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Bioactive lipids and the control of Bax pro-apoptotic
activity
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Lipids are key regulators of cell physiology through the control of many aspects of cellular life and survival. In particular, lipids
have been implicated at different levels and through many different mechanisms in the cell death program called apoptosis. Here,
we discuss the action of lipids in the regulation of the activation and the integration of Bax into the mitochondrial outer
membrane, a key pro-apoptotic member of the BCL-2 family. We describe how, during apoptosis, lipids can act simultaneously or
in parallel as receptors or ligands for Bax to stimulate or inhibit its pro-death activity.
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Facts

� Lipids and especially Ceramides were among the first
known actors of apoptosis.

� Lipids are involved in the mitochondrial insertion of the
pro-apoptotic proteins such as Bax and Bak and in the
formation of oligomers.

� Lipids are constituents of the channels formed by Bax and
Bak supramolecular complexes.

� Recent data have shown that lipids are also instrumental in
the control of the activation phase of Bax and Bak.

Open Questions

� Is the implication of lipids in the activation of Bax and Bak
an universal phenomenon?

� Is this control independent of that of BH3-only proteins
(BoPs) controls?

� When and how are interactions of the lipids/proteins
occurring?

Apoptosis (programmed cell death) is an essential physiological
process in the development ofmulticellular organisms and in the
maintenance of adult tissue homeostasis. Apoptosis is also
involved in many pathologies, such as cardiovascular, neuro-
degenerative, immunological diseases and cancer.1 There are
two distinct cellular pathways leading to apoptosis: the extrinsic
pathway (or death receptor pathway) and the intrinsic pathway
(also calledmitochondrial pathway). Themitochondrial pathway

of apoptosis involves proteins, which have a role in other
mitochondrial functions such as cytochrome c, but also cytosolic
proteins such as the caspases or proteins partly cytosolic and
partly mitochondrial such as the members of the BCL-2 family.2

The extrinsic pathway is only partially independent of the
mitochondrial pathway, often used as a relay or an amplifier,
and is restricted to some tissue, in particular the hematological
system. Other actors are implicated in this complex mechanism
and pioneer studies on apoptosis have underlined the role of
ions (especially calcium) and lipids (especially ceramides) in the
initiation and execution phases of apoptosis. Different lipid
species like ceramides, free fatty acids, diacylglycerol or
cholesterol can lead to pathological cell death through signaling
pathways involving proteins intrinsic to cell death programs.
It has been established in the 1990s that lipid modifications,
trafficking or biosynthesis are closely associatedwith apoptosis.
Several recent reviews have described the importance of
mitochondrial lipids in cell survival and death3–5 and recent
results have in particular, shed new light on the regulation of
members of the BCL-2 family through direct interactions with
lipids in proximity of or in relation with mitochondria. Thus our
knowledge on the control by lipids in the early phase of the
induction of apoptosis has been challenged by these new
findings and this is discussed in this review.

BCL-2 Family of Proteins and Apoptosis

Bcl-2 was the first protein of this family to be identified as a
proto-oncogene in human follicular lymphoma.6 The homology
between the BCL-2 family of proteins is restricted to certain
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domains called BH domains (Bcl-2 homology domains), which
are implicated in protein–protein interactions as well as post-
translational regulation.7–9

The BCL-2 family of proteins is classically divided into four
groups.10

-Anti-apoptotic proteins (Bcl-2, Bcl-xL, Bcl-W, Mcl-1 and A1):
these proteins contain the BH1, BH2, BH3 and BH4
domains. They are located in the cytosol but are also
associated with the mitochondrial outer membrane (MOM)
and the endoplasmic reticulum (ER) at different proportions.
Upon induction of apoptosis, most of these proteins become
membrane associated or integrated (mainly with the MOM).
-Pro-apoptotic effector proteins (Bax and Bak): these

proteins are activated at the onset of apoptosis. The activation
induces protein oligomerization into proteolipidic pores in the
MOM,which in turn, directly induce theMOMpermeabilization
(MOMP).
-Direct activator pro-apoptotic proteins (Bid, Bim and

Puma) are able to activate Bax and Bak through a hit and
run process.
-Sensitizers or de-repressor pro-apoptotic proteins (Bad,

Bik, BMF, HRK, Noxa and Puma) bind to and inhibit the anti-
apoptotic proteins, leading to the release of Bax or Bak from
anti-apoptotic proteins.
The latter groups (direct activator and sensitizer pro-

apoptotic proteins) contain only the BH3 domain and are
called BoP.
In healthy cells Bax is maintained in an inactive state under

a compact configuration and is mostly located in the cytosol.
A fraction of Bax is nonetheless capable of cycling between
mitochondria and cytosol. Bcl-x(L) retrotranslocates Bax from
the mitochondria into the cytosol. However, the precise
function of this recycling is not known.11

Bax activation induces an important protein conformational
change, which leads to mitochondrial addressing through the
interaction of several domains with the MOM compo-
nents.12,13 Under pro-apoptotic condition, Bid, Bim and
possibly Puma are activated and induce Bax and Bak
oligomerization, MOMP and cytochrome c release.10,14,15

The mechanism by which MOMP is achieved has been
largely discussed and several models of the formation of
pores or channels have been proposed: proteolipids, protein
only or lipidic channels.14–16 It has been shown that several
members of the BCL-2 family (Bcl-2, Bcl-xL, Bax, Bid...) can
form channels or permeabilize artificial liposomes in a manner
that recapitulate their function (that is, facilitating or inhibiting
the translocation of proteins across lipid bilayers).17–19

Lipids and Bax: An Apoptotic Mitochondrial Platform?

Several studies have focused recently on bioactive lipids as a
new type of key molecular actors accompanying or controlling
the functions of members of the BCL-2 family. For example,
tBid can permeabilize liposomes by modifying membrane
properties (lipid mixing and negative curvature)20 and
the efficiency of this permeabilization largely depends on the
lipids composition of the membrane (Phosphatidylcholine,
Phosphatidyethanolamine, Cardiolipin, Cholesterol).21 In the
same way some lipids such as fatty acids (already known for
their pro-apoptotic capabilities)22 are able to increase Bax

insertion and also themembrane permeabilization analyzed in
liposomes.23 However, liposomes with a composition close to
ER lipid were not permeabilized by tBid and monomeric Bax,
therefore, the mitochondrion-specific lipid composition is
essential for membrane permeabilization by Bax or tBid.14

Thus regulation of apoptosis is not only controlled by
protein–protein interactions but also by different bioactive
lipids. However, two different situations can be envisaged for
the Bax/lipids interactions:

Lipids as Receptors for Bax
(a) Cholesterol: Cholesterol is an essential cellular mem-
brane component. It regulates membrane rigidity, membrane
protein activity and as such, transmembrane signalization.24

Some cells are able to take up circulating low density lipids
(LDL) and high density lipids (HDL) by endocytosis.
Cholesterol is also synthesized de novo in the ER.25

Cholesterol is translocated to the MOM by vesicular
trafficking or by cholesterol binding and transport proteins.
Compared with the plasma membrane, cholesterol is present
at low levels in the ER and mitochondria,26 suggesting a tight
control of its intracellular transport. Transport of cholesterol
from the ER to mitochondria occurs through unique ER in
close contact with mitochondria and thus termed the
mitochondria-associated ER membrane (MAM).27,28 It has
been postulated that this structure could play a major role
during cell death.29 Cholesterol trafficking from the MOM to
the mitochondria inner membrane (MIM) requires a protein
complex, which includes the translocator protein (TSPO
protein).30 Little is known about alteration of cholesterol
transport during apoptosis but several studies suggest that
inhibitors of cholesterol synthesis have pro-apoptotic proper-
ties through activation of the mitochondrial pathway.31–34

The HMG-CoA reductase inhibitor lovastatin blocks meva-
lonate and also cholesterol synthesis. A study has shown that
lovastatin treatment sensitized colorectal cancer cells to pro-
apoptotic stimuli, causing an increase in Bax expression and a
decrease in Bcl-2 expression.35 In another study, lovastatin
treatment reduced myeloma cell survival by modulation of
apoptosis without modifying Bax and Bcl-2 expression.36

These data were confirmed in HeLa cells treated with
U18666A; a drug that induces an increase in intracellular
andmitochondrial cholesterol without modifyingmitochondrial
morphology or apoptosis-related protein expression (Smac/
Diablo, cytochrome c, Bcl-xL, Bax, Bak).37

Proteins that interact with cholesterol have a conserved
sequence called Cholesterol Recognition Amino acid Con-
sensus and recently, this sequence has been identified in the
alpha 5 helix of Bax, one of its transmembrane helices.38 The
role of cholesterol in Bax activity is still controversial. It has
been shown by Christenson et al.39 that the addition of
cholesterol to mitochondrial membranes increases Bax
binding but markedly reduces its integration into the MOM.
Several other studies have suggested that the different roles
of cholesterol depend on its concentration. At low concentra-
tions cholesterol acts as a receptor for Bax facilitating its
insertion (into liposomes or MOM) but not its activation or
oligomerization.37,38,40 However, Martinou and colleagues37

have shown that Bax activation is inhibited by cholesterol
accumulation, essentially by decreasing its membrane
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binding property. A direct link between the membrane
cholesterol level and Bax activation has been proposed as
in liposomes, cholesterol decreases membrane fluidity and
inhibits Bax oligomerization induced by tBid without blocking
its insertion.37 These data show that Bax activation is not
necessarily followed by its oligomerization and MOMP,
suggesting that these events depend on other conditions or
actors (other mitochondrial lipids or proteins).37 This conten-
tion was confirmed by other studies, which showed that a high
cholesterol content was an inhibitor of the transition from
membrane bound to the membrane embedded status of
Bax.39 Thus, mitochondrial cholesterol accumulation inhibits
Bax oligomerization and induces partial resistance to pro-
apoptotic agents.41 The high mitochondrial cholesterol con-
tent found in many tumors may thus account, at least partially,
for an inefficient Bax oligomerization, which might contribute
to cancer resistance to apoptosis-inducing therapies, provid-
ing a new basis for the use of statins as anticancer agents.42

(b) Cardiolipin: Cardiolipin (or diphosphatidylglycerol) is an
anionic phospholipid. At first considered as a MIM compo-
nent, cardiolipin is in fact also present in the MOM even if its
percentage remains controversial (23% of total mitochondrial
cardiolipin are present at the MOM,43 which could corre-
spond to 0.3-3% of mitochondrial lipids44). However, cardi-
olipin has an essential role in apoptosis mitochondrial
pathway.
It has been shown that the oxidation of cardiolipin present in

theMIM is necessary for cytochrome c release.45 Cytochrome
c is linked to cardiolipin in the MIM. To facilitate cytochrome c
release, cardiolipin is oxidized leading to the separation of the
complex cardiolipin–cytochrome c. This cytochrome c pool
formed will then be released (after Bax induced-MOMP for
example).46 Bax insertion into the MOM is sufficient to induce
superoxide production and cardiolipin oxidation.47 Cardiolipin
also interacts with tBid and allows its translocation to
mitochondria. It has been shown that tBid translocation to
mitochondria is strongly reduced in cardiolipin-defective
cells.48

In vitro studies in liposomes have shown that cardiolipin is
essential for alpha 1 helix of Bax binding to the MOM and then
to Bax insertion and oligomerization.49 Interestingly in the
absence of cardiolipin some MOM proteins (not yet identified)
can help Bax insertion and proteolipidic pores formation
induced by Bax or tBid.50

Cholesterol and cardiolipin are two important regulators of
mitochondrial pathway of apoptosis, by interacting directly
with Bid and Bax to allow or inhibit their insertion into the
MOM or by modifying the properties of the mitochondrial
membranes.

Lipids as Ligands for Bax
(a) Prostaglandins: The cyclooxygenases (Cox-1 and Cox-2)
catalyze arachidonic acid transformation to prostaglandin
H2 (PGH2). Then PGH2 can be transformed into several
others prostaglandins, predominantly PGE2 and PGD2
by the prostaglandins synthases (PGES and PGDS,
respectively).51

Prostaglandins are secreted lipids having a key role in the
modulation of the inflammatory response.52 It has been

known for many years that chronic inflammation significantly
increases the risk of cancer.53 In addition, PGE2 can increase
tumor growth by binding to G protein-coupled membrane
receptors (EP receptors) leading to the activation of several
cellular pathways associated with proliferation, migration,
survival and angiogenesis.54

Different Cox-2 inhibitors have also been developed for
their anti-tumor activity.53 Recent studies have challenged
this view highlighting the important role of intracellular
prostaglandins on Bax-dependent apoptosis regulation (inde-
pendently of their secretion and also of EP receptor activity).
An initial study identified two groups of glioblastoma multi-
forme patients with different expression levels of the micro-
somal PGES (mPGES) and showed a correlation between
high expression of mPGES and increased patient survival.55

In fact, the high expression of mPGES leads to an increase
spontaneous as well as staurosporine-induced apoptosis.
Furthermore inhibition of the expression of mPGES by siRNA
provokes a strong resistance to apoptosis.55 In addition,
microinjection of intracellular PGE2 induces an increase in
Bax-dependent apoptosis.55 This effect is not dependent on
the cell type as the increase in intracellular PGE2 by
microinjection or pharmacological inhibition of its export
(and degradation) increases Bax-dependent apoptosis in
several cancer and non-cancer cells.56 Finally, PGE2 directly
induces a conformational change of Bax and its insertion in
the MOM (on isolated mitochondria).55 Another study shows
that intracellular microinjection of prostaglandin A2 (PGA2),
derived from the non-enzymatic dehydration of PGE2,
induces apoptosis.57 Like PGE2, PGA2 is also able to induce
Bax activation and mitochondrial translocation but not its
oligomerization in a cell-free system.57 Linear peptide scan
assay and site-directed mutagenesis experiments showed
that PGE2 binds to 126cys present between the two
transmembrane alpha helix of Bax (alpha 5 and 6 helices)
and that this cysteine is necessary for PGE2-induced Bax
activation.57 PGD2 can block this interaction between Bax
and PGE2 and consequently inhibit PGE2-induced apoptosis.
Interestingly, PGE2 and Bid do not activate Bax by the same
mechanism, since they do not interact in the same region of
Bax, but they can rather cooperate to induce apoptosis.57

As far as PGE2 and PGD2 are concerned, even if their
interaction site with Bax is the same,58 they do not trigger the
same conformational changes, as visualized by fluorescence
spectroscopy experiments (Figure 1). The fluorescence
emission of the tryptophan is known to be very sensitive to
the polarity of its environment and indicates the degree of
exposure of the residue to solvent.59,60 The tryptophan
fluorescence can be used to monitor conformational changes
in native protein and protein–protein interactions. There are
six tryptophan residues in Bax. Two tryptophan are localized
at position 47 and 51, and the remaining four residues are
localized in 100–130 region at position 100, 117, 121 and 127,
that is, in the close vicinity of the interaction site between Bax
and prostaglandins. Bax alone emitted fluorescence at around
339.5 nm at neutral pH. The fluorescence of pH-activated Bax
(pH 4) was decreased about 50% in intensity and its emission
maximum was slightly shifted to 338.5 nm. Adding PGE2
induced a decrease of about 50% in fluorescence intensity
and slightly shifted the emission peak in the same way, even if
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the shift was not significant. In contrast, PGD2 induced a shift
from 339.5–343.5 nm in Bax fluorescence.
These data are confirmed by other studies showing that

PGA2 inhibits cellular growth, induces cytochrome c release
and activates the mitochondrial pathway of apoptosis in
HL-60 cells (Human Promyelocytic leukemia cell line) but
without establishing a direct link with BCL-2 family of
proteins.58,61

In short, extracellular PGE2 induces an increase in cell
proliferation via its binding to itsmembrane receptors,54 but an
increase in intracellular PGE2 induces the activation of the
intrinsic pathway of apoptosis by activating Bax.55–57

The following model was proposed: the induction of
apoptosis in cells leads to an increase in the concentration
of intracellular PGE2, which actively participates in pro-
apoptotic mechanisms. PGE2 is then secreted into the
extracellular region where it has the role of a danger signal
and induces cell proliferation by activating the EP receptors.
This model, applicable both during tissue regeneration after
injury62 and in tumor repopulation after treatment,63 has been
called the ‘Phoenix rising pathway’. These data also suggest
another interesting concept; during tissue regeneration this
mechanism causes the proliferation of stem and progenitor
cells and involves caspase-3 and -7 and iPLA2.62 It seems
conceivable that the role of PGE2 in tumor repopulation
after treatment could involve a direct effect on cancer stem
cells (Figure 2).

(b) Sphingolipids: Sphingolipids are a class of lipids contain-
ing a backbone of sphingoid bases and a set of aliphatic
amino alcohols that include sphingosine. They are essential
structural components of the outer leaflet of the plasma and
organelle membranes of eukaryotic cells. In the nineties,
their functions were revaluated and were shown to be key
actors in signaling pathways leading to inflammatory
response, apoptosis, senescence, proliferation and cell
migration.64 Sphingolipids may act in signal transduction
either as second messengers or by forcing the agglutination
of non-soluble raft microdomains enhancing membrane
proteins and receptor capping.65 Therefore, sphingolipids
contribute to the modulation of the mechanisms of cancer
initiation and progression and the sensitivity to anti-tumor
treatments.66 The central actor in sphingolipid metabolism is
ceramide, composed of a sphingosine and a fatty acid chain
of variable length (14–24 carbon atoms), which influences
the biological properties of the ceramide.67 The level of
intracellular ceramide increases in response to various
cellular stresses via de novo synthesis involving one of the
six ceramide synthase enzymes or by hydrolysis of sphingo-
myelin through the activation of neutral or acidic sphingo-
myelinase enzymes.66 In response to stress, ceramide is
considered as a bioactive lipid inducing apoptosis, cell cycle
arrest and differentiation.68

Given its pro-apoptotic role, the relationship between
ceramide and the proteins of the BCL-2 family have been
widely investigated. The over-expression of Bcl-2 or Bcl-xL
blocks apoptosis provoked by either exogenous ceramide
treatment or TNFa-induced endogenous ceramide, respec-
tively, in ALL-697 leukemia cells69 and MCF-7 breast
carcinoma cells.70 On the other hand, exogenous ceramide
fails to induce apoptosis in Bax-deficient DU145 cells
(prostate carcinoma) and HCT116 (colorectal cancer). Upon
Bax transfection DU145 and HCT116 became sensitive to
ceramide-induced apoptosis.71 In some cell models, redun-
dancy between Bak and Bax activation was not observed in
ceramide-induced apoptosis. For example, Bax- or Bak-
deficient cells each individually mimicked ASMase deficiency
and exhibited no ceramide-induced endothelial cell death
after exposure to ionizing radiation.72 Furthermore, a feed-
forward model between BH3-domain proteins and ceramide
has been described. Exposure of HeLa cells to UV-radiation
leads to ceramide generation and induces Bax-dependent
apoptosis.73 In addition, Bak (and to a lesser extent Bax)
seems necessary for the long-chain ceramide generation
during baby mouse kidney cell apoptosis induced by UV-C
radiation or cisplatin treatment.74 Inhibition of the anti-
apoptotic Bcl-2 proteins by ABT-263 induces ceramide
generation though a Bak-dependent activation of ceramide
synthase in human leukemia and myeloma cell lines.75

Ceramide generation and accumulation could be observed
at the plasmamembrane level as well as in cellular organelles.
In fact, TNFa-induced ceramide in MCF-7 cells is concen-
trated in the mitochondrial membrane and is followed by Bax
activation and translocation to the mitochondria. Moreover,
the co-incubation of bacterial SMase and isolated mitochondria
is sufficient to generate ceramide and increase Bax transloca-
tion to mitochondria.76 In the same way, the co-incubation of
exogenous C2- and C16-ceramide and isolated rat liver
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Figure 1 The interaction between prostaglandins and Bax in solution can be
observed by the change in the fluorescence emission of tryptophans in Bax.
Experiments were conducted with purified Bax incubated in the presence of PGE2 or
PGD2 at pH 7. Bax protein alone emitted fluorescence around 339 nm at neutral pH,
which is consistent with the fact that many tryptophan residues are exposed. The
fluorescence of pH-activated Bax (pH 4) decreased about 50% in intensity and its
maximum emission is slightly shifted to 338.5 nm. Incubation of Bax with PGE2

induced a decrease of about 50% in fluorescence intensity and slightly shifted the
emission peak in the same way, even if the shift was not significant. Incubation of
Bax with PGD2 decreased the fluorescence intensity about 50% and shifted the
maximum emission peak from 339–343 nm. This suggest that one or several
tryptophan residues are more exposed (in a polar environment) upon the
interaction. Another explanation for this shift could be a decrease in the
fluorescence of buried tryptophan residues induced by their interaction with
PGD2. However, it is rather improbable, especially since PGD2 would increase the
hydrophobicity around those buried residues, thus shifting the peak to a lower
wavelength. These spectra suggest that PGE2 affects the conformation of Bax in a
different (or opposite) manner as compared with PGD2, which is consistent with the
opposite effect of these ligands on Bax activation53
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mitochondria potentiates the effect of Bax on the mitochon-
drial permeability transition.77 In fact, MOMP induced after
Bax insertion and oligomerization may be dependent of the
formation of ceramide-enriched platforms in theMOMas seen
in 10Gy-irradiated HeLa cells.40 Moreover, activated Bax
has been localized preferentially in ceramide-enriched
micro-membrane domains.40 Mitochondria pre-incubated
with activated Bax (by detergent or tBid) are more sensitive
to MOMP induced by ceramide.78

The importance of sphingolipids in the permeabilization of
mitochondria and therefore, in the intrinsic pathway of
apoptosis have been confirmed in a recent study wherein
sphingolipids present in the ER cooperatedwith tBid-activated
Bax or Bak to facilitate MOMP in vitro.79 In this study,
sphingosine-1-phosphate (S1P), a ceramide metabolite,
interacts with Bak to induce MOMP. Moreover, the hexade-
cenal, S1P degradation product, interacts with Bax leading to
its oligomerization and mitochondrial permeabilization. S1P
have been largely described as a ceramide antagonist

inhibiting apoptosis.80 This study challenges the conventional
roles of ceramide and S1P as pro-apoptotic and pro-survival
agents, respectively. Furthermore, S1P has been described
to have anti-proliferative effects on certain cell types such as
hepatocytes,81 T-lymphocytes,82,83 keratinocytes84 and gas-
tric cancer cells,85 even though the exact mechanism is yet to
be elucidated.
Bioactive S1P may function in both the intra and extra-

cellular compartments. The extracellular S1P could have pro-
survival properties through the binding to one of its specific
seven transmembrane receptors.86 In the present hypothesis,
the intracellular S1P may have pro-apoptotic functions
through its activation of Bak and the resulting MOMP. The
potential discrepancies between intra versus extracellular
S1P bioactive functions have been partially observed for
PGE2 as described in the precedent section.
Ceramides may also form channels in mitochondrial

membranes. Ceramides of various chain lengths (C2 and
C16) are able, at physiological concentration, to structure
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Figure 2 Activation of Bax during apoptosis is controlled by lipids at multiple levels. Inactive Bax (iBax) is predominantly cytosolic in resting cells as a monomer or
associated with Bcl-xL in the cytosol or at the MOM (1). At the onset of apoptosis, derepressing BH3-only proteins (dBoP) contribute to Bax activation by releasing either Bax or
activator BH3-only proteins (aBoP) from anti-apoptotic proteins (2). PGE2 participates to this activation, while the closely related molecule PGD2 inhibits this action (3). The
S1P degradation product, Hexadecenal (Hex), can activate Bax at this step (4). Activated Bax (aBax) binds to mitochondria through its interaction with cholesterol (Chol),
which when in excess inhibits Bax oligomerization (5). Oligomerization of Bax (oBax) occurs through its interaction with proteins but also with lipids including cardiolipin (CL)
(6), which also facilitate tBid (an activator BH3-only protein) insertion into the MOM (7). Ceramide (Cer) can also facilitate Bax insertion into the MOM through the formation of
microdomains and/or channels (8). The oligomerization of Bax and/or the formation of ceramide channels induce MOMP, the release of cytochrome c (c), activation of the
caspases and subsequently apoptosis (9). S1P is a bioactive lipid molecule that can act as an intracellular messenger or is secreted where, via its G protein-coupled receptors
(S1PRs) it mediates pro-survival signals and cell proliferation (10). The synthesis of PGE2 is enhanced by caspase activation of phospholipase A2 (PLA2) (11). Similarly to
S1P, secreted PGE2 promotes resistance to apoptosis via G protein-coupled membrane receptors (EPs) or transactivation of the EGF Receptor (EGFR) (12). Activation of
S1PR, EPs and tyrosine kinase receptors (TKR) mediates resistance to apoptosis via over-expression of Bcl-2 or Bcl-xL (13)
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pores in phospholipid membranes in vitro.87 These ceramide
channels are formed by a ring of anti-parallel columns
composed of six ceramide molecules linked by hydrogen
bonds.87 The formation of these pores in MOM is in direct
correlation with the concentration of ceramide added to the
medium88 and results in an increased conductance and
therefore, in MOMP.89 Interestingly, ceramide metabolites
dihydroceramide and sphingosine inhibit the formation of
ceramide pores in mitochondria.90,91 Again, the modulation of
the ceramide channels is connected to BCL-2 protein family.
If the pro-apoptotic proteins Bax andBak do not seemessential
for the formation of these channels, the anti-apoptotic protein
Bcl-xL inhibits the formation of ceramide channels in isolated
mitochondria.92 However, the ceramide channels have been
observed in planar phospholipid membranes in vitro and in
isolated mitochondria but in the absence of other molecular
players and are yet to be characterized in cells. This
observation will help to better define their roles in the MOMP
and in apoptosis.

Concluding Remarks

We have described some of the possible roles of lipids in
apoptosis as modulators of the activity of BCL-2 family
members. But lipids may have many other roles during and
after cell death and many other questions have to be
answered. For example, the rapid appearance of phospho-
serine in the outer leaflet of the plasma membrane, at the
onset of apoptosis, provides an ’eat me’ signal and little is
known about its influence over the cell’s survival programs.93

The breakage of lipids, which accompanies the formation of
reactive oxygen species, can also lead to modifications of
membrane permeability and fluidity and, as such, can
dramatically alter cell function. It is also important to find
how, in dying cells, the oxidation of lipids can act on kinases
implicated in survival or lethal pathways.94 Similarly, owing to
the connection between ER stress and the mitochondrial
regulation of cell death28,95 it would be interesting to
investigate the modification of lipids present in the MAM in
the latter process. Several recent results have pointed out
these ER-mitochondria contacts as important in several
different pathologies.96,97

Thus, deciphering the mechanisms by which lipid modulates
the activation of survival/death signaling pathways may help to
develop therapeutic strategies in the prevention of a number of
diseases implicating the dysregulation of apoptosis.
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57. Lalier L, Cartron P-F, Olivier C, Logé C, Bougras G, Robert J-M et al. Prostaglandins

antagonistically control Bax activation during apoptosis. Cell Death Differ 2011; 18:

528–537.
58. Kim H-S, Rhim H, Jeong S-W, Kim JW, Kim I-K. Induction of apoptosis dependent on

caspase activities and growth arrest in HL-60 cells by PGA2. Prostaglandins Other Lipid

Mediat 2002; 70: 169–183.
59. Lakowicz JR. Principles of Fluorescence Spectroscopy. Springer, 2007.
60. Callis PR, Burgess BK. Tryptophan fluorescence shifts in proteins from hybrid simulations:

an electrostatic approach. J Phys Chem B 1997; 101: 9429–9432.
61. Lee S-Y, Ahn J-H, Ko KW, Kim J, Jeong SW, Kim I-K et al. Prostaglandin A2 activates

intrinsic apoptotic pathway by direct interaction with mitochondria in HL-60 cells.

Prostaglandins Other Lipid Mediat 2010; 91: 30–37.
62. Li F, Huang Q, Chen J, Peng Y, Roop DR, Bedford JS et al. Apoptotic Cells activate the

‘phoenix rising’ pathway to promote wound healing and tissue regeneration. Sci Signal

2010; 3: ra13.
63. Huang Q, Li F, Liu X, Li W, Shi W, Liu F-F et al. Caspase 3-mediated stimulation of tumor

cell repopulation during cancer radiotherapy. Nat Med 2011; 17: 860–866.

64. Hannun YA, Obeid LM. Principles of bioactive lipid signalling: lessons from sphingolipids.
Nat Rev Mol Cell Biol 2008; 9: 139–150.

65. Corre I, Niaudet C, Paris F. Plasma membrane signaling induced by ionizing radiation.
Mutat Res 2010; 704: 61–67.

66. Ogretmen B, Hannun YA. Biologically active sphingolipids in cancer pathogenesis and
treatment. Nat Rev Cancer 2004; 4: 604–616.
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