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Abstract. Cardiolipin is a unique phospholipid, which
is almost exclusively localized in the mitochondrial
inner membrane where it is synthesized from phos-
phatidylglycerol and cytidinediphosphate-diacylgly-
cerol. After primary synthesis, the mature acyl chain
composition of cardiolipin is achieved by at least two
remodeling mechanisms. In the mitochondrial mem-
brane cardiolipin plays an important role in energy
metabolism, mainly by providing stability for the
individual enzymes and enzyme complexes involved
in energy production. Moreover, cardiolipin is in-
volved in different stages of the mitochondrial apop-

totic process and in mitochondrial membrane dynam-
ics. Cardiolipin alterations have been described in
various pathological conditions. Patients suffering
from Barth syndrome have an altered cardiolipin
homeostasis caused by a primary deficiency in car-
diolipin remodeling. Alterations in cardiolipin con-
tent or composition have also been reported in more
frequent diseases such as diabetes and heart failure. In
this review we provide an overview of cardiolipin
metabolism, function and its role in different patho-
logical states.

Keywords. Cardiolipin, phospholipid, acyl chain composition, energy production, mitochondrial apoptosis,

Barth syndrome.

Introduction

The lipid bilayer surrounding cells and organelles is
mainly comprised of phospholipids, resulting in the
spatial separation of the different subcellular com-
partments. Typical phospholipids consist of a glycerol
backbone, a polar head group and hydrophobic acyl
chains, resulting in their amphipatic character [for
example phosphatidylglycerol (PG) in Fig. 1]. These
phospholipids include phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinosi-
tol (PI), phosphatidylserine (PS), PG, and phosphati-
dic acid (PA). The mitochondrial phospholipid car-
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diolipin (CL) contains three glycerol backbones and
four acyl chains (Fig. 1), resulting in a very specific
ultrastructure and role in mitochondrial function. CL
was first isolated from bovine heart by Mary Pangborn
in 1942 as ‘a substance essential for the reactivity of
beef heart antigens in the serologic test for syphilis’
[1]. In 1964, LeCocq and Ballou established the
structure of CL by comparison with synthetic analogs
[2]. The diphosphatidylglycerol structure combined
with the four acyl chains gives CL its dimeric nature,
which is unique among phospholipids and results in a
highly specific conical structure. This cone shape
favors a hexagonal Hy; phase of the membrane which
is implicated in membrane fusion [3]. Subcellular
fractionation studies revealed that CL is primarily
localized to mitochondria [4], where it has been shown
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to be highly important for optimal activity of several
mitochondrial enzymes. In mitochondria, CL is im-
portant for the formation of contact sites between the
inner and outer mitochondrial membrane by its ability
to adopt the hexagonal phase [5]. More recently, CL
has been implicated in the formation of enzyme
complexes of the respiratory chain and in the mito-
chondrial apoptotic pathway. Insight with respect to
the importance of both CL content and CL acyl chain
composition for mitochondrial metabolism has in-
creased, as illustrated by the involvement of CL in
various pathological conditions. In this review, we
discuss the current state of knowledge on the impor-
tance of CL, mainly focusing on the metabolism of CL
and its functional role in critical mitochondrial
processes.

CL subcellular distribution

The distribution of phospholipids among cellular and
organellar membranes is highly variable. CL is
predominantly found in the mitochondrial inner
membrane and in contact sites between the inner
and outer mitochondrial membrane of various organ-
isms [5—7]. Small amounts are found in the outer
mitochondrial membrane of Neurospora crassa [8]
and recently it has been reported that CL is also found
in the peroxisomal membrane of the yeast Pichia
pastoris [9]. A mitochondrial phospholipid scram-
blase, termed PLS3, has been described which is
involved in the translocation of CL from the mito-
chondrial inner membrane to the mitochondrial outer
membrane, a process which is important during the
initial phase of mitochondrial apoptosis [10]. Changes
in PLS3 activity by overexpression of either normal
PLS3 or an inactive PLS3 have been reported to result
in increased CL synthesis rates to compensate for the
altered distribution within mitochondria [11]. Clus-
tered localization of CL in contact sites is reported to
be mediated by several mitochondrial proteins, in-
cluding the octameric form of mitochondrial creatine
kinase [12]. This protein is also reported to be
involved in lipid transfer between the mitochondrial
bilayers [13], but whether or not CL is also transferred
via the creatine kinase-mediated membrane bridge is
not known.

CL acyl chain composition

The acyl chain composition of CL is very diverse, both
between organisms and between tissues and cell types
within one organism. CL of Saccharomyces cerevisiae
is dominated by mono-unsaturated acyl chains (18:1,
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16:1) [14], whereas human CL mainly contains di-
unsaturated acyl chains (18:2) [14], and CL from
other organisms, such as various bivalves and sea
urchin sperm, contains longer poly-unsaturated acyl
chains (22:6,20:5) [15, 16]. It has been suggested that
this difference in composition is an adaptation to the
environmental conditions (e.g. temperature, salt con-
centration) specific to the habitat of the species [15].
Beside the differences between organisms, there are
also prominent variations in CL composition between
various tissues and cell types within the same organ-
ism. For example, mouse CL predominantly contains
linoleic acid side chains, but the relative abundance of
this fatty acid in CL ranges from ~60% in skeletal
muscle to more than 80% in heart and liver [17].
Otbher fatty acids in CL include oleic acid (18:1) and
docosahexaenoic acid (22:6), while palmitic acid
(16:0) is virtually absent in CL. This also holds true
for CL from various rat and human tissues [16].
Variation in CL acyl composition appears to be age
dependent. A study in rat heart showed that during
aging, there is a large shift in fatty acid composition in
CL and PE toward longer and more unsaturated acyl
chains, mainly docosahexaenoic acid [18].

Recent studies have shown that although the predom-
inant fatty acid species in CL of organisms may differ,
there is a high degree of symmetry in the acyl chain
distribution of CL in different organisms and in tissues
within the same organism [16]. This symmetric
distribution of acyl chains is thought to promote the
structured organization of the mitochondrial mem-
brane and to be of importance for the function of CL,
as was recently reviewed [19].

CL synthesis, remodeling and degradation

CL synthesis

The first step in phospholipid synthesis is the acylation
of glycerol-3-phosphate by a glycerol-3-phosphate
acyltransferase [20] (Fig. 1). The resulting acylglycer-
ol-3-phosphate can subsequently be acylated by an
acylglycerol-3-phosphate acyltransferase resulting in
PA. PA is converted to cytidinediphosphate-diacyl-
glycerol (CDP-DAG) by the enzyme CDP-DAG
synthase, which is localized in both mitochondria
and microsomes [20]. From this branchpoint in the
phospholipid biosynthetic pathway, CDP-DAG can be
incorporated into all different phospholipids. In con-
trast to most phospholipid biosynthetic pathways,
which are localized at the endoplasmic reticulum
(ER), CL biosynthesis from PA takes place in
mitochondria. The first, rate-limiting step in the
dedicated CL biosynthetic pathway is the conversion
of CDP-DAG to phosphatidylglycerol phosphate
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Figure 1. Cardiolipin synthesis in eukaryotes. The common precursor of CL biosynthesis is glycerol-3-phosphate (G3P) which is derived
from several metabolic reactions. G3P is then acylated by a G3P acyltransferase (AT), yielding 1-acylglycerol-3-phosphate (AGP), which is

subsequently acylated to phosphatidic acid (PA) by an AGP AT. In

the next step, cytidinediphosphate-diacylglycerol (CDP-DAG) is

formed by condensation of CTP and PA catalyzed by the enzyme CDP-DAG synthase (CDS). CDP-DAG serves as a branchpoint in
phospholipid biosynthesis. For the CL pathway, CDP-DAG is converted to phosphatidylglycerolphosphate (PGP) by the enzyme PGP
synthase (PGPS), and PGP is dephosphorylated by a phosphatase yielding phosphatidylglycerol (PG). In the final step of CL biosynthesis,
condensation of one molecule of PG and one molecule of CDP-DAG by the enzyme CL synthase (CLS) results in the formation of CL.

(PGP) by the enzyme PGP synthase [21], followed by
dephosphorylation by a yet unknown phosphatase to
form PG. Finally, CL is synthesized by the condensa-
tion of PG and a molecule of CDP-DAG at the

mitochondrial inner membrane, a reaction catalyzed
by the enzyme cardiolipin synthase (CLS) [22]. The
effectiveness of this reaction is indicated by the
presence of only small amounts of PG in the mito-
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chondrial membrane [6]. CLS is an evolutionarily
highly conserved enzyme. All eukaryotic CLSs have
been shown to have an alkaline pH optimum and
require divalent cations for activity [22]. Studies on rat
liver CLS [23], Arabidopsis thaliana CLS [24], and
human CLS [25] have shown that the enzyme has no
strong preference for precursors with a particular acyl
chain composition. The substrate preference of CLS
can therefore not explain the specific in vivo CL
composition, indicating that remodeling of acyl chains
is needed after CL has been synthesized.

CL remodeling; monolyso-CL acylation

To achieve the specific set of acyl chains required for
each organism or tissue, additional remodeling steps
are applied, since CLS has no strong substrate
preference. This can be achieved in a coenzyme A
(CoA)-dependent deacylation-reacylation cycle, also
known as Lands cycle [26] or via CoA-independent
transacylation between different phospholipids [27].
The Lands cycle consists of a phospholipase-mediated
deacylation of de novo synthesized phospholipids,
followed by a reacylation reaction, which is CoA
dependent. Most phospholipid-remodeling enzymes
described to date play a role in PC metabolism,
acylating lyso-PC to PC [28]. Although different
enzyme activities have been described to reacylate
monolyso-CL in vitro, the exact remodeling pathway
of CL remains unknown.

Schlame and Riistow [29] described a CoA-dependent
enzyme activity from rat liver mitochondria that
reacylates monolyso-CL using linoleoyl-CoA. They
were the first to propose a deacylation/reacylation
reaction, i.e. a Lands cycle, as a potential mechanism
for CL remodeling. Ma et al. [30] reported a CoA-
dependent monolyso-CL acyltransferase activity
which was present in mitochondria of various rat
tissues. This enzyme activity was optimally active at
alkaline pH and had a preference for linoleoyl-CoA
and oleoyl-CoA, implying an important role in
achieving the final structure of CL [30]. The same
group purified a 74-kDa CoA-dependent monolyso-
CL acyltransferase from pig liver mitochondria [31].
In contrast to the monolyso-CL acyltransferase from
rat [30], this protein had a pH optimum of 7.0, but the
substrate preference was similar using linoleoyl-CoA
and oleoyl-CoA [31]. Unfortunately, the authors did
not report the identification of the purified monolyso-
CL acyltransferase at the molecular level. Although
there are minor differences between the optimal assay
conditions for the reported monolyso-CL acyltrans-
ferase activities, it is likely that these represent the
same enzyme.

Xuet al. [27] reported a novel CL-remodeling activity,
namely CoA-independent transacylation of monoly-
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s0-CL using PC as acyl donor, which was present in rat
liver and human lymphoblasts. In contrast to the CoA-
dependent monolyso-CL acyltransferase activity, the
transacylase activity almost exclusively used linoleoyl-
containing PC, not oleoyl- or arachidonoyl-containing
PC. Interestingly, this activity was reduced by ~50 %
in Barth syndrome lymphoblasts, suggesting this could
represent the enzymatic activity that is deficient in
Barth syndrome, i.e. tafazzin (see below) [27].

An ER-associated monolyso-CL acyltransferase from
mouse (ALCAT1) has been demonstrated to acylate
monolyso-CL in vitro [32]. The physiological rele-
vance, however, is doubtful, since CL is localized in
mitochondria and not in the ER. In addition, the
ALCAT1 sequence has been shown to be identical to
the acylglycerolphosphate acyltransferase-8 (AGPATS)
sequence, suggesting that this enzyme is involved in
the acylation of lyso-PA in the ER [33]. Although
ALCATT1 might not be directly involved in CL acyl
chain remodeling, remodeled PA could, possibly
derived from mitochondria-associated membranes,
serve as a precursor of CL synthesis [34, 35] and
thereby have its effect on CL acyl chain composition.
The contribution of the different PA pools (mitochon-
drial or ER) to CL synthesis, and the transport
mechanism of extra-mitochondrial PA to the site of
CL synthesis (i.e. the mitochondrial inner membrane)
remain to be elucidated.

CL remodeling; tafazzin

The only enzyme/gene which has been proven to be
involved in the remodeling of CL acyl chains in vivo is
tafazzin [36]. Based on sequence homology, tafazzin
was designated a putative acyltransferase [37]. Since
Barth syndrome patients, who lack proper tafazzin
function due to mutations in the corresponding gene,
display an altered CL composition in various tissues/
cell types [38, 39], tafazzin involvement in CL
remodeling was assumed. Tissues as well as cells like
fibroblasts and lymphocytes from Barth syndrome
patients are deficient in CL but contain high levels of
monolyso-CL, and the degree of unsaturation of the
acyl side chains of CL is lower than in healthy
individuals (as reflected by a lower linoleic acid
content) [38]. In 2005, Testet and colleagues reported
that YPR140w, the yeast ortholog of human tafazzin,
displays lyso-PC acyltransferase activity [40]. The
significance of their findings remains to be clarified,
however, especially since no abnormalities in PC have
been observed in tafazzin-deficient yeast cells. A more
recent report indicates that tafazzin from Drosophila
melanogaster functions as a 1-palmitoyl-2-linoleoyl-
PC:monolyso-CL linoleoyltransferase, i.e. a transacy-
lase transferring linoleic acid from PC to monolyso-
CLyielding CL and lyso-PC [41]. This enzyme activity
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corresponds to the previously reported enzymatic
activity that was diminished in Barth syndrome cells
[27].

Even though tafazzin is highly conserved in evolution,
from the unicellular eukaryote S. cerevisiae to pri-
mates [42], the dominant fatty acid in CL is different
between these organisms. Interestingly, Drosophila
tafazzin is highly specific for PC containing linoleic
acid [41], just as the transacylase activity in rat and
human tissues/cells [27]. It would therefore be inter-
esting to investigate if tafazzin orthologs in organisms
where linoleic acid is not the predominant CL acyl
chain evolved to have a different acyl chain substrate
specificity, or that additional mechanisms such as the
interplay/balance between the different remodeling
systems play a role in these processes.

Although various enzymes/activities have been de-
scribed for the remodeling of CL, it is still unclear how
differences in CL composition arise in different cell
types. This could result from environmental condi-
tions such as the availability of fatty acids or the
differential expression of the various remodeling
enzymes in different tissues. For example, in the
developing zebrafish embryo, spatial and temporal
expression of tafazzin is strictly regulated [43]. During
early development, tafazzin is expressed ubiquitously;
however, in later embryonic stages, tafazzin expres-
sion is more restricted to the head and heart region,
whereas upon hatching, tafazzin is mainly expressed in
the heart [43]. Although no data were presented for
adult animals, the study nicely underlines the impor-
tance of tissue-specific, age-dependent expression of
tafazzin, which might also hold true for other remod-
eling enzymes.

Another interesting issue is that the linoleic acid
specificity that is described for most remodeling
enzymes does not fit with the age-related enrichment
of arachidonic acid and docosahexaenoic acid in the
rat heart [18] and the 16-fold increase in docosahex-
aenoic acid-containing CL in the diabetic mouse heart
[44]. Since the plasma concentration of unesterified
linoleic acid is much higher than the concentrations of
unesterified arachidonic acid and docosahexaenoic
acid, there must be a selective, active mechanism for
the incorporation of these latter fatty acids in CL in
the aging rat heart [18]. Remodeling enzymes (or
activities) specific for these fatty acids have thus far
not been described. With the age-related changes in
CL composition in mind, it would be interesting to
analyze their age-dependent expression, obviously
after identification of the different remodeling sys-
tems.
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CL degradation

Little is known about the catabolism of CL. Acyl chain
hydrolysis is especially important with respect to the
deacylation-reacylation cycle of CL as described in the
previous section to obtain the preferred acyl chain
composition. A phospholipase A, activity from rat
liver mitochondria has been shown to hydrolyze CL,
although this was not its preferred substrate [45].
Human cytosolic 85 kDa PLA, (cPLA,) has been
shown to hydrolyze monolyso- and dilyso-CL but not
CL [46]; however, the physiological relevance for CL
metabolism is unclear since the enzyme has a cytosolic
localization. Recently, a new cPLA, splice variant, the
100-kDa cPLA,p3, was identified which is localized in
mitochondria [47]. Whether or not this PLA, variant
is capable of hydrolyzing CL was not reported.
Another interesting enzyme with respect to CL
catabolism could be PLA,y. This calcium-independ-
ent enzyme is present in the myocardium, has a dual
localization in mitochondria and peroxisomes and is
capable of PC and PE hydrolysis which is accompa-
nied by reorganization of mitochondrial cristae [48]. It
would be interesting to analyze whether this enzyme is
capable of hydrolyzing CL.

A recently described human phospholipase D, termed
MitoPLD, has been shown to hydrolyze CL [49]. By
generating the fusogenic lipid PA, MitoPLD is in-
volved in the mitochondrial fusion mechanism. A
more detailed description of its function will be
discussed below. The role of MitoPLD in CL homeo-
stasis, however, remains to be elucidated.

CL function

It has long been known that phospholipids are
important for maintaining the structural integrity of
biological membranes, which in turn serve as a
protection mechanism against harmful influences
from the exterior. These membranes also compart-
mentalize the cell, which is essential to create different
environmental conditions such as pH and other ion
gradients.

CL as stimulatory co-factor of mitochondrial enzymes
Beside the structural function of CL, several mito-
chondrial enzymes have been shown to require CL for
optimal activity. Cholesterol side chain cleavage by
the enzyme cytochrome P-450,, (or CYP11A1) has
been shown to be optimal after CL binding although
binding, of the CL precursor PG also resulted in a near
optimal activity [50]. The mitochondrial phosphate
carrier [51] and the mitochondrial creatine kinase [52,
53] require CL for their activity; however, in contrast
to cytochrome P-450,., other phospholipids cannot



2498 R. H. Houtkooper and F. M. Vaz

substitute for CL [52]. Similarly, reconstitution of the
carnitine acylcarnitine translocase [54] and the pyr-
uvate carrier [55] in proteoliposomes has been shown
to be most efficient in the presence of CL and this
could not be achieved by addition of other phospho-
lipids. The mitochondrial glycerol-3-phosphate dehy-
drogenase also has been reported to bind to CL which
influences the catalytic properties of this enzyme [56].
The tricarboxylate carrier has been demonstrated to
be stimulated in the presence of CL [57]. The same
stimulatory effect, although less pronounced, is ob-
served in the presence of other acidic phospholipids,
i.e. PS and PI [57]. The enzyme that synthesizes CL,
CLS, has been shown to require CL for full activity,
which is only achieved in combination with PE [58].
Interestingly, the activity of the ADP/ATP carrier has
been shown to be optimal only in the presence of
tetralinoleoyl-CL [59]. Other CL species, such as
tetraoleoyl-CL. and monolyso-CL, but also other
phospholipids were not effective in stimulating the
ADP/ATP carrier activity [59]. In addition to its
stimulatory association with discrete mitochondrial
enzymes, CL is intimately involved in different
cellular processes including energy metabolism and
apoptosis. Below we describe recent insights into CL
function, focusing on CL involvement in various
metabolic pathways.

CL and energy metabolism

CL is associated with different complexes of the
respiratory chain, which are involved in the trans-
duction of electrons and the production of ATP in the
mitochondrial inner membrane (Fig. 2). Restoration
of the enzymatic function of phospholipid-depleted
complex I and III has been shown to require CL [60].
More recently, complex II from Escherichia coli has
been shown to be associated with two acyl chains of
one CL molecule [61]. Transfer of electrons between
complex III and IV is dependent on cytochrome c,
which has been shown to interact loosely with CL [62,
63]. Complex IV has been shown to require two
associated CL molecules in order to maintain its full
enzymatic function. This dependence cannot be sub-
stituted by monolyso-CL or dilyso-CL [64]. Complex
V of the oxidative phosphorylation machinery also
displays high binding affinity for CL, binding four
molecules of CL per molecule of complex V [65].
Deletion of the yeast crdl gene, which encodes CLS,
results in a complete depletion of CL. This crdl A yeast
model has been widely used to assess CL dependency
of mitochondrial function. Complete absence of CL in
crdl A results in a decreased complex IV and complex
Vactivity, and a partially defective protein import into
mitochondria [66]. These deficiencies are partially
compensated by high levels of the CL precursor PG,

Cardiolipin metabolism and function

which is present in crdIA. The deficient ADP/ATP
carrier activity and decreased mitochondrial mem-
brane potential also observed in crdI A, however, are
not restored by the elevated levels of PG [66]. CL is
not only associated with individual mitochondrial
respiratory chain enzymes but also with respiratory
chain supercomplexes. Supercomplex formation, clus-
tering of respiratory chain complexes in closely
related units, has been suggested as opposed to a
free diffusion model [67]. These supercomplexes have
a functional role in the efficient channeling of
electrons between the individual complexes. More-
over, the unique structure of CL is suggested to
function as a proton trap within the mitochondrial
membranes, thereby strictly localizing the proton pool
and minimizing the changes in pH in the mitochon-
drial intermembrane space [68]. In yeast, a dimer of
complex III is assembled with a monomer or dimer of
complex IV. In mammalian mitochondria, the super-
complex mainly consists of complex I, complex I1T and
multiple complex IV molecules [69]. Although the
formation of the supercomplexes is independent of
CL, its stability is impaired in crd1 A mutant yeast [70].
Recent studies have shown that the supercomplexes
are also destabilized in tafazzin-deficient yeast and
human, i.e. Barth syndrome, cells [71, 72], which have
decreased CL levels, increased monolyso-CL levels
and a lower degree of unsaturation, as will be
discussed below.

CL and apoptosis

Besides its function in the transfer of electrons in the
respiratory chain, cytochrome ¢ also has important
functions in the apoptosome-mediated apoptosis
pathway (Fig. 3). Cytochrome c is thought to play a
role in apoptosis via the release of apoptotic factors
from the mitochondria, the activation of caspases in
the cytosol and the oxidation of lipids in the plasma
membrane for clearance of apoptotic cells [73]. The
mitochondrial enhancement loop of type II apoptosis
is partly mediated by CL [for reviews specifically
about the role of CL in apoptosis see 74, 75]. During
the apoptotic process in type II cells (i.e. mitochon-
drial apoptosis), the pro-apoptotic Bcl-2 family pro-
tein Bid is cleaved by caspase 8, producing truncated
Bid (or tBid), which is considered the active form of
Bid [76]. tBid is subsequently recruited to the
mitochondria, a process mediated by CL localized at
contact sites between the mitochondrial inner and
outer membrane [77]. CL translocation from the inner
membrane to the contact sites is mediated by phos-
pholipid scramblase 3 and has been shown to be an
important step for the efficient propagation of the
apoptotic signal [10]. Other studies showed that
monolyso-CL might be involved in the recruitment
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matrix

Figure2. Association of CL with the oxidative phosphorylation system. Oxidative phosphorylation (OXPHOS) and ATP synthesis are
localized at the mitochondrial inner membrane of eukaryotes. Electrons are delivered to either complex I or 11, transferred via the lipid-
soluble carrier ubiquinone (Q), complex III and cytochrome ¢ (cyt ¢) to complex IV where these electrons are transferred to molecular
oxygen thereby producing H,O. Due to the electron flow/transfer through the respiratory chain, complexes I, IIT and IV pump protons from
the mitochondrial matrix into the intermembrane space generating both a pH gradient and a concomitant membrane potential. These two
gradients are used by complex V (ATP synthase) to synthesize ATP from ADP and organic phosphate. All individual enzyme complexes
have been reported to bind/associate with CL. Furthermore, CL is essential for the maintenance of OXPHOS supercomplexes, which
consist of multiple OXPHOS complexes (e.g. in human: complex I, Il and IV) resulting in efficient clustering of this metabolic pathway.
Finally, the electron carrier cyt c is associated with CL, which is important for the association of this protein with the mitochondrial inner

membrane.

of tBid to the mitochondrial membrane [78], which is
in line with the hydrolysis of CL in apoptotic cells [79].
Translocation of tBid to the mitochondria leads to the
oligomerization of the Bcl-2 family proteins Bax or
Bak [80], which form pores in the mitochondrial
membrane properties, enabling release of (pro-apop-
totic) large molecules from the intermembrane space.
In in vitro liposome systems, this process is completely
dependent on the presence of CL [81], further
stressing the important role of CL in type IT apoptosis.
The molecules released from mitochondria during
apoptosis include AIF, Smac/Diablo, endonuclease G,
Omi/HtrA2 and cytochrome ¢ [82]. Since cytochrome
c is associated with CL in the intermembrane space,
dissociation of this cytochrome c-CL complex is
required in combination with the membrane alter-
ation by the Bcl-2 family proteins to achieve release of
the downstream pro-apoptotic factors into the cytosol
[63]. The mechanism by which cytochrome c is
released from CL has recently been elucidated [83].
Normally, cytochrome c¢ functions as an electron
carrier in the mitochondrial respiratory chain, but
can undergo a conformational change which will alter

its function to a CL-specific peroxidase activity. This
CL oxidation occurs prior to cytochrome c release
during the early phase of apoptosis and is believed to
be essential for the release of the downstream
apoptotic factors. The oxidation of CL highly depends
on the degree of unsaturation of the CL acyl chains,
since a higher degree of unsaturation results in a
higher susceptibility to cytochrome c-induced CL
oxidation [83]. The importance of CL in apoptosis is
stressed by the different effects on sensitivity to
apoptotic stimuli of CLS knockdown cell lines as will
be discussed below.

Altogether, CL serves as a central switch in the
mitochondrial apoptotic program, controlling the
initiation of this process on different levels. This
makes CL a potentially interesting target for ther-
apeutical intervention in diseases in which cell death is
dysregulated, such as cancer.

Mitochondrial membrane fusion/fission and
apoptosis; a role for CL?

Membrane fusion/fission is crucial for mitochondrial
morphology and function and is strictly regulated by a
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Figure 3. The role of CL in apoptosis and mitochondrial membrane dynamics. The mitochondrial pathway of apoptosis is important in type
II cells in which the release of pro-apoptotic molecules from the mitochondria serves as an amplification loop for apoptosis. CL plays a role
in several steps of mitochondrial apoptosis but also in mitochondrial membrane dynamics, i.e. fusion and fission. A shift in this delicate
balance toward enhanced fission (or reduced fusion) is also implicated in mitochondrial apoptosis. In normal mitochondria, the pro-
apoptotic Bcl-2 family members Bak and Bax are inactive and interact with mitofusin-2 (Mfn-2) (A). Furthermore, MitoPLD converts CL
to PA, which can function as a fusogenic lipid, promoting mitochondrial fusion (B). Mitofusin-1 (Mfn-1) interacts with the inner
membrane-localized OPA1, which controls the tight structure of the mitochondrial cristae, keeping most cytochrome c (cyt c) in the cristae
(C). On the mitochondrial inner membrane, CL is needed for the correct function of oxidative phosphorylation (OXPHOS), for example
by its association with the cyt ¢ involved in electron transport (D). Induction of apoptosis results in the cleavage of Bid to truncated Bid
(tBid) by caspase-8 (E). tBid translocates to CL in the mitochondria and induces the translocation of Bak and Bax to the mitochondrial
outer membrane (F), a process dependent on the presence of CL. tBid formation also results in the disruption of OPA1-mediated tight
structure of the cristae (G). Disruption of the cristae structure results in the release of cyt ¢ into the intermembrane space, facilitating its
release from the mitochondria. Reactive oxygen species (ROS) that are formed during apoptotic progression disrupt the association of cyt ¢
with CL by oxidation of CL (H). This cyt ¢ can act as a CL-specific peroxidase which can oxidize the CL acyl chains, enhancing its own
effect. Mitochondrial fission is promoted by the activation of the fission protein Drp1 (I). Altogether, these activities result in the release of
cyt ¢ and other pro-apoptotic proteins from the mitochondria through Bak/Bax pores in the mitochondrial outer membrane (J), resulting in
apoptosome formation and progression of the apoptotic signal downstream of the mitochondria. OPA1 release from the mitochondria,
together with reduced activity of the mitofusins and MitoPLD and enhanced mitochondrial fission results in a balance toward

mitochondrial fragmentation, an important hallmark of mitochondrial apoptosis.

growing family of proteins that drive this process [84].
Fusion and fission are important for normal cellular
homeostasis but are also required during the apoptotic
program which involves carefully orchestrated frag-
mentation of mitochondria. Although MitoPLD is the
only known protein that directly links CL to mito-
chondrial fusion/fission, it is likely that CL is more
generally involved in this process which is why we
discuss this topic briefly below.

Under normal conditions, MitoPLD resides in the
mitochondrial outer membrane, facing the cytosol
Although the exact mechanism is unclear, it is suggested
that during fusion, two mitochondria are brought
together and tethered by mitofusin proteins [see ref. 85
for a review], followed by MitoPLD-mediated gener-
ation of PA at the site of fusion by hydrolysis of CL [49].
Subsequently, PA and/or one of its derivatives acts as a
fusogenic lipid enabling the fusion of the mitochondria, a
process closely resembling the phospholipase D-medi-
ated membrane fusion during exocytosis. Downregula-
tion of MitoPLD, which results in reduced fusogenic
activity, potentially plays a role in the apoptotic process
[49]. The reduction in mitochondrial fusion results in
fragmented mitochondria, which is a hallmark of
mitochondrial apoptosis.

Although the direct involvement of CL has not been
established, fusion of mitochondria is dependent on
several protein systems, also during apoptosis, which
may at least partly involve CL. Beside the Bax/Bak-
dependent release of cytochrome ¢ from the inter-
membrane space and the consequent effects on
apoptosome formation and the caspase cascade, a
less studied and understood Bax/Bak-independent
pathway can enhance apoptosis [86]. Binding of tBid
to the mitochondria, which occurs in a CL-dependent
manner, results in transient opening of the perme-
ability transition pore but also in mitochondrial cristae
remodeling [86]. Cristae remodeling is mediated by
the mitochondrial inner membrane protein OPA1,
which controls the tight structure of the cristae
junctions [87]. Disruption of the membrane integrity,
for example by deletion of OPAI, facilitates the
release of cytochrome ¢ from the cristae which can
subsequently be released from the mitochondria,
promoting apoptosis [88].

Disruption of the balance between fusion and fission
appears to be an important mechanism during the
apoptotic program, both by increasing fission and
inhibiting fusion leading to the characteristic mito-
chondrial fragmentation observed in apoptosis [84].
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For example, release of OPA1 from the mitochondria
during apoptosis leads to a decrease in mitofusin-1-
mediated mitochondrial fusion [89, 90]. In addition,
the CL-dependent recruitment [81] and conforma-
tional change of Bax and Bak during apoptosis [91] is
suggested to alter their normal interaction with
mitofusin-2 leading to inactivation of mitofusin-2.
This inactivation has been suggested to contribute to a
decrease in mitochondrial fusion, thereby supporting
continued apoptosis [92]. Beside inhibition of fusion,
there is an increase in the activity of Drpl, which
mediates mitochondrial fission [93, 94].

Given the specific mitochondrial localization of CL,
its importance for mitochondrial morphology [95] and
the fact that an increasing number of proteins
associate with CL to focus different processes to the
mitochondrial membrane, this lipid is likely to func-
tion in other aspects of mitochondrial dynamics that
remain to be explored.

CL and disease

Emerging insights have linked deficiencies in CL to
disease. In this part of the review we focus on Barth
syndrome, the only genetic disorder known to date
which is primarily caused by a defect in CL metabo-
lism. We will not discuss the role of anti-CL antibodies
in primary or secondary antiphospholipid syndrome.
For a review of this topic the reader is referred to
Levine et al. [96].

Barth syndrome

Barth syndrome (MIM 302060) is an X-linked reces-
sive disorder, clinically characterized by cardioskele-
tal myopathy, neutropenia and abnormal growth [97,
98]. Barth syndrome is caused by mutations in the
tafazzin gene, which in humans is believed to encode
six different tafazzin proteins as a result of alternative
splicing [36]. Only two of these variants, full-length
tafazzin and tafazzin lacking exon 5, are thought to be
relevant in vivo, as shown by complementation
analysis in tafazzin-deficient yeast [99]. Only human
tafazzin lacking exon 5, however, is fully capable of
restoring the tafazzin-deficient yeast phenotype [99].
Based on protein sequence homology, this variant is
highly conserved throughout evolution [99]. These
results are confirmed by phylogenetic sequence anal-
ysis [42], which shows that a splice acceptor site for
exon 5 is absent in New and Old World monkeys,
resulting in the existence of tafazzin lacking exon 5
only. In contrast, in all primates analyzed, this splice
acceptor site has evolved and tafazzin containing exon
5 (atleast at the mRNA level) is also observed in these
species. In human mRNA, other splice variants have
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also been found in which exon 6 and 7 are spliced out
in various combinations [42, 99]. The importance of
these splice variants is at the least debatable, since
these exons are highly conserved between mammals
and not alternatively spliced in closely related monkey
species. The presence of these different splice variants
has complicated Barth syndrome research because it is
still not known whether the different splice variants
produce functional proteins and, if so, whether these
proteins have different or similar functions.

At the biochemical level, Barth syndrome is charac-
terized by decreased levels of CL [39]. Moreover,
highly increased levels of monolyso-CL have been
shown in tafazzin-deficient yeast and in patient tissues
and cells [38, 99, 100]. In addition, a shift is observed in
the degree of unsaturation of CL acyl chains. The
remaining CL species in Barth syndrome cells are
more saturated than those in control cells. The same
holds true for the monolyso-CLs, which contain more
saturated acyl chains in Barth syndrome cells when
compared to the very small amount of monolyso-CL
present in control cells [38, 99]. The aberrations in CL
are used as a diagnostic parameter for the identifica-
tion of individuals suffering from Barth syndrome.
Recently, a new method was developed which uses the
ratio of monolyso-CL to CL as a diagnostic marker in
bloodspots which can be used to quickly screen for
Barth syndrome [101]. In our laboratory, this is
confirmed by (monolyso-)CL analysis in lymphocytes
or fibroblasts followed by sequencing of the tafazzin
gene.

As discussed above, tafazzin of D. melanogaster has
been shown to be involved in the remodeling of CL
acyl chains by transferring linoleic acid from PC to
monolyso-CL [41]. Although there is no experimental
evidence, the fact that CL levels are lower and
monolyso-CLs accumulate in Barth syndrome sug-
gests that human tafazzin(s) has (have) a similar
function.

The pathogenesis of Barth syndrome is still not well
understood. It has been demonstrated that the activity
of selected respiratory chain complexes is reduced in
muscle biopsies of Barth syndrome patients [102-
104]. Recent studies have confirmed these findings
and have shown that the reduced respiratory chain
activity is caused by reduced stability of the oxidative
phosphorylation supercomplexes [71, 72]. This reduc-
tion in energy production is likely to be the primary
cause of the (cardio)myopathy.

The cause of the neutropenia in Barth syndrome and
the role of CL therein is as yet unclear. Although
neutrophils of Barth syndrome patients bind annexin-
V, and in that respect appear to be in apoptosis, these
cells do not show enhanced apoptosis when compared
to normal neutrophils [105]. This therefore does not
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explain the observed neutropenia observed in Barth
syndrome patients.

Barth syndrome and apoptosis

The lower degree of unsaturation of the acyl chains
could play a role in the apoptotic pathway of Barth
syndrome cells. One would expect that in Barth
syndrome cells apoptosis is inhibited by the reduced
susceptibility of CL to oxidative damage leading to
reduced cytochrome c release. On the other hand,
Barth syndrome cells have elevated levels of mono-
lyso-CL, which might enhance tBid recruitment to the
mitochondria and promote apoptosis [78]. Two stud-
ies, in Barth syndrome lymphoblasts [38] and neutro-
phils [105], showed that there is no evidence of
increased apoptosis, despite the high monolyso-CL
levels. It is important to realize that the monolyso-CL
used for the binding experiments with tBid in the
paper by Esposti et al. [78] is trilinoleoyl-monolyso-
CL, whereas monolyso-CL species in Barth syndrome
cells are (just as the CL species) much less unsatu-
rated. This will likely influence the initiation of the
mitochondrial pathway of apoptosis in Barth syn-
drome.

In contrast to the finding that Barth syndrome cells
have reduced apoptosis, a recent study showed that a
decrease in CL levels by the knockdown of CLS
results in a higher susceptibility to apoptotic stimuli
[106]. Although it might be expected that apoptosis is
inhibited due to reduced binding of tBid to the
mitochondria, this is not observed, possibly because
the residual amount of CL is sufficient for this process.
The increase in cell death, which in the initial phase is
apoptotic in nature and in later stages predominantly
necrotic, could be caused by a number of factors.
These include impaired energy homeostasis, a lowered
membrane potential and decreased association of
cytochrome ¢ to CL in the mitochondrial inner
membrane. The latter will result in facilitated release
of cytochrome ¢ from the mitochondria thereby
enhancing apoptosis [106].

CL involvement in other disorders

Besides Barth syndrome, no other pathological con-
ditions have been described which have a primary
deficiency in CL metabolism due to mutations in a
single gene. Several pathological conditions, however,
have been linked to CL abnormalities, including
Tangier disease, diabetes and heart disease. For an
extensive review on the latter two topics, see Chicco
and Sparagna [107].

CL alterations have been found in Tangier disease
(MIM 205400). Tangier disease is characterized by
very low plasma levels of high-density lipoprotein
cholesterol, accumulation of cholesteryl esters in
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tissues and an increased risk for developing cardio-
vascular disease [108]. Genetic analysis showed that
mutations in the plasma membrane ATP-binding
cassette transporter Al (ABCAI1) cause Tangier
disease [109-111]. This transporter is believed to
mediate reverse cholesterol and phospholipid trans-
port, that is from cells to the plasma apolipoprotein A-
1 [112]. Phospholipid analysis of cultured Tangier
disease fibroblasts showed a three- to fivefold increase
in the levels of CL, monolyso-CL and dilyso-CL [113].
The authors suggested that increased CL levels result
in enhanced cholesterol oxidation and thereby the
formation of oxysterols which increase cholesterol
efflux. This process could function as an escape
mechanism to remove excess cholesterol from the
cell [113]. More recent studies concerning Tangier
disease have not focused on the increased levels of CL
and its breakdown products, leaving the implications
on mitochondrial metabolism undiscussed.

Diabetic cardiomyopathy is thought to be caused by a
combination of altered substrate utilization and
mitochondrial dysfunction. Alterations in CL content
have been hypothesized to precede these processes.
Although results concerning CL abnormalities in
diabetic tissues are at least contradictory [107], two
recent reports indicate that in the hearts of strepto-
zotocin-treated (i.e. type I diabetic) mice, CL levels
are decreased and there is altered CL acyl chain
remodeling resulting in increased incorporation of the
highly unsaturated docosahexaenoic acid [44, 114].
Whether (and if so, how) these specific CL alterations
influence the development or progression of diabetic
cardiomyopathy is unknown.

Recently, decreased CL levels have been suggested to
play a role in the mitochondrial dysfunction observed
in nonalcoholic fatty liver disease [115] and in heart
failure [116]. As in diabetes, the role of CL in aging
and ischemia/ reperfusion is still controversial. Al-
though some studies indicate a loss of CL content or a
change in acyl chain composition, other studies did not
observe any changes in CL [107]. The different
observations are likely to be caused by different
methodologies with regard to animal strain, (sub)cel-
lular fractionation and quantification of CL content
and acyl chain composition.

CL quantification/determination

Since the first isolation of CL in the 1940s, several
methods have been developed for the measurement of
CL and the identification of the acyl side chains. Early
methods to detect phospholipids included thin-layer
chromatography [117, 118] and are still widely used
for the quantitative measurement of total CL. A more
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recently developed method which was thought to
work via specific binding of the dye 10-N-nonyl
acridine orange (NAO) to CL, and which unfortu-
nately is still sometimes used to detect/measure CL,
has been shown to be nonspecific. The dye still
accumulated in mitochondria of the yeast crdIA (i.e.
CLS) mutant that completely lacks CL [119]. This
implies that NAO is unsuitable to analyze CL levels or
to detect the lipid in cells using NAO fluorescence.
Beside the quantitative analysis of CL per se, CL acyl
chain composition has become more of a focus. Newly
developed analytical methods to measure acyl chain
composition, such as HPLC-mass spectrometry (MS),
are suitable for these studies and are now more
commonly used [120-122]. Although qualitative
analysis of the acyl chain composition of phospholi-
pids can be performed by the HPLC-MS methods,
these methods are less suitable for quantitative
analysis because the response of the mass spectrom-
eter is different for the various phospholipid subspe-
cies making this method primarily useful for detecting
relative changes within phospholipid classes.

Conclusion

Since its discovery in 1942, CL has been extensively
studied, initially for its involvement in the serologic
test for syphilis. Later, CL was implicated in several
mitochondrial processes, and emerging insights in
recent years have shown that CL functions as a key
mediator of mitochondrial metabolism. The finding of
Barth syndrome as a primary metabolic deficiency of
CL not only provided researchers with an interesting
model to study CL metabolism and its dysregulation,
but more importantly with an extra incentive to
investigate disease pathology, with the ultimate goal
to improve treatment for patients suffering from this
serious disorder. The role of CL in energy trans-
duction and apoptosome-mediated apoptosis is cur-
rently the subject of many research groups, as is the
importance of CL content and composition in various
common diseases, such as diabetes and heart failure.
Based on increasing knowledge on the importance of
CL, and more specifically its acyl chain composition,
for different mitochondrial processes, we advocate
detailed CL analysis for studies on the mitochondrial
membrane but more importantly also for patients
suffering from mitochondrial disease with unknown
origin, since CL abnormalities might be their under-
lying cause.
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