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Abstract
Cardiolipins (CLs) are ancient and unusual dimeric phospholipids localized in the plasma
membrane of bacteria and in the inner mitochondrial membrane of eukaryotes. In mitochondria,
two types of asymmetries – trans-membrane and molecular - are essential determinants of CL
functions. In this review, we describe CL-based signaling mitochondrial pathways realized via
modulation of trans-membrane asymmetry and leading to externalization and peroxidation of CLs
in mitophagy and apoptosis, respectively. We discuss possible mechanisms of CL translocations
from the inner leaflet of the inner to the outer leaflet of the outer mitochondrial membranes. We
present redox reaction mechanisms of cytochrome c-catalyzed CL peroxidation as a required stage
in the execution of apoptosis as well as a possible source of lipid mediators. We also emphasize
the significance of CL-related metabolic pathways as new targets for drug discovery. Finally, a
remarkable diversity of polyunsaturated CL species and their oxidation products have evolved in
eukaryotes vs. prokaryotes. This diversity - associated with CL molecular asymmetry - is
presented as the basis for mitochondrial communications language.

“The universe is an asymmetrical entity. I am inclined to believe that life as it is
manifested to us must be a function of the asymmetry of the universe or of the
consequence of this fact…”

Louis Pasteur
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Cardiolipin asymmetries
Cardiolipins (CLs) belong to a class of ancient phospholipids found in membranes of both
prokaryotes and eukaryotes albeit at different locations: they comprise an abundant
component of the bacterial plasma membrane, but are confined almost exclusively to
mitochondria in eukaryotes (Daum and Vance, 1997; Hoch, 1992; Schlame, 2008). CL’s
biosynthetic pathways are also different: they are biosynthesized from two molecules of
phosphatidylglycerol (PG) in bacteria, but from a PG and a cytidine diphosphate
diacylglycerol (CDP-DAG) in eukaryotes (Tian et al., 2012). Molecular speciations of
bacterial and mitochondrial CLs are also significantly different: while shorter carbon chain
and saturated or mono-unsaturated CL species are typical of the former, longer chain
polyunsaturated CLs are predominant in mitochondria (Schlame, 2008). In spite of this, the
simultaneous appearance of CLs in both bacteria and eukaryotic mitochondria as well as
their exclusive localization to inner mitochondrial membrane (IMM) in eukaryotes - have
been viewed as a strong evidence for the endosymbiotic origin of mitochondria from
bacteria (Tian et al., 2012).

Two types of asymmetries – trans-membrane and molecular – seem to be essential
determinants of CL’s functions in mitochondria. The first one is based on preferential
localization of CLs in mitochondrial membranes and includes not only highly selective
distribution of CLs into IMM compared to outer mitochondrial membrane (OMM) but also
possible enrichment of the inner vs. outer leaflets of IMM with CLs (Gallet et al., 1997;
Harb et al., 1981). The second type - molecular asymmetry of CLs - is associated with the
presence of chiral carbons in a dimeric structure with two PGs connected via a glycerol
backbone thus including four acyl (fatty acid, FA) chains and two negative charges of
phosphate groups. If all four FA-residues are identical – CL molecules are symmetric;
however, integration of at least one different FA-residue in the CL disturbs the symmetric
organization of the molecule. In several tissues – heart, muscles, liver –symmetric CL
molecules with all four FA represented by C18:2 are most common (Schlame et al., 2005).
Interestingly, symmetrical CL species with more unsaturated FA-residues - C22:6n-3 and
C20:5n-3 - were found in marine mollusk bivalves with taxon specificity that paralleled the
bivalve phylogeny (Kraffe et al., 2008). Notably, these CL species are prone to peroxidation
(see Tyurina et al., this issue) resulting in the oxygenation of one or more of C18:2 residues,
hence to the emergence of asymmetric structure of CLs. In this mini-review, we describe
biological significance as well as major mechanisms and pathways through which the two
above types of CL asymmetry participate in cells signaling.

Reduced trans-membrane asymmetry and externalization of CLs leads to
mitophagy

The topography of cardiolipin synthase (CLS) – the catalyst of the final stage in CL
biosynthesis – is one of the major defining factors for CL asymmetry in the IMM. The
enzyme is an integral IMM protein with hydrophilic domains exposed to the matrix side of
mitoplasts (Schlame and Haldar, 1993). This suggests that CL’s biosynthesis places it
predominantly in the inner leaflet of IMM. While some of the reactions of CL remodeling
(Cao et al., 2004) may be occurring in endoplasmic reticulum (ER), thus physiologically
necessitating CL‘s trans-membrane translocations (Esposti et al., 2001), it is believed that in
normally functioning mitochondria CLs are found only in IMM whereby the inner leaflet
may contain higher amounts of CLs than the outer leaflet (Hovius et al., 1990; Krebs et al.,
1979). This highly asymmetric distribution of CLs across mitochondrial membranes changes
dramatically upon mitochondrial injury and depolarization: a significant portion of CLs are
translocated to the OMM (Baile et al., 2013; Garcia Fernandez et al., 2002; Gonzalvez and
Gottlieb, 2007). Moreover, a fraction of CLs becomes exposed on the mitochondrial surface
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resulting in its accessibility to CL- metabolizing enzymes such as PLA2 (Buckland et al.,
1998; Malhotra et al., 2009; Marinetti, 1964). Recent studies revealed the physiological
significance of the appearance of externalized CL as an “eat-me-signal” for the autophageal
machinery resulting in targeted removal of damaged mitochondria (Chu et al., 2013). The
mitophagy mechanisms include specific recognition of externalized CL by microtubule-
associated protein 1 light chain 3 (LC3), a component of the autophageal machinery which
mediates both autophagosome formation and cargo recognition. The cytosolic form of the
protein (LC3-I) is processed and recruited to autophagosomes, where the membrane bound
form, LC3-II, is generated by covalent lipidation (with phosphatidylethanolamine)
(Eskelinen, 2008; Kabeya et al., 2000). While detailed studies demonstrated the
effectiveness of this CL-based recognition mechanism of depolarized dysfunctional
mitochondria in several different types of cells – primary neurons, SH-SY5Y cells, HeLa
cells, and mouse lung epithelial MLE-15 cells (Chu et al., 2013) – the pathways involved in
CL transmembrane redistribution remain elusive. Externalization of CL from the inner
leaflet of IMM to the surface of OMM requires at least three translocations: 1) from the
inner to the outer leaflet of IMM, 2) from the outer leaflet of IMM to the inner leaflet of
OMM and, finally 3) from the inner to the outer leaflet of OMM (Figure 1).

Both protein-dependent and independent mechanisms may operate in realization of the
transverse distribution of CL and its inter-leaflet IMM transfer. The former may include CL
interactions with several integral proteins of the IMM such as adenylate translocase (ANT)
and uncoupling proteins (UCPs) (Hoang et al., 2012). Alternatively or concomitantly,
massive accumulation of CLs at the site of its synthesis may result in its non-bilayer
arrangements with the formation of hexagonal-phase-like defects capable of disturbing the
bilayer structure (Cullis et al., 1978; Van Venetie and Verkleij, 1982) and facilitating
translocation of CLs to the IMM surface.

The second stage of CL redistribution from the IMM to the OMM may be mostly occurring
within the areas of contact sites (Ardail et al., 1990; Hovius et al., 1990), whereby one or
more “rotary” translocators bind and transfer CL molecules through an ~6nm gap between
the membranes (Rassow et al., 1989; Rassow and Pfanner, 1991). One of possible
candidates for this role is mitochondrial nucleoside diphosphate kinase (NDPK-D), which
displays high affinity for CL binding and the ability to transfer it between liposomes in vitro
(Tokarska-Schlattner et al., 2008). Lately, realization of this possible translocator role of
NDPK-D’s hexamer has been also confirmed in cells whereby yet to be fully understood
interactions of the protein with one of mitochondrial GTPases, optic atrophy 1 (OPA1),
participate in switching the kinase function of NDPK-D to its CL-translocase activity
(Schlattner et al, 2013; see Schlattner et al., in this issue). Importantly, the essentiality of this
CL-translocase activity of NDPK-D and CL externalization on the surface of mitochondria
has been demonstrated for mitophagy (Huang et al., unpublished) and apoptosis (Schlattner
et al., 2013). The results of in vitro biochemical experiments are also compatible with the
involvement of yet another mitochondrial kinase, mitochondrial creatine phosphokinase
(mCPK) in the transfer of CL between IMM and OMM whereby the octameric mCPK may
act as a “rotary” mechanism of CL binding/unbinding and trans-membrane delivery (Karo et
al., 2012; Schlattner and Wallimann, 2000).

Finally, transgression of CL from the inner to the outer leaflet of the OMM is required for its
externalization. It is possible that one of phospholipid scramblases is involved in this move
of CL to the mitochondrial surface (Liu et al., 2003; Van et al., 2007). Indeed, RNAi
knockdown of phospholipid scramblase 3 (PLS3) profoundly decreased the delivery of
injured mitochondria to autophagosomes (Chu et al., 2013). While the (trans)-mitochondrial
localization of PLS3 has not yet been firmly established (Korytowski et al., 2011), it is also
possible that other intermembrane space proteins (including cytochrome c) (Xu et al., 2013)
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and integral OMM proteins - capable of binding CL - including members of Bcl-2 family
(Asciolla et al., 2012; Epand et al., 2003; Ott et al., 2009) and voltage-dependent anion
channel (VDAC) (Rostovtseva and Bezrukov, 2008) - may facilitate its redistribution to the
mitochondrial surface (Garcia Fernandez et al., 2002). Importantly, autophageal machinery
recognizes CLs more effectively than its metabolites, including mono- and di-lyso-CLs as
well as CL oxidation products (Chu et al., 2013). This implies that CL oxidation is not a
requirement for mitophageal elimination of injured mitochondria. This seems to be
contradictory to the accepted opinion that oxidative stress and lipid peroxidation are inherent
to mitochondrial injury and mitophagy (Kirkland et al., 2002). However, association is not
the same as causation, and oxidative reactions may indirectly promote mitophagy by causing
mitochondrial damage with accumulation of oxidized lipids as side effect. It is also
important to consider that triggers for both mitophagy and apoptosis may occur
simultaneously in a population of injured cells, some of which are dying. However, under
sublethal treatments with rotenone that were sufficient to trigger autophagy, CL
peroxidation products were not detected (Chu et al., 2013).

Translocation and Peroxidation of CL in apoptosis
Redistribution of CLs from IMM to OMM is essential for the execution and completion of
apoptotic program (Garcia Fernandez et al., 2002; Gonzalvez and Gottlieb, 2007). This
suggests that the same mechanisms involved in CL externalization and signaling in
mitophagy are also required for the apoptotic death pathway. One may wonder how
intracellular regulatory mechanisms switch from mitophageal to apoptotic pathways? The
major specific feature of CL’s engagement in pro-apoptotic mechanisms requires not only
the appearance of CLs in the OMM but also its oxidative modification (Kagan et al., 2005).
Detailed studies have established the major corner-stone events in pro-apoptotic CL
oxidation in mitochondria that is enzymatically catalyzed by the peroxidase function of an
intermembrane space hemoprotein, cytochrome c (cyt c) (Atkinson et al., 2011; Kagan et al.,
2009). In the absence of CL, cyt c has a very weak peroxidase activity (Basova et al., 2007).
Met80 – one of its distal ligands – is located only 2.5Å away from Fe, thus precluding access
of the heme to H2O2 in the native protein (Pinheiro, 1994). Upon binding of CL, Met80
moves away from the heme and weakens the sixth coordination Met80-Fe bond thus
conferring peroxidase competence on cyt c that is specific towards CL peroxidation. While
the structural details and hierarchies of foldons in the re-arrangements of cyt c’s molecule
induced by its interactions with CL-containing membrane surfaces are currently being
deciphered (Kapralov et al., 2007; Muenzner et al., 2013) (see Pletneva et al., in this issue) it
is likely that both electrostatic interactions of one or more positively charged aminoacid
(lysine) residues with negatively charged phosphate groups of CL as well as hydrophobic
interactions of one or more of CL’s fatty acid residues with apolar sites of the protein are
involved in the formation of its “molten” globule. Understanding of the catalytic
mechanisms of the reaction also started to emerge. It is believed that tyrosine residues - via
the generation of tyrosyl radicals (Tyr) -are likely reactive intermediates of the peroxidase
cycle leading to CL peroxidation whereby the highly conserved Tyr67 is a likely electron-
donor (radical acceptor) in the oxygenase half-reaction of the cyt c/CL peroxidase complex
(Kapralov et al., 2011).

A recent discovery of tyrosine phosphorylation sites in cyt c implies that its peroxidase
function may be also regulated through this type of signaling (Pecina et al., 2010). Indeed, it
has been established that Tyr48 phosphorylation might serve as an anti-apoptotic switch,
possibly via its effects on CL peroxidation during apoptosis. Another interesting opportunity
for regulation of CL peroxidation by cyt c is offered by the involvement of lipid
hydroperoxides – in place of H2O2 – as a source of oxidizing equivalents feeding the
peroxidase cycle. Indeed, it turns out that fatty acid hydroperoxides (and CL
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hydroperoxides) can accelerate the CL peroxidation reaction more than two orders of
magnitude (Belikova et al., 2009). This suggests that the initial dependence of CL
peroxidation on the sufficient production of H2O2 (likely via dismutation of superoxide
radicals) by dysfunctional electron carriers of injured mitochondria (Petrosillo et al., 2003),
loses its regulatory role with the accumulation of CL hydroperoxides. In other words, the CL
peroxidation process becomes independent on the supply of oxidative equivalents by
damaged mitochondria.

While the essentiality of CL peroxidation for the release of pro-apoptotic factors from
mitochondria into the cytosol has been established (Belikova et al., 2007; Petrosillo et al.,
2009), specific mechanisms through which peroxidized CL species fulfill their action are
much less clear. This relates to i) identification of one or more individual molecular species
of peroxidized CLs (CLox) from their highly diversified multiple forms accumulating during
apoptosis (Domingues et al., 2008; Ji et al., 2012; Tyurin et al., 2010; see Tyurina et al., in
this issue), and ii) the necessity and identity of potential protein partners engaged in the
formation of a “pore” in the OMM through which pro-apoptotic factors are liberated into the
cytosol (Bender and Martinou, 2013). While complexes of CLs and CLox with several
OMM and intermembrane space proteins –Bcl-2 family proteins, VDAC, cyt c – have been
suggested to play a role in apoptotic membrane permeabilization and pore formation
(Korytowski et al., 2011; Rostovtseva and Bezrukov, 2008; Veenman et al., 2008; Xu et al.,
2013), neither specific mechanisms nor physiological role of these interactions have been
firmly established. Moreover, there are indications that sequestration of CLox molecules
occurring without participation of any proteins may lead to the formation of pores large
enough to allow for the release of pro-apoptotic factors (Jurkiewicz et al., 2012).

Molecular Asymmetry of Cardiolipins and Their Oxidation products
The dimeric architecture of CLs with the two phosphatidyl residues containing different
fatty acid residues suggests that a huge diversity of stereochemically non-equivalent species
of CL may be realized (Schlame, 2008). This non-equivalency does not exist for selected CL
molecular species with all four identical fatty acid residues. Notably, one of these species –
tetra-linoleyl-CL (TLCL) – is the most abundant type of CL in several tissues (heart,
muscles, liver) where its content may be accountable for ~80–85% of all CLs (Cheng et al.,
2008; Han et al., 2006). It is believed that this specific enrichment with symmetric TLCL is
achieved through maturation of diversified nascent species (Cheng et al., 2008; Gebert et al.,
2009). It has been also hypothesized that the CL species of this type are particularly useful
for structural purposes whereby their symmetric arrangement simplifies adjustments and
arrangements within lipid-protein mitochondrial complexes (Kiebish et al., 2010). On the
other hand, highly diversified molecular speciation of CLs is associated with their role as
precursors of signaling molecules. In this regard, of particular interest may be the
involvement of polyunsaturated CLs in (per)oxidative reactions resulting in the formation of
numerous long-chain oxygenated CL species (containing hydroperoxy-, hydroxy-, epoxy-,
and oxo-groups) as well as oxidatively truncated CL species (Tyurina et al., 2011). Notably,
the appearance of one or more oxygenated fatty acid residues in symmetric CL molecules
produces stereochemical non-equivalency, i.e. converts symmetric CL species into non-
symmetric ones. It is possible that myriads of highly diversified asymmetric species of CLs
and CLox are utilized as a yet to be identified signaling language used for the intracellular
communications of mitochondria with other intra- and extracellular compartments.
Interestingly, several phospholipases A2 specific towards oxidatively modified anionic
phospholipids and capable of releasing oxygenated fatty acids have been recently described
(Hsu et al., 2013). While the meaning of individual species of CLs and their metabolites as
words in the signaling language has not been deciphered the significance of CL/CLox
commands in mitophagy and apoptosis is firmly established (Kagan et al., 2005, Chu et al.,
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2013). It is noteworthy that acute tissue injury – is accompanied by the generation of
multiple CLox species. One of the most prominent examples of this is massive apoptotic
response after acute brain injury (Chan and Di Paolo, 2012; Ji et al., 2012). In this case,
prevention of CL oxidation resulted in significant protection not only on biochemical but
also on physiological and behavioral levels suggesting the essentiality of the accumulated
CLox in the apoptotic signaling in injured brain. The important and still unanswered issue is
the decoding of individual CLox signals generated by injured cells.

CL asymmetry as a new therapeutic target
It is tempting to speculate that regulation of CL asymmetry – transmembrane and molecular
– and understanding of the CL/CLox signaling language may be important as a new target
for drug discovery. Given a well-known pro-survival role of mitophagy in cells one can
imagine that stimulation of mechanisms of CL externalization in damaged mitochondria will
lead to their enhanced and selective elimination thus preserving cells from a risk of
uncontrolled oxidative injury. Similarly, controlled regulation of excessive CL peroxidation
may be essential for the protection against apoptosis. Based on the established catalytic role
of cyt c/CL peroxidase complexes, at least two approaches can be envisioned to regulate CL
peroxidation: (i) “locking” of the heme-iron coordination bond with a strong ligand
delivered through the hydrophobic channel into immediate proximity of the heme; (ii)
removing the source of oxidizing equivalents (H2O2) feeding the peroxidase activity of cyt
c/CL complexes. Optimistically, both of these approaches have been found effective in anti-
apoptotic protection of cells in vitro and, most importantly, in vivo (Atkinson et al., 2011; Ji
et al., 2012).

Outlook and perspectives
Transition from anaerobic to aerobic life and appearance of eukaryotic cells required many
adaptive changes among which one of the most prominent was the emergence of
mitochondria as a product of endosymbiotic relationships. In eukaryotic mitochondria, a
class of ancient phospholipids, CLs, were insulated from the cytosol by the OMM and
cloaked within the IMM, thus creating its asymmetric trans-membrane distribution. This
asymmetry has been used as an important recognition mechanism for distinguishing healthy
mitochondria capable of maintaining the CL trans-membrane gradient from injured
organelles where this asymmetry is collapsing. This results in CL externalization on the
surface of mitochondria, recognition of CLs by components of the autophageal system
(LC3) and elimination of the damaged mitochondria, in analogy to the recognition of
externalized phosphatidylserine on the cell surface for elimination by professional
phagocytes. Diversification of CLs in eukaryotic cells yielded multiplicity of its
polyunsaturated species whose oxidation may serve additional signaling purposes. Indeed,
peroxidation of CLs and accumulation of CLox is essential for the completion of the cell
death program, thus offering new opportunities for drug discovery. Our understanding of
mitochondrial functions – in addition to being a powerhouse of cells - is currently extended
to a concept of their role as a major regulatory platform involved in numerous intra- and
extracellular functions, from coordination of metabolism and cell death to immune
responses in which CLs/CLox are considered as important signaling molecules. There is an
intuitive perception that the remarkably diversified CLs/CLox species in eukaryotes relative
to prokaryotes may represent a mitochondrial communications language. The biochemical
and signaling principles of this language, its vocabulary and meaning of its words are yet to
be deciphered.
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Highlights

• Cardiolipin asymmetries.

• Reduced trans-membrane asymmetry and externalization of CLs leads to
mitophagy.

• Translocation and peroxidation of CL in apoptosis.

• Molecular asymmetry of cardiolipins and their oxidation products

• CL asymmetry as a new therapeutic target.
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Figure 1.
Mitophagic Translocation of Cardiolipin: Cardiolipin (CL) is synthesized by Cardiolipin
Synthase (CLS) in the inner leaflet of IMM, where it can be remodeled by Tafazzin and
MLCLAT, but can also translocate to OMM and ER for remodeling during its maturation. In
healthy mitochondria, the large majority of CL remains at the site of its synthesis in the
IMM. Externalization of cardiolipin to the mitochondrial surface through a mechanism
involving phospholipid scramblase-3 (PLS3) is a prerequisite for its recognition by LC3 as a
mitophagic “eat-me signal” that targets dysfunctional mitochondria to the autophagosomal
machinery. While the precise mechanism of PLS3 regulation remains to be delineated,
nucleoside diphosphate kinase (NDPK-D) may physically facilitate such a transfer. NDPK-
D regulates the balance between di- and tri-phospho-nucleotides, providing GTP for the
GTPase activity of OPA1. By forming a hexamer in the intermembrane space, NDPK-D can
physically bridge the IMM and OMM. The switch from a phosphotransfer to a cardiolipin-
translocating mode would thus faciliate the redistribution of cardiolipins between IMM and
OMM.
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Figure 2.
Collapse of cardiolipin asymmetry and its redistribuition from IMM top OMM is required
for the execution of both mitophagy and apoptosis. However, cardiolipin peroxidation is not
necessary for mitophagy but it is a pre-requisite for the release of pro-apoptotic factors from
mitochondria into the cytosol.
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