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ARTICLE INFO ABSTRACT

Keywords: Cardiolipin is a unique phospholipid of the inner mitochondrial membrane (IMM) as well as in bacteria. It
Mitochondria performs several vital functions such as resisting osmotic rupture and stabilizing the supramolecular structure of
Cardiolipin

large membrane proteins, like ATP synthases and respirasomes. The process of cardiolipin biosynthesis results in
the production of immature cardiolipin. A subsequent step is required for its maturation when its acyl groups are
replaced with unsaturated acyl chains, primarily linoleic acid. Linoleic acid is the major fatty acid of cardiolipin
across all organs and tissues, except for the brain. Linoleic acid is not synthesized by mammalian cells. It has the
unique ability to undergo oxidative polymerization at a moderately accelerated rate compared to other unsat-
urated fatty acids. This property can enable cardiolipin to form covalently bonded net-like structures essential for
maintaining the complex geometry of the IMM and gluing the quaternary structure of large IMM protein com-
plexes. Unlike triglycerides, phospholipids possess only two covalently linked acyl chains, which constrain their
capacity to develop robust and complicated structures through oxidative polymerization of unsaturated acyl
chains. Cardiolipin, on the other hand, has four fatty acids at its disposal to form covalently bonded polymer
structures. Despite its significance, the oxidative polymerization of cardiolipin has been overlooked due to the
negative perception surrounding biological oxidation and methodological difficulties. Here, we discuss an
intriguing hypothesis that oxidative polymerization of cardiolipin is essential for the structure and function of
cardiolipin in the IMM in physiological conditions. In addition, we highlight current challenges associated with
the identification and characterization of oxidative polymerization of cardiolipin in vivo. Altogether, the study
provides a better understanding of the structural and functional role of cardiolipin in mitochondria.

Linoleic acid
Oxidative polymerization

1. Introduction

Cardiolipin has been the subject of extensive research, with a focus
on its crucial role in cellular function and pathology, particularly in
mitochondrial function. While many roles of cardiolipin have been
investigated, the molecular mechanisms involved in the function of
cardiolipin remain poorly understood. To spotlight this problem, we
have compiled a set of findings that highlight the significance of four
acyl chains in cardiolipin molecules, with a major focus on the role of
linoleic acid.

2. Structure of cardiolipin

Cardiolipin has a unique structure of dimeric phospholipids con-
nected on the head by glycerol (Fig. 1). It was first isolated from beef
hearts in the early 1940s by Mary C. Pangburn [1]. Despite its name,
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cardiolipin is ubiquitous in all organs/tissues; it is considered the
signature phospholipid in the inner mitochondrial membrane (IMM) [2,
3] and plasma membrane of bacteria [4]. The amount of cardiolipin in
the IMM can vary depending on the organism, tissue type, and physio-
logical state. However, it is estimated that cardiolipin makes up about
20% of the total lipid composition of the IMM in mammals [5]. The
presence of cardiolipin in prokaryotes and mitochondria in eukaryotes
has been used as an argument for the endosymbiotic hypothesis [6].
The unique feature of cardiolipin structure, the presence of two
phosphate groups can provide two negative charges, a fact that may
become important for protein cross-links and protein-protein in-
teractions in general. However, in aqueous dispersions with neutral pH,
cardiolipin contains a single charge only, because one proton gets
trapped in a bicyclic resonance structure (Fig. 1) formed by the two
phosphates and the central hydroxyl group [4,7,8]. It was suggested that
cardiolipin as a proton trap may aggregate the oxidative
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Fig. 1. Structure of cardiolipin. Cardiolipin possesses a distinctive structure consisting of dimeric phospholipids linked by a glycerol moiety at the head group. The
predominant acyl chain constituent of mammalian cardiolipin in cells of natural organisms is linoleic acid (18:2w6). At neutral pH, cardiolipin exhibits a single
positive charge, as a single proton becomes sequestered within a bicyclic resonance structure generated by the two phosphates and the central hydroxyl group.

phosphorylation proteins into a patch while it restricts pumped protons
within its proximity supplying protons to the ATP synthase with mini-
mal changes in the bulk phase pH [9].

3. Synthesis and maturation of cardiolipin

The biosynthesis of cardiolipin occurs in mitochondria. Cardiolipin
synthase joins cytidine diphosphate diacylglycerol (CDP-DAG), a central
lipid intermediate for several pathways, and phosphatidylglycerol, a
polar membrane lipid, results in unmatured cardiolipin and cytidine
monophosphate (CMP) [4]. Mammalian cardiolipin synthesis is
reviewed in detail elsewhere [8]. The acyl chain composition of car-
diolipin is not controlled by the substrate specificity of their biosynthesis
[10], and clear dependency of the cardiolipin composition from nutri-
tionally available lipids is known [11].

Cardiolipin maturation refers to the process by which the acyl chains
of cardiolipin molecules are replaced after their initial synthesis. This
process is crucial for cardiolipin to be fully functional. First, cardiolipin
is deacylated to monolyso-cardiolipin by cardiolipin-specific lipase
including Cld1 [12]. Monolysocardiolipin acyltransferase (MLCLAT1)
on the matrix-leaflet of the IMM, tafazzin (phospholipid-lysophospho-
lipid transacylase) on the intermembrane-space-facing leaflets of the
inner and outer mitochondrial membrane, and acyl-CoA:lysocardiolipin
acyltransferase-1 (ALCAT1) on the mitochondria-associated-membranes
of endoplasmic reticulum all can re-acylate monolyso-cardiolipins [8].
Among these acyl transfer enzymes, tafazzin is the only member of this
enzyme family that is conserved throughout evolution from yeast to
higher eukaryotes [8]. Barth’s syndrome is characterized by an alter-
ation in the enzyme tafazzin, which is mainly responsible for the
maturation of cardiolipin. This alteration results in the buildup of
monolyso-cardiolipins that have lost one of their four acyl chains.
Tafazzin is a cardiolipin remodeling enzyme, which replaces acyl groups
of cardiolipin with mainly linoleic acid (18:2) in animal tissues. Unlike
other two remodeling enzymes which transfer acyl chains from acyl-CoA

[8], tafazzin transfers fatty acids from phospholipids to lysophospholi-
pids, and transacylation activities were about 10-fold higher for lino-
leoyl (18:2) groups than for oleoyl (18:1) groups, and they were
negligible for arachidonoyl (20:4) groups [13]. Tafazzin deficiency
induced a significant decrease in the abundance of
cardiolipin-containing linoleoyl groups (72:8, tetralinoleoyl cardiolipin)
in the heart of tafazzin knockdown mice [14].

Linoleic acid is a major fatty acid of cardiolipin in animal tissues [15,
16]. Initial studies reported that rat liver mitochondria comprise 59%
linoleic acid [17], while later studies showed heart and liver cardiolipins
almost exclusively contain linoleic acid [18]. The brain was an excep-
tion; in mouse and pig brain cardiolipin, oleic acid (18:1) was found to
be a major fatty acid, in addition to the longer chain unsaturated fatty
acids including arachidonic acid (20:4) and docosahexaenoic acid (DHA,
22:6) [18].

The remodeling (maturation) of cardiolipin is crucial to its function.
A high proportion of saturated cardiolipins in mitochondria led to os-
motic instability, and polyunsaturated cardiolipin improves the oxida-
tive capacity of mitochondria [19]. Tafazzin knockout shows similar
defects as cardiolipin synthase (CLS) knockout in the supramolecular
geometry of FoF1 ATP synthase [20]. Remodeled cardiolipin supports
the high concentration of proteins in the IMM [21]. Acyl compositional
changes in cardiolipin are important for mitochondrial maturation and
cardiolipin remodeling during heart development [22]. The progressive
loss of cardiac tetralinoleoyl cardiolipin, possibly attributable to
decreased remodeling, occurs in response to chronic cardiac overload
[23]. Several studies suggest that promoting cardiolipin content (linked
with or independently of mitochondrial biogenesis) or restoring car-
diolipin acyl chain remodeling, or integrity towards oxidative stress
could help counteract the deleterious effects of obesity [24].

In mammalian cells, linoleic acid (18:2) is the major acyl chain
constituent of cardiolipin [18]. On the other hand, the fatty acid profile
of cultured cells differs from that of natural cells. They have twice the
level of monounsaturated fatty acids and half the level of
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polyunsaturated fatty acids (PUFAs). This difference is not primarily due
to cell lines derived from cancers, but rather due to limited access to
lipids and the inability to synthesize PUFAs de novo as vertebrate cells
[25]. The acyl chain composition of cardiolipin is dependent on the
availability of dietary fats [26,27]. In contrast to mammalian cells,
mature cardiolipin species in laboratory-grown yeast primarily consist
of palmitoleic acid (16:1) and oleic acid (18:1). However, when the
yeast culture medium is supplemented with linoleic acid (18:2) and
arachidonic acid (20:4), PUFAs are incorporated into yeast cardiolipin
[28]. Fatty acids of cardiolipin are responsive to changes in dietary
lipids in the liver, heart [29], and skeletal muscle [30]. Interestingly,
clinical testing of dietary interventions for Barth syndrome has not been
conducted thus far. However, it has been observed that supplemental
linoleic acid attenuated, to some extent, the impaired contractile
phenotype in vitro in tafazzin knocked-down soleus [31]. Furthermore,
the supplementation of linoleic acid in Barth syndrome fibroblasts
restored cardiolipin levels [32], and the use of linoleic acid-rich oil
altered circulating cardiolipin species and fatty acid composition in
adults [33].

4. Role of cardiolipin in the IMM structure

Cardiolipin exists almost exclusively in the IMM [34]. In isolated
mitochondria, the outer membrane can be easily ruptured by hypotonic
shock revealing a mitoplast, its IMM is exposed but still intact [35]. The
IMM is generally tougher and more mechanically resistant than the
outer membrane. This is surprising because the IMM contains an un-
usually high percentage (greater than 70%) of proteins [36]. Cardiolipin
can protect IMM from osmotic rupture, as shown in liposomes [37]. By
using cryo-electron microscopy, IMM proteins are found to be
non-randomly arranged and IMM may be resistant to freeze-fracture
[38]. Apparently, non-covalent interactions alone are not sufficient to
support a robust and dynamic structure of the IMM. Liposomal mem-
branes have a simple structure and are smaller in size [39], and cannot
completely mimic mitochondria which possess a complex morphology
and physicochemical characteristics.

In Escherichia coli, cardiolipin in the membrane increase in response
to osmotic stress [40]. Cardiolipin in Bacillus subtilis protects its mem-
brane against surfactin-induced permeabilization [41]. Obvious car-
diolipin domains were discovered at the poles and septa in bacteria [40,
42], and cardiolipins are believed to stabilize highly curved parts of the
IMM [43]. Cardiolipins and phosphatidylethanolamines are known to
generate negative curvature elastic stress in bilayers [42,44-46]. Car-
diolipin directly interacts with Mic27, which is vital for the assembly of
itself into the mitochondrial contact site and cristae organizing system
(MICOS) complex [47,48]. Isolated heart mitochondria from tafazzin
knockdown mice showed increased basal swelling in the absence of
external calcium overload [49]. Mitochondrial swelling due to increased
IMM permeability to ions through various mechanisms plays an
important role in physiological and pathological conditions [50,51].
Accordingly, there is a crosstalk between mitochondrial swelling and
IMM structural proteins such as OPA1 [52] which plays an essential role
in the structural remodeling of cristae membrane [53]. Cardiolipin
participates in MICOS assembly [54] and through specific binding to
OPA1 facilitates interactions between OPA1l molecules during mito-
chondrial fusion [55].

5. Stabilizing quaternary structure of membrane protein
complex by cardiolipin

Schlame et al., pointed out the ubiquitous nature of cardiolipin-
protein interactions, stating that many structurally unrelated proteins
can engage in a strong binding with cardiolipin [56]. The role of car-
diolipin in the stability of integral membrane proteins is reviewed
elsewhere [57]. Using 2D-DIGE and iTRAQ analyses, we have shown
that the expression of mitochondrial proteins, including IMM proteins
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was significantly affected in the hearts of tafazzin knockdown mice [58].
Cardiolipin stabilizes respiratory chain supercomplexes in yeast [59], as
cryo-EM analysis of yeast complex suggested possible cardiolipin den-
sity between complex III and IV [60]. Complexes III and IV associate to
form respiratory supercomplexes. Both homodimeric supercomplexes
contain tightly associated cardiolipin required for function [61] and the
removal of tightly bound cardiolipin results in the destabilization of the
quaternary structure of bovine heart cytochrome c oxidase [62]. Car-
diolipin is critical for the degree of oligomerization and the degree of
order in ATP synthase assemblies [20]. Cardiolipin was found to be
crucial for the structural stability of respirasomes, which is essential for
maintaining the health of cells and tissues [63]. We have shown the
mitochondria of mice whose cardiolipin remodeling enzyme tafazzin
was knocked down, demonstrated greatly reduced respirasome without
changes of individual complexes [49]. Cardiolipin is also essential for
mitochondrial calcium uniporter stability and activity [64]. Kumar and
coauthors observed Erwinia ligand-gated ion channel (ELIC) in its native
environment with detergent-free cryo-EM. They found ELIC-bound
cardiolipin found to be in a non-bilayer conformation. One of the two
1,2-acylated glycerol moieties is “buried” well below the line expected
to be occupied by the outer leaflet glycerol groups, and two acyl chains
nearly reach the opposite side of the membrane, whereas the other two
acyl chains “curve away” from an axis perpendicular to the bilayer plane
[65]. Interestingly, the cardiolipin remodeling enzyme tafazzin is found
to be an integral component of respiratory complex I assembly nucle-
ation [66].

6. Challenges in elucidating the IMM structure in vivo

Elucidation of the IMM structure at the molecular level still remains
challenging and high-resolution techniques such as electron microscopy
and mass spectrometry have several weaknesses that limit in-
terpretations of structural and functional data. These techniques use
several steps including isolation, solubilization, and/or fixation, which
can alter and exclude target structures. In favor of this, orderly arranged
IMM proteins were observed only when snap freeze rather than fixed
tissues were used [38,67]. Notably, freezing per se also disrupts cell
structure if the process of freezing is not fast enough [68]. The pitfalls
associated with sample preparation for mitochondrial research have
been discussed earlier [69,70]. Cryo-electron microscopy is a powerful
method to reveal the structure of quaternary structures of membrane
proteins, but it requires the solubilization of target proteins with de-
tergents that mimic lipids interacting with the proteins [70]. The
structure of a mitochondrial ATP synthase with bound native cardiolipin
has been resolved, but acyl tails of lipids were truncated according to
map density [71]. McAuley et al., investigated the interaction between
cardiolipin and the photoreaction center using X-ray crystallography,
the ends of the acyl chains were not resolved in the electron density,
presumably because they were mobile and therefore disordered [72].
Crystallography of a membrane protein provides a static view in the
context of a detergent micelle rather than in a membrane [73]. Although
cardiolipin head is often found interacting with membrane proteins with
these methods, their fatty acyl groups were rarely fully resolved, since
electron density was present only for the acyl chains close to the head-
group [73].

Analysis of cardiolipin and its oxidation uses LC-MS which requires a
liquid phase prior to ionization [74,75]. Polymerized cardiolipins are
expected to form high-molecular-weight aggregates that are likely to be
excluded by these steps, and the ionized fragments of these polymers
would likely result in complicated rather than easily identifiable frag-
ments. Schlame et al. (2001) resolved homologous series of oxidized
cardiolipins by mass spectrometry, but only after in vitro oxidation of
pure cardiolipin [76]. Imaging mass spectrometry using direct ioniza-
tion without a liquid phase is available, but the resolution is not enough
to resolve mitochondria from other organelles and still needs fixation
[77]. Oxidative polymerization is rarely considered in membrane
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ative polymerization of
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Fig. 2. Oxidative polymerization of the unsaturated acyl chain. The oxidative polymerization of unsaturated fatty acids (A) is a consequence of autoxidation,
which involves the addition of oxygen to the unsaturated fatty acyl chain (B) followed by subsequent crosslinking (C). Initially, an oxygen molecule is incorporated
into carbon-hydrogen (C-H) bonds that are adjacent to one of the double bonds present within the unsaturated fatty acid (B). The resultant hydroperoxides are prone

to undergo crosslinking reactions, whereby bonds are established between neighbor:

molecular dynamics simulations [46,78,79]. The introduction of acyl
chain polymerization into membrane simulations would greatly
complicate calculations.

7. Cardiolipin in pathology

The various aspects of cardiolipin deficiency in patients with Barth
syndrome and tafazzin knockdown mice have been reviewed elsewhere
[80,81]. In addition to Barth syndrome, which develops due to a defi-
ciency of tafazzin, the enzyme responsible for cardiolipin remodeling
[82], cardiolipin is also involved in various cellular stress and death
pathways in pathological conditions. Anti-cardiolipin antibodies (ACA)
are autoantibodies that target cardiolipin in platelets, endothelial cells,
and the heart. These antibodies can cause blood clots, leading to a
condition called antiphospholipid syndrome (APS), which is associated
with thrombotic events such as deep vein thrombosis, pulmonary em-
bolism, stroke, and myocardial infarction [83]. In addition to its
thrombotic effects, ACA can also cause pregnancy complications such as
recurrent miscarriages, pre-eclampsia, and fetal growth restriction [84].
The exact mechanisms by which ACA contribute to these pathological
processes are not fully understood, but they may involve the activation
of platelets and the coagulation system, as well as interference with
endothelial function [85]. Low cardiolipin content associated with
impaired mitochondrial function has been reported in the animal model
of Alzheimer’s disease [86], as well as other pathological conditions
including amyotrophic lateral sclerosis (ALS) [87], traumatic brain
injury (TBI) [88], and synaptosomes derived from aged animals [86].
The effects of global ischemia and cardiopulmonary resuscitation
resulted in selective oxidation and hydrolysis of cardiolipins,

ing fatty acyl chains (C), leading to the formation of a polymer network (D).

lyso-cardiolipins, and oxygenated free fatty acids accumulation, caspase
3/7 activation in the brain, and resulting motor and cognitive
dysfunction [89]. Alterations of cardiolipin played a crucial role in
mitochondrial dysfunction and neuronal death following spinal cord
injury (SCI), and pharmacological inhibition of cardiolipin alterations
showed a potential therapeutic target for ameliorating secondary SCI
[90]. Deuterated PUFAs protected against oxidative stress-induced cell
injury by inhibiting lipid peroxidation and preserving mitochondrial
bioenergetics function, demonstrating their therapeutic potential in
preventing disorders associated with PUFA peroxidation [91]. Elami-
pretide, a cardiolipin-binding peptide, improved structural and func-
tional integrity of mitochondria in the heart subjected to
ischemia-reperfusion. The peptide enhanced ETC activity, cristae
network integrity, and biomimetic membrane properties [92].

The role of cardiolipin in cell death signaling is reviewed elsewhere
[93]. The externalization of cardiolipin to the outer mitochondrial
membrane is an important mechanism for identifying damaged or
dysfunctional mitochondria and targeting them for elimination via
mitophagy in neuronal cells [94]. Drpl, a cytosolic protein involved in
stress-induced mitochondrial fission, contains a conserved
cardiolipin-binding motif [95]. On the other hand, a cardiolipin-bound
form of cytochrome c is thought to initiate apoptosis via a lipid trans-
fer step [96]. Ruan and coauthors identified a positively charged helix
that interacts with cardiolipin in gasdermin D, which has a crucial role in
pyroptosis as a pore-forming protein [97]. An activated form of gas-
dermin D moves to the plasma membrane of bacteria where it lyses
lipids such as cardiolipin, forming pores during pyroptosis [98]. Car-
diolipin was shown to promote the pore-forming activity of
alpha-synuclein oligomers in mitochondrial membranes, closely
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Fig. 3. The advantage of cardiolipin in oxidative polymerization. Phospholipids (A) have a limitation in forming complex and sturdy structures via oxidative
polymerization due to their possession of only two covalently linked acyl chains, in comparison to triglycerides (B). However, cardiolipin (C) contains four acyl
chains, thus allowing for the development of a strong and intricate polymer structure. The potential site of crosslinking via unsaturated bonds was highlighted in
green. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

associated with the etiology of Parkinson’s disease [99]. Tau protein, a
protein responsible for Alzheimer’s disease pathology, would interact
with their cardiolipin-rich mitochondrial membrane domains, leading to
membrane pore formation (independent of mitochondrial permeability
transition) and compromised mitochondrial structural integrity [100].
Numerous studies are currently dedicated to investigating cardiolipin
integrity as a potential therapeutic target. These efforts aim to develop
effective interventions that can mitigate the pathophysiological conse-
quences associated with cardiolipin abnormalities [101].

8. Linoleic acid and oxidative polymerization

Linoleic acid is the major fatty acid of cardiolipin from animal tis-
sues, among other unsaturated fatty acids except in the brain [15,16]. It
does not make sense that mitochondria, which is the center of crucial
redox reactions, favor oxidation-labile PUFA in its crucial structural
component, not to mention the majority of them cannot even be syn-
thesized by themselves. Many authors have suggested that the acyl
chains of cardiolipin are highly unsaturated that may play an important
role in membrane fluidity and protein interaction. However, Schlame
(2008) pointed out that there is no characteristic degree of unsaturation
among cardiolipins from different organisms, and considering its minor
proportion (20%) in the IMM, it is hard to hypothesize that cardiolipin
would determine the overall fluidity of the membrane [4]. Both satu-
rated and unsaturated fatty acids can be oxidized, and the rate of
oxidation increases with the degree of unsaturation of acyl chains. For
instance, the oxidation rate of linoleic acid (18:2) is 22 times higher than
that of oleic acid (18:1) [102]. Notably, mammalian cells are not able to

synthesize linoleic acid. Linoleic acid is mostly found in plant oils, and
mammals should obtain it as an essential fatty acid from food, although
there is no specific information on the amount of linoleic acid required
for correction of the symptoms associated with its deficiency [103].

9. Oxidative polymerization of linolenic acid may be vital for
the structural function of cardiolipin

What structural, metabolic, and functional features of linoleic acid
make it unique? One of the well-characterized linoleic acid pathways is
the biosynthesis of prostaglandins via arachidonic acid (20:4) [104,
105]. Besides biology, linoleic acid is well known for being a key
component of drying oils and frying oils. In paint and varnishes, linoleic
acid containing triglycerides underwent oxidative polymerization
(Fig. 2) resulting in a covalently bonded 2-D net-like structure [106].
The oxidative polymerization of PUFAs is a chemical process that occurs
when they are exposed to oxidative conditions, including oxygen, heat,
or metal catalysts. This reaction leads to the formation of polymerized
products or degraded byproducts depending on the extent of the reac-
tion [107]. In frying oils, the amount of linoleic acid (C18:2) tends to
diminish during the heating time, indicating that the PUFA chains pre-
sent in triglycerides are primarily responsible for the polymerization
reaction of triglycerides [108]. The unique property of linoleic acid may
be that its unsaturation falls within an optimal range that allows it to
undergo oxidative polymerization rather than excessive oxidative
degradation [109], especially considering the high local concentration
of acyl chains and antioxidants in the membrane. With oxidation cata-
lysts, most antioxidants and amino acids enhance lipid polymerization
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Fig. 4. Oxidative polymerization of cardiolipin: physiological versus pathological oxidation. Oxidative polymerization of cardiolipin facilitates the creation of
a covalently linked, mechanically robust structure (B) than without it (A). However, excessive or pathological oxidation of cardiolipin can result in the breakage of
acyl chains, leading to the release of toxic lipid peroxidation products (C). The loss and externalization of cardiolipin can serve as a death signal, contributing to
programmed cell death (apoptosis) and other forms of cellular demise. Proper regulation of cardiolipin oxidation may be crucial for maintaining mitochondria

integrity. Other membrane components are omitted for simplicity.

[110]. Several studies identified linoleic acid (an omega-6 fatty acid) as
a potential pro-inflammatory and cardiovascular health risk factor. This
is because the pathways by which it is converted into inflammatory ei-
cosanoids are well-characterized. However, this hypothesis was not
supported by randomized controlled feeding studies [111]. Epidemio-
logic studies provided little if any evidence that linoleic acid contributes
to cardiovascular disease, cancer, or inflammation although where the
inverse correlations may exist [112,113].

Oxidative polymerization of the linoleoyl chain may help explain the
mechanism of function of cardiolipin in the IMM under physiological
conditions. In contrast to triglycerides, phospholipids possess only two
covalently linked acyl chains, which constrain their capacity to develop
robust and complicated structures through oxidative polymerization.
Cardiolipin, on the other hand, has four acyl chains at its disposal
(Fig. 3). Polymerized cardiolipin may be able to reinforce the mechan-
ical structure of the IMM thereby, providing covalently bonded net-like
structures and gluing membrane proteins into quaternary structures and
lipid bilayers which is essential to normal mitochondrial function. We
observed high levels (over 70%) of oxidized cardiolipin in untreated
hearts by quantitative analysis of cardiolipin using high-resolution mass
spectrometry [49] suggesting that the oxidized cardiolipin may play a
vital role in healthy mitochondria.

Human cells generally function in a reduced state, but some degree of
localized oxidation is needed [114]. We showed that increased oxidative
stress does not stimulate mitochondria swelling [115]. Extensive
research on lipid oxidation has traditionally emphasized the toxic
degradative pathway of fatty acids, however, given the high local con-
centration of unsaturated acyl chains and availability of antioxidants in
membranes, polymerization is likely to be a favored pathway for lino-
leoyl chain [106,116] prior to further oxidation into the toxic degra-
dation (Fig. 4), which underscores the need for further investigation into
this topic. The “antioxidant paradox™ is a term commonly used to
describe the discrepancy between the involvement of reactive oxygen
species in various human diseases and the lack of significant preventive
or therapeutic outcomes observed in most studies involving the

administration of high doses of dietary antioxidants to human subjects
[114].

10. Conclusions and future perspectives

In conclusion, we develop an intriguing hypothesis that the molec-
ular mechanism underlying the structural function of cardiolipin can be
attributed to the oxidative polymerization of unsaturated acyl chains,
particularly linoleic acid under physiological conditions. The four acyl
chains present in cardiolipin offer a unique advantage over other
phospholipids with only two acyl chains, as they can form significantly
stronger and intricate covalently bonded structures via oxidative poly-
merization. Despite the potential significance of this mechanism, it has
been largely overlooked in the field of biology due to the methodological
challenges associated with studying it and the common negative
perception of oxidation. However, more advanced structural studies are
required to recognize and investigate the potential role of oxidative
polymerization of cardiolipin. The exploration of cardiolipin’s biolog-
ical function and its impact on maintaining mitochondrial function and
health is crucial to advancing our understanding of the fundamentals of
biochemistry. Additionally, this research could pave the way for the
development of more stable liposomes, which can be utilized in a wide
range of medical applications.
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