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Abstract
Cardiolipin (CL), one of bisphosphatidyl glycerol lipid, is found to contain high level of C18:2 acyl chains
and exist exclusively in inner membranes of mitochondria. Cardiolipin remodeling is the process for CL to
attain its specific acyl chains. With the purpose of introducing this interesting field to readers, in this review,
we elucidate the role of cardiolipin in normal functions of mitochondria by analyzing the physical and
chemical characters of cardiolipin; we introduce the current models of cardiolipin remodeling by analyzing
the enzymes involved in this process; we reviewed the latest progress in the clinical implications of
cardiolipin remodeling.
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Cardiolipin (CL) is one type of bisphosphatidyl glycerol lipid, which is in the name of the heart tissue since it
was firstly isolated from bovine heart in 1942. CL exists throughout the eukaryotes - animals, plants and fungi.
Cardiolipin contains high level of C18:2 acyl chains, indicating that de novo synthesized CL require an acyl-CoA
remodeling process. Due to its unique highly unsaturated fatty acyl chain, CL plays important roles in functions
of mitochondria including ATP biosynthesis and apoptosis. Dysfunction of CL remodeling caused by loss of the
high level of unsaturated acyl chains are found in many pathological situations such as aging, heart failure and
Barth syndrome.
1. CL Dimmeric Structure and Its Physical and Chemical Characters
CL belongs to a subfamily of phospholipids whose backbones and head groups are formed from multiple units of
phosphoric and glycerol moieties, so they are called polyglycerophospholipids. Polyglycerophospholipids
members include cardiolipin, phosphatidic acid, phosphatidylglycerol, and their lysocompounds, as well as bis
(monoacylglycero) phosphate, acylphosphatidylglycerol, and phosphatidylglycerophosphate. The existence of
many hydroxyl groups in this phospholipids subfamily makes it possible to form multiple positional and steric
isomers (Schlame, 2008).
Containing a glycerol backbone linking two phosphatidyl moieties at the 1, 3 positions, CL forms unique dimeric
structure (LeCocq et al., 1964). Each phosphatidyl moiety contains two distinct alkyl groups, so CL potentially
can have many species in cells. However, the composition of acyl groups in CL exhibits a notable pattern with a
high percentage of C18 chains. The main specie of acyl chain in mammalian tissues is linoleic acid (Hoch, 1992;
Schlame et al., 2000). In bovine heart, linoleic acid comprises about 80% of all acyl chains (Keenan et al., 1970).
The abundance of CL containing four C18 and two unsaturated linoleic acid ester residues in animal cells
indicates these unsaturated fatty acyl residues maybe are necessary for the function of CL in inner membrane of
mitochondria (Schlame et al., 2000; Pangborn, 1942).
Four acyl chains and two phosphorus groups of CL do not show a symmetrical structure, nor does the CL exhibit
all four possible configurations: R/R, R/S, S/S and S/R. The natural CL exists only in R/R mirror configuration.
The two phosphorus atoms in CL are stereo chemically nonequivalent even in the presence of four same acyl
1

www.ccsenet.org/jmbr

Journal of Molecular Biology Research

Vol. 2, No. 1; 2012

chains (LeCocq et al., 1964; Powell et al., 1974). The acidity of two phosphorus groups are also different, pK1
=3 and pK2 > 7.5; CL is thus negative charged in the physiological environment. At different conditions such as
non-neutral pH, high or low ion strength or divalent cations, CL can form either lamellar or inverted hexagonal
structures (Schlame et al., 2000; Ortiz et al., 1999). Nuclear magnetic resonance (NMR) and X-ray
crystallographic data indicated that CL exists in a bilayer conformation; moreover, the two outer glycerol groups
have identical orientation perpendicular to the membrane plane (Ortiz et al., 1999). The physical characters of
CL make it possible to interact with many different proteins, lipids to form different membrane domains to
facilitate different biological functions.
2. Physiological Roles of CL Remodeling
CL was exclusively distributed in the inner membrane of mitochondria of all eukaryotes. It accounts for about
20% of the total lipid in the mitochondria inner membrane. Studies suggested that CL of mitochondria is vital to
the oxidative phosphorylation, apoptosis and other functions of mitochondria. Change in CL contents of
mitochondria has been reported in many disorders including Barth Syndrome, Parkinson disease, heart failure,
and male sterility.
CL is required for maintaining of proper mitochondrial membrane potential. The reduced membrane potential
caused by the absence of CL leads to defects in protein import and other mitochondrial functions (Jiang et al.,
2000). CL has a high pK2 (above 7) so its head group was found to be a proton trap in the membrane where
protons are pumped. The head group domain supplies protons for ATP synthase with minimal change in the bulk
phase pH (Haines et al., 2002).
CL is required for the function of a number of metabolic enzymes and carrier proteins by maintaining their
proper quaternary structure in mitochondria (Table 1) (Schlame et al., 2000; Hatch, 1998). CL serves to anchor
cytochrome c oxydase to the inner mitochondrial membrane. Two CL molecules were required to associate with
cytochrome c oxydase to maintain its full enzyme activity. Complex III (cytochrome bc1) needs CL to maintain
its quaternary structure (Gomez et al., 1999). Complex V was found to associate with CL molecules with high
affinity (Eble et al., 1990).
Table 1. Genes involved in cardiolipin remodeling
Name
Cell localization
functions
tafazzin
Cytoplasm and
Transacylase function in
mitochondria (Xu, et cardiolipin (CL)
al., 2009)
metabolism,
affect mitochondria
structure during its
differentiation(Rockman
et al., 2009)
MCLAT-1

Mitochondria

To acylate MLCL to CL
in the presence of[1-14C]
linoleoyl coenzyme A in
vitro
transferred fatty acid from
fatty acyl coenzyme A to
MLCLto produce CL

ALCAT1

endoplasmic
reticulum

iPLA2γ

mitochondria or
peroxisome
(Mancuso et al.,
2000)

Deacylation of CL at sn-2
position (Mancuso et al.,
2000)

CLD1

Mitochondria
(Beranek et al.,
2009)

deacylation de novo
synthesized cardiolipin
(Beranek et al., 2009)
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Related disorders
Barth syndrome,
Cardiomyopathy, dilated, 3A;
Endocardial fibroelastosis-2;
Left ventricular
noncompaction, X-linked;
Noncompaction of left
ventricular myocardium; male
sterility in Drosophila.
Affecting mitochondrial
Succinate dehydrogenase
activity
Improved glucose tolerance,
resistant to high fat diet
induced body weight gaining
and fat tissue store, insulin
sensitive.
decrease in ascorbate-induced
Complex IV-mediated oxygen
consumption; growth
retardation;
Increased C16:0 decreased
C16:1 and C18:1 acyl chain in
CL (Beranek et al., 2009).
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CL facilitates the protein complexes to form higher order complexes, which in turn improves the efficiency of
ATP generation in oxidative phosphorylation. For example, it seems that CL is immobilized and cannot be
exchanged with the exogenous radiolabeled CL. CL can only be released when the proteins are denatured,
suggesting that CL binding is significant for the tertiary structure of the proteins with which it associates
(Schlame et al., 2000; Schlame et al., 1991). To further understand the structure requirements of CL in protein
interaction, many CL derivatives were tested. Negatively charged phosphate groups and the right number of acyl
groups were important to its interaction with cytochrome oxidase (Powell et al., 1987). Many other CL
derivatives such as CL dimethyl ester (no charge), monolysocardiolipin and acylcardiolipin also exhibited a
stronger affinity for protein when compared to other class phospholipids (Schlame et al., 2000). It is also
reported that the reduced cardiolipin level and other phospholipids in mitochondria inhibited the translation of
electron transport chain proteins (Ostrander et al., 2001a).
Regulation of the release of cytochrome c from mitochondria by CL is a signal to trigger apoptosis (McMillin et
al., 2002; Ostrander et al., 2001a). CL serves as a Ca2+ binding site, by which Ca2+ triggers mitochondrial
membrane permeabilization (Orrenius et al., 2003). CL functions in preventing osmotic instability and
uncoupling under the condition of higher respiration rates (Kriska et al., 2004; Girotti et al., 2004). Cl is also
involved in other functions of mitochondria such as translocation of cholesterol from outer to the inner
membrane, activation of mitochondrial cholesterol side-chain cleavage, and import of protein into mitochondria
(Gasnier et al., 1998).
3. CL Remodeling and the Related Enzymes
3.1 CL Remodeling
De novo synthesized CL does not contain a high percentage of unsaturated fatty acyl groups. Therefore CL
remodeling mechanisms were primarily predicted to achieve its special acyl content. The cardiolipin synthase
(hCLS) did not display specific affinity for linoleoyl containing PG species compared to the oleoyl containing
species (Houtkooper et al., 2006); the fatty acyl chains of CL exhibit an independent turnover non-relating to the
remaining molecule (Landriscina et al., 1976); the molecular diacyl-species of PG, synthesized in isolated liver
mitochondria were different from the diacyl-species of the phosphatidyl moieties in CL and the isocardiolipin
identified in isolated mitochondria (Rüstow et al., 1989; Schlame et al., 1990); the molecular composition of CL
was partially affected by the type of fatty acids provided in the diet (Shah et al., 2009). Currently, more attention
is paid to CL remodeling because the abnormal CL profile and level were found in many diseases including
Barth syndrome, diabetes, heart failure, and Parkinson disease (Sparagna et al., 2009; Su et al., 2005;
Ramanadham et al., 2005; Widlansky et al., 2009; Bayir et al., 2009; Paradies et al., 2009).
Two possible models of cardiolipin remodeling have been reported. One model is Land Cycle-Acyl remodeling
in mammalian phospholipid metabolism is through two steps: deacylation and reacylation that could occur in
both microsome and mitochondria, the required enzymes include phospholipase to mediate deacylation and acyl
tranferase to regulate reacylation (Figure 1) (Schlame, 2008; Eichberg, 1974). In this model, acyl group specific
and position specific enzymes are needed. Though few genes were reported in the process, the detailed
mechanism of CL remodeling is still elusive. The other model is tafazzin-controlled process-tafazzin controls the
acyl group and position in the remodeling and maintains the cardiolipin content (Schlame, 2008).
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Figure 1. The schematic diagram showing the cardiolipin remodeling cycle
Cardiolipin (CL) is synthesized in mitochondrial matrix (labeled as green cycle with red filling) with precursors
PG etc. CL is normally deacylated to mono- and di-lysocardiolipin (labeled as Lyso CL) that were transported to
the ER for efficient reacylation by acyl-transferases. The recycled CL (labeled as light blue cycle with red
filling), is then taken up, together with ER-produced precursors of CL, PG, by Bid (and other lipid transfer
proteins), which move them to the mitochondria OM. Here, the CL equilibrates with the mitochondrial pool of
CL, constantly replenished by its local de novo biosynthesis, thereby closing the remodeling cycle.
3.2 Enzymes in Cardiolipin Remodeling
3.2.1 Tafazzin Gene
The TAZ gene mutation is responsible for Barth syndrome. The TAZ gene encodes a protein containing a
domain homologous to phospholipid acyltransferases (Bione et al., 1996; Neuwald, 1997). The TAZ gene
product is ubiquitously expressed and exists in several protein isoforms due to different splicing (Bione et al.,
1996). Yeast complementation suggested one spliced variant of TAZ lacking exon 5 most likely represented the
only physiological mRNA (Vaz et al., 2003; Xu et al., 2009). Patients with Barth syndrome exhibit abnormal CL
content, such as decreased CL content, loss of dominant 18:2 fatty acyl content and loss of four linoleoyl CL
(Schlame et al., 2002; Schlame et al., 2003). Barth syndrome underscores the significance of CL remodeling in
vivo. Some studies on Δtaz yeast mutant also suggested that defective CL remodeling with accumulation of
MLCL decreased total CL content and increased saturated acyl chains in CL (Brandner et al., 2005; Ma et al.,
2004). However, the enzyme activity of tafazzin in the cardiolipin remodeling was unknown. In vitro assay
suggested that mutation of tafazzin showed decreased incorporation of linoleic acid into cardiolipin (Vreken et
al., 2000). Other study showed that tafazzin catalyzes the substrate in such a way that acyl group from one
phospholipid can be transferred to the other, no free acyl group is released if the acyl group receiver is absent
and there is no intermediate enzyme-acyl formation step. Though tafazzin showed acyl group preference, it did
not show phospholipid specificity; moreover, it did not show CoA or acyl-CoA dependent either (Schlame 2008;
Xu et al., 2006). It was also reported that tafazzin could transfer the acyl group in the sn-1 and sn-2 position of
MLCL, thus it may function as an acyl position isomerase to transfer acyl groups’ position in the cardiolipin
molecule (Schlame, 2008)
3.2.2 The Monolysocardiolipin Acyltransferase 1 (MLCLAT-1)
The monolysocardiolipin acyltransferase 1, primarily purified from mitochondria of pig liver, is a protein with
74 kDa molecular weight and 5.4 isoelectric point, exhibites in vitro monolysocardiolipin acyltransferase activity
(Taylor et al., 2003). MLCLA -1 catalyzed linoleoyl-CoA and MLCL to form CL in a ping-pong reaction
mechanism. MLCLAT-1 activity is pH and acyl-CoA dependant (its optimum pH is 7.0). MLCLAT-1 enzyme
4
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activity was 10-fold greater with the unsaturated fatty-acyl CoA substrates than with palmitoyl-CoA. The
expression of MLCLAT-1 protein was elevated in response to thyroxine treatment. The identified protein peptide
matches to enoyl-coenzymeAhydratase, NAD-binding protein containing the Rossmann-fold for NAD(P)
binding, and coenzyme A dehydrogenase (Taylor et al., 2009). Human MLCLAT-1(hMLCLAT-1) homologue
was identified as a 59 kD unknown protein and showed acyltransferase activity that could reacylate
monolysocadiolipin on [14C] linoleoyl residues by an acyl-CoA dependent manner. The identified MLCLAT-1
showed a high activity (10 fold) for unsaturated acyl-CoAs over saturated palmitoyl-CoA, but no specificity for
18:2 substrates was demonstrated (Taylor et al., 2003; Taylor et al., 2009).
3.2.3 Acyl-CoA: Lysocardiolipin Acyltransferase 1 (ALCAT1)
ALCAT1, a 1.l kb gene was cloned in 2004. ALCAT1 contains a highly conserved phosphate acyltransferase
domain (Plsc), which is also found in the tafazzin gene, thus was predicted to be an acyl-CoA: lysocardiolipin
acyltransferase (Neuwald, 1997; Cao et al., 2004). The mouse ALCAT1gene encodes a 376-amino acid protein
with a predicted 44.4 kDa molecular weight. ALCAT1 protein contains a conserved phosphate acyltransferase
domain in the middle, several transmembrane sequences scattered at its N-terminal and C-terminal and an
endoplasmic reticulum (ER) localization sequence motif (KKXX) at the C-terminus. Multiple ALCAT1
orthologs were identified in many species except Caenorhabditis elegans and Saccharomyces cerevisiae.
Northern analysis showed ALCAT1 highly expressed in heart and liver. ALCAT1 exhibits high substrate
specificity for MLCL and DLCL in vitro. Recombinant ALCAT1 showed ER localization where the
phospholipids and cardiolipin remodeling possible occurs (Cao et al., 2004). More information is needed to
determine the relationship between MLCLAT-1 and ALCAT1 in vivo. It could be possible that ALCAT1 may
function upstream of MLCLAT-1 in the remodeling process, but it needs more genetic evidence.
3.2.4 Calcium-independent Phospholipase A2 (iPLA2)
Phospholipases A2 (PLA2) is a diverse group of enzymes that hydrolyze the sn-2 fatty acids from phospholipids
and play multiple roles in physiological functions. There are two classes of PLA2 - the secreted PLA2s and the
cytosolic PLA2s. The secretory PLA2 (sPLA2) family has identified 10 isozymes, these enzymes are Ca2+
requiring, secretory enzymes with low molecular-weight which functioned in modification of eicosanoid
generation, inflammation, host defense and atherosclerosis. The cytosolic PLA2 (cPLA2) family contains 3
kinds of enzymes: cPLA2alpha plays an essential role in the initiation of arachidonic acid (AA) metabolism,
cPLA2alpha is tightly regulated by Ca2+ and phosphorylation; the Ca2+ - independent PLA2 (iPLA2) family
contains 2 groups of enzymes (group VIA and VIB) which play a possible major role in phospholipid
remodeling such as cardiolipin; the platelet-activating factor (PAF) acetylhydrolase (PAF-AH) family contains 4
enzymes representing a unique group which shows unusual substrate specificity toward PAF and/or oxidized
phospholipids (Kudo et al., 2002).
Different from the cPLA2 family, the iPLA2 family contains a GXSTG consensus and possesses a consensus
sequence for nucleotide binding; while cPLA2 family only contains a GXSGS consensus lipase motif (Mancuso
et al., 2000). The human iPLA2 γ was cloned as a homologue sequence to the iPLA2α and iPLA2β, which
encodes a 88kD protein containing a lipase consensus sequence and mitochondrial and peroxisomal location
signal sequences. The iPLA2 γ was identified in many human tissues including heart, skeletal muscle, placenta,
brain, liver, and pancreas. The enzyme demonstrated high lipase activity in sn-2-radiolabeled
phosphatidylcholine (PC) and plasmenylcholine (PE) in Sf9 cells (Mancuso et al., 2000). Loss function of
calcium-independent phospholipase A2 γ in mice showed several symptoms in hippocampal phospholipid change,
cognitive dysfunction and bioenergetic dysfunction including abnormal CL content with elevated short acyl
chain species, enlarged and degenerated mitochondria and reduced ascorbate-induced Complex IV-mediated
oxygen consumption (Mancuso et al., 2009; Mancuso et al., 2007). In Drosophila, iPLA2-VIA, or
calcium-independent phospholipase A2 group VIA suppressed the phenotype of male sterility in tafazzin mutant
fly; and it also prevents cardiolipin depletion/monolysocardiolipin accumulation in this mutant; however, loss
function of iPLA2-VIA did not affect the content of cardiolipin profile in wild type individuals. Moreover, the
treatment of bromoenol lactone, the iPLA(2) inhibitor, could restore the homeostasis of cardiolipin the Barth
syndrome patients' lymphoblasts (Malhotra et al., 2009).
3.2.5 Cardiolipin-specific Deacylase 1(CLD1)
Cld1p, the mitochondria cardiolipin-specific phospholipase, functioned upstream of Taz1p to generate
monolyso-cardiolipin in yeast. Cld1p as a mitochondrial phospholipase (should be deacylase 1) deacylates de
novo synthesized cardiolipin with strong substrate preference for palmitic acid residues to generate
monolysocardiolipin for Taz1p-dependent reacylation in yeast (Beranek et al., 2009). Yet a mammalian
5
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homologue has not been identified so far.
4. Disorders Caused by Abnormal Cardiolipin Remodeling
4.1 Barth Syndrome
Human patients with Barth Syndrome were found to contain mutations in their tafazzin loci. Since loss of
tafazzin function caused abnormality in cardiolipin level and species, dysfunction of mitochondria thus further
affected the function of heart and skeleton muscle where mitochondria were highly demanded. In the study of
patient tissue, mice and Drosophila model, identified CL defects included the reduced incorporation of linoleic
acid into CL; reduced CL pool size; reduced tetra-linoleoyl cardiolipin, accumulated monolysocardiolipins and
other cardiolipin species with aberrant acyl groups (Vreken et al., 2000; Acehan et al., 2011; Xu et al., 2006).
The defects of cardiolipin profile identified in the patients indicated it is in a general way that tafazzin acts in the
cardiolipin remodeling - to transfer the acyl chain of substrates without specificity in position and cardiolipin
species. Affected mitochondrial structure included un-patterned cristae during mitochondrial differentiation,
collapsed cristae with obliterated intracrista space (Vreken et al., 2000; Mancuso et al., 2000), which suggested
that the organization of oxidative phosphorylation complexes on the inner membrane was impaired. Tafazzin
gene in Homo sapiens is mainly expressed at high levels in cardiac and skeletal muscle, thus Barth Syndrome
patients exhibited cardiomyopathy and skeletal muscle weakness (Acehan et al., 2011). The high sensitivity to
the tetralinoleoyl cardiolipin species and content in these tissues caused the dysfunction of the organ.
4.2 Parkinson Disease
Parkinson disease is one type of central nervous system degenerative disease, the patients exhibited many
symptoms including impaired functions of motor skills, impaired cognitive process and sleeping difficulties.
Among them, the most prominent symptoms are the dysfunction of motor skills such as tremor, rigidity, retard
movement and postural instability. It is known that mitochondria function was affected in Parkinson disease,
such as dysfunction of mitochondrial complex I and reduced linkage of complex I/III activity to the electron
transport chain (Schlame, 2008). Recently, this disease was found to link to the cardiolipin abnormality in brain
due to oxidative stress, such as reduced cardiolipin content, acyl chain with reduced n-6 polyunsaturated FAs
(fatty acids) and increased saturated FAs (Ellis et al., 2005). Cardiolipin formed complex with alpha-synuclein
and cytochrome C to exert peroxidase activity to protect the neuron from damage by oxidative stress in the
presence of H2O2 (Bayir et al., 2009). There is no direct report if cardiolipin remodeling is impaired in the
Parkinson disease but it is possible that cardiolipin remodeling dysfunction occurred in the affected neuron.
4.3 Heart Failure
Heart failure is the inability of heart to supply sufficient blood flow. The symptoms include orthopnea, cough,
chronic venous congestion, ankle swelling and exercise intolerance. Cardiolipin abnormality such as reduced
(18:2) (Schlame et al., 2000) cardiolipin due to decreased incorporation of 18:2 acyl chain to cardiolipin is found
in the Spontaneously Hypertensive HF rat hearts cells, calcium-independent phospholipase A was found to be
involved in heart failure since the incorporation was partially sensitive to the inhibition of bromoenol lactone
(Zachman et al., 2010; Sparagna et al., 2007). Decreased MLCAT-1 activity and reduced tafazzin mRNA level
were reported in the disorder of heart failure (Saini-Chohan et al., 2009).
4.4 Metabolism Disorders
Impaired energy generation by abnormality of cardiolipin in mitochondria is one of the causes of diabetes and
obesity (Su et al., 2005; Widlansky et al., 2010). However, it is reported recently that the dysfunction of
cardiolipin remodeling enzymes caused resistant to obesity and diabetes phenotypes under the high fat diet
condition, which suggested a possible solution to deal with the metabolism disorders. Depletion of cardiolipin
content and species in tissue culture have been known to be linked to mitochondria oxidative stress and aging
response, which indicated the lost potential of mitochondrial inner membrane and may lead to oxidative
phosphorylation uncoupling, depletion of ATP and activation of apoptotic cascade in the tissue (Sen et al., 2007).
The loss function of mouse phospholipase iPLA2 gamma which was involved in the cardiolipin metabolism was
reported to be resistant to high fat diet induced obesity and insulin resistance in vivo. The null mice of iPLA2γ
exhibited cardiolipin abnormality including decreased levelof cardiolipin with an altered composition of
molecular species in skeletal muscle; significantly decrease in State 3 respiration of skeleton muscle due to the
uncoupling of phosphorylation and oxidative and increased fatty acid oxidation in adipose tissue under long term
high fat diet treatment (Mancuso et al., 2010). Similarly, ALCAT1 null mice showed improved mitochondrial
complex I activity, lipid oxidation, and insulin sensitivity and resistance to high fat diet induced obesity and
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insulin resistance (Yan, 2007; Yan et al., 2011; Li et al., 2010). These works suggested the depletion or reduction
of cardiolipin could impair the energy generation and burn the metabolites substrates into futile.
4.5 Recurrent Pregnancy Loss and Male Sterility
The relationship between cardiolipin level and normal function of reproduction was primarily focused on the
effect of autoimmune cardiolipin antibody on the female fertility. The anti-cardiolipin antibody (ACA) is one of
factors responsible for recurrent pregnancy loss (RPL), about 15% of pregnant women have this condition. The
patients are found to have elevated ACA serum levels and thrombosis, thrombocytopenia and RPL; moreover,
defective embryonic implantation is a common link between unexplained infertility and recurrent miscarriage in
the situation (Festin et al., 1997). The study of fly tafazzin mutant showed that cardiolipin level and species are
important to the function of male sterility too. The tafazzin mutant in Drosophila demonstrated a male sterility
phenotype. The tafazzin-deficient Drosophila model of Barth syndrome is featured with low cardiolipin
concentration, abnormal cardiolipin fatty acyl composition, abnormal mitochondria structure, and poor motor
function. The tafazzin deficiency in Drosophila disrupts the final stage of spermatogenesis, spermatid
individualization, thus causes male sterility (Malhotra et al., 2009). Until now, there is no report on relationship
between cardiolipin level and male sterility in human beings.
5. Conclusions
Due to the critical roles of CL in mitochondrial functions, lots of works have been done in the identification of
related enzymes and their functions in CL remodeling. The remodeling process is regulated by different enzymes,
suggesting the remodeling process involves multiple steps, although many questions need to be explored further
such as how these enzymes reactions are regulated in vivo. Therefore, it can be anticipated that more detailed
mechanisms of cardiolipin remodeling will be discovered and their implications in human diseases will be
revealed.
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