-2 can
disassemble ceramide channels in the outer
mitochondrial membrane and black lipid membranes [108], thus providing the mechanistic
explanation for the original observation of Ghafourifar et al. [106] that Bcl-2 suppresses ceramide-induced cytochrome c release from isolated mitochondria. However, the formation of
ceramide channels seems to be highly dependent on the conditions employed, and has been
questioned in a number of publications [95, 98,
109, 110]. Besides, a few reports suggest that
the permeabilization of the inner mitochondrial
membrane via the opening of the MPTP could
be a primary event in initiation of cytochrome c
release in the presence of ceramides [95, 111].
The switch between selective permeabilization
of the outer membrane vs. permeabilization of
the inner membrane in the presence of ceramide appears to depend on the composition of
incubation medium and the nature of ceramide
employed [102].

Irrespective of the type of IR, IR-related physiological events have a common final consequence: alteration of mitochondrial function and
release of mitochondrial proteins, leading to cell
death. Cells with hallmarks of necrosis or apoptosis have been detected in animal models of IR
[115]. The mitochondrial changes appear to be
one essential step in tissue damage in IR, and
treatments that ameliorate tissue infarction
were associated with better recovery of mitochondrial function [116]. Multiple studies show
intimate connections between ceramide signaling and functioning of mitochondria [117, 118],
which play central role in integration of cellular
signals to determine the outcome among apoptosis, necrosis, or proliferation [119-121].

Emerging evidence suggests involvement of
ceramides in reorganization of the mitochondrial network. Both exogenous and endogenously generated ceramides induce mitochondrial fission [112, 113], which may contribute to
apoptotic cell death [114]. What particular effectors of mitochondrial fission (DRP1, Fis1, or
Bax) or fusion (OPA-1, Mitofusins) machineries
are the targets of ceramide in this process re-
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Several lines of evidence have implicated
changes in mitochondrial function as an intermediate step in transduction of ceramide signals that culminate in apoptotic or necrotic cell
death [80, 118]. First, ceramide-induced apoptosis is accompanied by release of pro-apoptotic
proteins from mitochondria [39, 122, 123], increased generation of mitochondrial ROS [124],
and discharge of mitochondrial transmembrane
potential, Δψ [122, 125-127]. Second, interventions that specifically prevent mitochondrial
dysfunction suppress ceramide-induced apoptosis: inhibitors of the MPTP bongkrekic acid
[125, 128] and cyclosporin A [128-130]; and
over-expression of Bcl-2 [125, 127, 131-133].
Third, TNF-α-, ischemia/reperfusion-, etoposide-,
or UV-induced apoptosis is associated with simultaneous increase in mitochondrial ceramide
[41, 50, 88, 134].
Conclusion
Mitochondria are being appreciated as vital intracellular compartments for sphingolipid metabolism. Emerging data suggest that the subcellular location of ceramide generation plays a
fundamental role in dictating its downstream
targets and cell responses to stress stimuli. A
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cardinal feature of brain tissue injury in stroke is
mitochondrial dysfunction and the release of
mitochondrial proteins leading to cell death. It
has become increasingly clear that ceramide, a
membrane sphingolipid and a key mediator of
cell-stress responses, could play a critical role in
cerebral IR - induced mitochondrial injury. Continued research efforts are required to better
understand the pathophysiological mechanisms
of cerebral IR injury, to identify and test new
protective agents. Further studies of the molecular basis of the role of ceramide in the
ischemic brain are warranted. Because many
assumptions regarding ceramide functions in IR
-induced tissue injury were based on in vitro
studies employing artificial ceramides, we must
critically evaluate the mitochondrial dysfunctions in IR-injured brain and define a possible
role of long-chain ceramides as causes of the
mitochondrial impairment. This will allow the
discovery of novel and groundbreaking therapeutic approaches to mitigate diseases that
may result from elevations in ceramide and its
metabolites.
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