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Mitochondrial membrane phospholipids are essential for the mitochondrial architecture, the activity of respiratory proteins,
and the transport of proteins into the mitochondria. The accumulation of phospholipids within mitochondria depends on a
coordinate synthesis, degradation, and trafficking of phospholipids between the endoplasmic reticulum (ER) and mitochondria
as well as intramitochondrial lipid trafficking. Several studies highlight the contribution of dietary fatty acids to the remodeling
of phospholipids and mitochondrial membrane homeostasis. Understanding the role of phospholipids in the mitochondrial
membrane and their metabolismwill shed light on themolecular mechanisms involved in the regulation of mitochondrial function
and in the mitochondrial-related diseases.

1. Introduction

Mitochondria are involved in a wide range of cellular pro-
cesses of importance for cell survival. The inner mitochon-
drial membrane is the active site for the electron transport
chain and ATP production. Its integrity is crucial for mito-
chondrial function and depends on the supply of proteins
and phospholipids. As one of the major classes of lipids in the
lipid bilayer of cell and organelle membranes, phospholipids
are responsible for maintaining both the structural integrity
of a cell and spatial separation of subcellular compartments.
The major classes of phospholipids found in the mito-
chondrial membrane are similar to other membranes such
as phosphatidylcholine (PC) and phosphatidylethanolamine
(PE), and some are exclusively components of mitochondrial
membrane such as cardiolipin (CL) [1].

The interaction between phospholipids and proteins
is important particularly in the inner mitochondrial
membrane. A significant proportion of inner membrane-
associated proteins are comprised of proteins involved in
the oxidative phosphorylation and their activity depends on
the phospholipid composition of the membrane. Changes
in the phospholipid composition can affect mitochondrial
respiration [2], which has been linked to a variety of human
diseases such as Barth syndrome, ischemia, and heart failure
[3, 4]. The phospholipid diversity in the mitochondrial

membrane is also influenced by variation in length and
degree of unsaturation of fatty acyl chain present within each
class of phospholipid [5]. However the role of acyl chain
composition of phospholipids in mitochondrial function is
still poorly understood.

The maintenance of the phospholipid composition in
the mitochondrial membranes is essential for mitochon-
drial function, structure, and biogenesis and relies on the
metabolism of phospholipids, transport into mitochondria,
and supply of lipids from the diet. In this review, we focus on
the phospholipid biosynthesis, trafficking and degradation,
and their regulation/remodeling by dietary lipids as well as
their role in inner mitochondrial membrane integrity and
function.

2. Lipid Composition of
Mitochondrial Membranes

Mitochondria have a structure distinct from that of other or-
ganelles since they contain two membranes: the outer mito-
chondrial membrane (OMM) and the inner mitochondrial
membrane (IMM), which separates the intermembrane space
(IMS) from the matrix.The composition of the mitochondri-
almembranes is similar to that of othermembranes, however.
The major phospholipids in the mitochondrial membranes
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Figure 1: Structural formulas of key mitochondrial phospholipids. (a) Phosphatidylcholine—PC; (b) phosphatidylethanolamine—PE; (c)
phosphatidic acid—PA; (d) phosphatidylserine—PS; (e) cardiolipin—CL.

are phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylinositol (PI), phosphatidylserine (PS), and
phosphatidic acid (PA), as to plasma membrane; and phos-
phatidylglycerol (PG) and cardiolipin (CL), are exclusively
components of mitochondrial membrane (Figure 1). PC and
PE are the most abundant phospholipids, comprising 40 and
30% of total mitochondrial phospholipids, respectively. PA
and PS comprise 5% of the total mitochondrial phospholipids
[6, 7]. Unlike plasma membrane, mitochondrial membranes
contain high levels of cardiolipin (∼15% of total phospho-
lipids) and low levels of sphingolipids and cholesterol [8, 9].

The phospholipid CL not only has a role in maintaining
membrane potential and architecture of the inner mito-
chondrial membrane, but also provides essential structural
and functional support to several proteins involved in mito-
chondrial respiration. The unique structure of CL (Figure 1),
which contains three glycerol backbones and four fatty acyl
chains, makes it highly important for optimal function of
the mitochondria [10]. The incorporation of four linoleic
acid side chains in the same CL molecule renders it the
primary target of the attack by free radicals, causing its
peroxidation. Mitochondrial CL peroxidation appears to be

an early event preceding the intrinsic apoptotic cell death [11].
Because its role in apoptosis and mitochondrial function, CL
levels and CL peroxidation have been implicated in several
humandiseases such as atherosclerosis [12], cancer [13], Barth
syndrome [14], and neurodegenerative disorders including
Alzheimer’s [15] and Parkinson’s disease [16].

Another peculiarity of the IMM is that the amount of
membrane-associated proteins is high. Some studies estimate
the protein-lipid ratio of the inner membrane to be as high
as 3 : 1 [17]. Among the IMM proteins, a significant portion
of proteins comprises the oxidative phosphorylation system,
which contains five multiprotein complexes. The importance
of this system relies on its role in providing the cellular ATP
molecules necessary for cell survival.The activity and stability
of the oxidative phosphorylation proteins are affected by their
interaction with phospholipids in the IMM. For example,
the lack of cardiolipin in IMM was found to destabilize the
complexes III and IV of the oxidative phosphorylation system
[18, 19], illustrating the importance of CL for mitochondrial
respiration. In addition, CL is also involved in the import and
assembly of proteins. The majority of mitochondrial proteins
are nuclearly encoded and require protein translocases in
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the mitochondrial membranes in order to be imported [20].
Several studies have shown that CL is essential for assembly
and function of the translocases, allowing the integrity of the
mitochondrial import machinery [21–23].

In addition to having a role in regulating protein import
and activity, CL, as well as PE, is important for tubular
mitochondrial morphology and membrane fusion [24–28].
Mitochondrial morphology depends on a balance between
fusion and fission events. Mitochondrial fusion requires
a fusogenic lipid PA which is generated by hydrolysis of
CL by phospholipase D [26]. PE is another phospholipid
required for the mitochondrial fusion. Disruption of the
PE synthesis through PS decarboxylation pathway causes
mitochondria fusion defects [25]. CL and PE accumulation
within mitochondria are regulated by Ups1 and Ups2 pro-
teins, respectively, which are involved in the phospholipid
intramitochondrial trafficking (see Section 6). Ups1 andUps2
affect the processing of OPA1 (or Mgm1 in yeast), an inner
membrane dynamin-like GTPase that regulates membrane
fusion [8]. It was suggested that impaired processing ofMgm1
could explain the defects in mitochondrial morphology
with an altered membrane phospholipid composition [8]. A
decrease in mitochondrial content of PE was found to alter
mitochondrial morphology in yeast [27] and mammalian
cells [25]. Joshi and colleagues have shown that CL and
PE have overlapping functions in the mitochondrial fusion
and that disruption of both PE and CL causes loss of mito-
chondrial membrane potential, and fragmentation of yeast
mitochondria [27]. Fragmented mitochondria are associated
with cardiomyopathy and Barth syndrome, showing the
relevance of CL and PE role in the mitochondrial fusion.
In this line, a yeast crd1 mutant that does not synthetize
CL exhibits multiple mitochondrial and cellular defects,
including loss of mitochondrial DNA, decreased respiratory
function and membrane potential and reduced cell viability
at elevated temperatures as a consequence of the lack of CL
[29]. Similar phenotypes were found in psd1 yeast mutant,
which has reduced mitochondrial PE [30]. Taken together,
mitochondrial phospholipids CL and PE both regulate mito-
chondrial fusion/fission and biogenesis, which in turn are
linked to the cellular homeostasis.

The phospholipid PA has important functions as a lipid
anchor to recruit proteins involved in trafficking [31], lipid
signaling [32], and fusion [33] to membrane surfaces. The
regulation of mitochondria fusion and fission by PA was
found to enable mitochondria to alter their morphology, to
increase the efficiency of energy production, and to mark
unhealthy mitochondria for autophagy [34]. In addition, PA
can serve as substrate for production of the signaling lipids
diacylglycerol (DAG) and lysophosphatidic acid. Mutations
in the Lipin-1 gene, the PA phosphatase that generates
DAG from PA, have been associated with metabolic and
neurological diseases [35].

These evidences demonstrate the importance of themito-
chondrial membrane phospholipids for the IMM architec-
ture, the apoptosis, the activity of respiratory proteins, and the
transport of proteins into the mitochondria. Because of their
broad role in the mitochondrial function, phospholipid alter-
ations have been associated with several diseases [36]. For

example, cancer cells, which are characterized by alterations
in bioenergetics and apoptosis, have altered mitochondrial
phospholipid composition [37]. Cardiac pathologies result in
a reduction of tetralinoleyl-CL, with consequent increase in
hydrogen peroxide by the respiratory chain and apoptosis [38,
39]. Metabolic diseases, such as diabetes and nonalcoholic
fatty live disease, have also been associated with decrease in
mitochondrial CL and alteration of CL acyl chain remodeling
[40, 41]. Another important aspect related to phospholipid
composition is their change in aging. Studies have reported
that aging is inversely related to the content of unsaturated
phospholipids [42]. Loss of membrane fluidity resulting from
lipid peroxidation, as well as decrease in mitochondrial
CL content, and altered activity of the respiratory chain
are also features of aging [43]. Therefore, the regulation
of phospholipid homeostasis in mitochondrial membranes
through their synthesis/degradation and transport into and
out of the mitochondrial membrane plays a crucial role in
maintaining cellular viability and health.

3. The Biosynthesis of the Major Membrane
Phospholipids Occurs in the ER

Two major membrane bilayer phospholipids PC and PE are
produced from choline and ethanolamine and the common
lipid intermediate diacylglycerol in the process known as
the de novo CDP-choline and CDP-ethanolamine Kennedy
pathway [44, 45] (Figure 2). Both brunches of the pathway
depend on the availability of the extracellular substrates,
choline and ethanolamine, and on their entrance into the
cells. Those substrates are polar molecules and have to be
actively transported into the cells. The transport system for
ethanolamine has not been extensively studied and remains
poorly understood. Choline transport for PC synthesis is
known to bemediated by a group of ubiquitous solute carriers
of the SLC44A family, mainly by the member A1, also known
as the choline transporter-like protein 1 (CTL1) and as the
cell surface antigen CDw92 [46]. Immediately after entering
the cells, choline and ethanolamine are phosphorylated by
choline and ethanolamine kinases, of which CK𝛼 and -𝛽 and
EK𝛼 and -𝛽 were identified and fully characterized in mam-
malian systems [47]. The kinase products, phosphocholine
and phosphoethanolamine, are then coupled with CTP by
the specific and the pathway regulatory enzymes CDP-
phosphocholine and CDP phosphoethanolamine cytidylyl-
transferases (CCT/Pcyt1 and ECT/Pcyt2) to yield CDP-
choline and CDP-ethanolamine, respectively, and to release
inorganic pyrophosphate. In the final steps, the CDP-choline
and the CDP-ethanolamine derivatives are condensed with
diacylglycerol, catalysed bymultiple DAG-choline andDAG-
ethanolamine phosphotransferases (CPT, EPT, CEPT), to
release CDP and to produce the bilayer forming phospho-
lipids PC and PE at the endoplasmic reticulum (ER).

The major regulatory points for the PC and PE synthesis
through Kennedy pathway are the slowest (rate-limiting)
reactions governed by Pcyt1 and Pcyt2, respectively. Also,
as in other metabolic pathways, the Kennedy pathway is
regulated by the substrate (choline/ethanolamine and DAG)
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Figure 2: Pathways for the synthesis of phospholipids and their interconnection. The two branches of the Kennedy pathway are represented
in grey. The key metabolites and enzymes catalysing the respective reactions are indicated. Abbreviations are as indicated in the main text.

availabilities. The regulation of Pcyt1 and Pcyt2 is extensively
studied and has historically being considered similar, but
evidence is emerging that they are completely distinct and
differently regulated [48–53].

The rate of PC synthesis is predominantly regulated by
Pcyt1 activity [54]. Pcyt1 is activated by association with
membranes and downregulated by phosphorylation [55].The
translocation of Pcyt1 into cell membranes is stimulated
by fatty acids as well as anionic phospholipids [56–59].
They induce the Pcyt1 binding to membranes, because of
their negatively charged head groups [59]. Thus, changes in
the lipid composition of the membranes can modify Pcyt1
activity, which typically leads to stimulation of PC synthesis.

Yet another regulatory step for PC synthesis is the choline
availability which is regulated by the protein-mediated trans-
port at the level of the plasma membrane. The universal
transporter CTL1 transports choline in various tissues [60–
62] and is considered predominant choline transporter in
nonneuronal cells [46, 60, 62, 63]. Recently, it has been found
that the CTL1 expression, choline uptake, and PC synthesis
could be directly regulated by choline deficiency [64] and
saturated and unsaturated fatty acids (FAs) in skeletal muscle
cells [65]. The availability of choline and the type of FAs
regulate PC synthesis together with differently modifying
choline transport, PC synthesis, and DAG/TAG homeostasis.
In choline deficient cells, PC synthesis from choline was
blunted, which led to an increased availability of DAG and
FA for TAG synthesis [64]. Similar to choline deficiency,
chronic exposure of muscle cells to palmitic acid reduced
CTL1, choline uptake, and PC synthesis and increased DAG
and TAG [65]. In contrast, oleic acid showed no effect on
CTL1 and choline uptake; however, it increased PC synthesis
at the level of Pcyt1 and elevated TAG content [65]. Oleic acid
is a well-known stimulator of Pcyt1 membrane binding and
activity [56–59].

The de novo synthesis of PE could be limited by the
availability of substrates ethanolamine [66, 67] and DAG
[68] or the enzymes EK [69] and Pcyt2 [53]. Based on the

numerous radiolabeling studies and animal models, Pcyt2 is
the main regulatory enzyme in the CDP-ethanolamine path-
way. Heterozygous mice for the Pcyt2 gene (Pcyt2+/−) have
reduced formation of CDP-ethanolamine, which limits the
PE synthesis and increases the availability of DAG for TAG
synthesis [70]. On the other hand, the overexpression of Pcyt2
could not accelerate PE synthesis when DAG availability for
the last step in the pathway was limiting the PE formation
[68], whereas EK overexpression accelerated PE synthesis in
Cos-7 cells [69]. At low levels of ethanolamine, Pcyt2 limits
the reaction rate, whereas at high levels of ethanolamine,
EK limits the rate [71]. In ethanolamine deficient media,
cells adapt the mitochondrial PS decarboxylation pathway
to produce additional PE from serine (see Section 4) [72].
However, this is not the case in normal metabolism. Animal
studies indicate that CDP-ethanolamine pathway is themajor
contributing pathway for the synthesis of PE [53].

In the liver, an alternative pathway utilizes PE to produce
more PC and choline in a three-step methylation of PE by S-
adenosylmethionine (SAM) catalysed by phosphatidyletha-
nolamine-N-methyltransferase (PEMT).The PEMT pathway
accounts for ∼30% of the hepatic PC synthesis and is
coregulated with the CDP-choline Kennedy pathway [73]. It
is not known how the CDP-ethanolamine Kennedy pathway,
which only makes PE de novo, is linked with the PE used
in the PEMT pathway for the formation of PC. However,
in the PEMT knockout mice, the CDP-choline pathway is
upregulated, whereas during the PEMT overexpression in
hepatoma cells, it is downregulated, showing a strong link of
the PEMTpathwaywith the liver PCmetabolism [74, 75]. As a
backup pathway, PEMT supplies PC for the very-low-density
lipoprotein (VLDL) assembly and for the bile production
and is a source of choline for the betaine synthesis in
mitochondria [76]. The liver methylation of PE also provides
PC for PS synthesis by the base-exchange reaction catalysed
by PS synthase 1 (PSS1). The newly formed PS could be
then transformed intomitochondrial PE by PS decarboxylase
(PSD), forming a specific liver PE cycle [77] (Figure 2). The
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liver cycle PE-PC-PS may be involved in the maintenance
of phospholipid levels when de novo CDP-choline and CDP-
ethanolamine pathways are impaired.

In mammals, PS could be only made from the preexisting
phospholipids (PC and PE) and L-serine, catalysed by PS
synthases 1 and 2 (PSS1 and PSS2) in the mitochondria
associated membranes (MAM), a subfraction of the ER.
MAM have been proposed to be a distinct domain of the
ER that comes into close contact with OMM and thereby
mediates the import of newly synthesized PS into mitochon-
dria to be decarboxylated into PE. The PS decarboxylation
by PSD to form mitochondrial PE is a key function of PS in
mitochondria (see Section 4).

The synthesis of PS is regulated by phosphorylation of PS
synthase in yeast and mammalian cells [78, 79]. The major
mechanism for regulating PS synthesis in mammalian cells is
a feedback mechanism whereby the activity of PS synthases
1 and 2 is regulated by the end-product, PS [77, 80, 81]. In
addition, PSS1 and PSS2 differentially modulate phospho-
lipid metabolism. Overexpression of PSS1 in hepatoma cells
decreases the rate of PE synthesis via the CDP-ethanolamine
pathway [82], whereas overexpression of PSS2 does not [83].

4. The Biosynthesis of
Mitochondrial Phospholipids

The maintenance of the mitochondrial bilayer and of a
defined composition of mitochondrial phospholipids relies
on the organelle capacity to synthesize CL, PE, PG, and PA
in situ and on the external supply of PC and PS, which are
exclusively synthesized in the ER and MAM and must be
imported into the mitochondria [8].

PE is made in mitochondria by decarboxylation of PS.
This reaction is catalysed by the inner mitochondrial en-
zyme phosphatidylserine decarboxylase (PSD). Even though
PE produced by the CDP-ethanolamine pathway can be
imported to IMM, the PS decarboxylation provides the
majority of mitochondrial PE [84]. PSD knockout mice
have mitochondrial dysfunction and die in the embryonic
phase [25]. In addition, the mitochondrial PE deficiency
resulting from siRNA silencing of PSD in CHO cells alters
mitochondrial morphology and affects the ATP produc-
tion, oxygen consumption, and the activity of the electron-
transport components [85].

Cardiolipin, an important phospholipid in the mito-
chondrial membranes, is synthesized via condensation of
phosphatidylglycerol (PG) and CDP-diacylglycerol catalysed
by cardiolipin synthase (CLS) in the matrix side of the
inner mitochondrial membrane (Figure 2). PG is produced
by a two-step reaction: glycerol-3-phosphate and CDP-
diacylglycerol condense to phosphatidylglycerol phosphate,
which is then dephosphorylated to PG. Lack of CLS reduces
the activity of the oxidative phosphorylation system and
the import of proteins into mitochondria in yeast [86], but
interestingly, the fundamental functions of mitochondria
remain intact [87]. The regulation of CL synthesis was found
to involve multiple mechanisms, such as factors that affect
mitochondrial biogenesis, matrix PH, and respiration [88].

Recently, Tam41 (translocator and maintenance protein 41),
a component of the mitochondrial translocator system, was
found to regulate CL synthesis [23]. Tam41 mutant cells
show an almost complete absence of CL and PG, suggesting
that regulation may occur at the level of CDP-diacylglycerol
(CDP-DAG) synthase. This study demonstrates that Tam41
is primarily required for PG and CL biosynthesis and that
defects in protein import in Tam41 deficient cells are a
consequence of the loss of PG and CL [23].

Finally, the phospholipid phosphatidic acid (PA) repre-
sents a branch-point for the synthesis of all phospholipids
[89] (Figure 2). PA may be converted to CDP-DAG by the
CDP-DAG synthase for the synthesis of PG, PS, and CL
in a reaction catalysed by CTP:PA cytidylyltransferase [90].
Alternatively, PA may be converted to DAG, which is a
substrate for the synthesis of PE and PC, in a reaction
catalysed by PA phosphatases such as Lipin-1 [35, 91]. The PA
phosphatases are one of the most highly regulated enzymes
in lipid metabolism. Their activity is governed by phospho-
rylation, association with membranes, and modulation by
components of lipid metabolism, such as CL and CDP-DAG
[92, 93].

The synthesis of PA occurs by two acylation steps; first
glycerol-3-phosphate is converted to 1-acylglycerol-3-phos-
phate (lysophosphatidic acid) by glycerol-3-phosphate acyl-
transferase. The 1-acyl-sn-glycerol-3-phosphate product is
then acylated to 1,2-diacyl-sn-glycerol-3-phosphate (phos-
phatidic acid) by 1-acyl-sn-glycerol-3-phosphate acyltrans-
ferase [94]. Studies have indicated that both lysophosphatidic
acid and phosphatidic acid are synthesized on the outer
surface of themitochondrial outermembrane and then phos-
phatidic acid moves to the inner mitochondrial membrane
where it serves as a precursor for cardiolipin biosynthesis
[95]. PA can also be generated via phosphorylation of
DAG through the action of a large family of DAG kinases
(DAGK) or by hydrolysis of the phospholipids PC and CL
by phospholipase D (see Section 8). In turn, PA can be
metabolized to lysophosphatidic acid by phospholipase A2 or
dephosphorylated to DAG by Lipin-1.

5. Trafficking of Phospholipids into and
out of Mitochondria

Intracellular trafficking of phospholipids plays a crucial role
in phospholipid homeostasis and provides phospholipids
for cell and organelle membranes, including the OMM and
IMM. Since most phospholipids, such as PE, PS, and PC,
are synthesized in the ER, they have to be imported into
the mitochondria. The import of PE produced by the CDP-
ethanolamine pathway into IMM was found to be effective
in CHO cells, HeLa cells, and yeast [96–98]. However,
most of the PE in the mitochondria derives from the PS
decarboxylation [85]. The synthesis of PE from PS in the
IMM requires the translocation of PS from its synthesis sites
in the ER. In addition, several studies have shown that PE
formed from PS in the mitochondria could be exported out
of this organelle [85, 97]. The transport of PS-derived PE out
of the mitochondria was found to be affected by the rate of
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PE synthesis via the CDP-ethanolamine pathway and to be
driven by a concentration gradient [97].

The mechanism for transport of phospholipids into and
out of the mitochondrial membranes has been proposed to
involve transient membrane contact sites. These contact sites
occur in various organelles including the ER and mitochon-
dria and may be involved in the trafficking of PS into and
PE out of the mitochondria [99, 100]. Recent studies found
that the ER membrane is physically tethered to the OMM
by the ER-mitochondria encounter structure (ERMES) [101].
The ERMES is composed of a five-protein complex resident
of both ER and mitochondria [101]. The main function of
ERMES is to act as a mechanical link between the ER and
mitochondria and to provide phospholipid exchange between
these organelles [102, 103]. A defective ERMES complex alters
phospholipid levels in the mitochondrial membranes and
causes mitochondrial morphological defects [103, 104]. How-
ever, the flow of phospholipids between ER and mitochon-
dria is not completely abolished in ERMES deficient cells,
suggesting that additional ERMES-independent pathways for
phospholipids transport must also exist [102].

Lipid transfer proteins, such as PC-transfer protein and
nonspecific lipid transfer protein, have been shown to transfer
phospholipids into the plasma membrane and may be also
involved in the exchange of phospholipids between organelle
membranes [105]. However, no transfer protein mediating
PC, PS, and PE trafficking into/out of mitochondria has been
established to date.

The rate of PS import to and PE export from the
mitochondria is regulated by the acyl chain composition
and by the metabolic rate [97]. Labeling studies showed that
polyunsaturated PS species are preferentially decarboxylated,
that is, imported to IMM [97]. In turn, PE derived from
decarboxylation of PS contains the major polyunsaturated
species as well as monounsaturated 36 : 1, whereas PE pro-
duced via the CDP-ethanolamine pathway contains several
mono- and di-unsaturated species. The PE species composi-
tion of IMM and ER shows that most of PE in IMM derives
from imported PS, while most of PE in ER is synthesized via
the CDP-ethanolamine pathway [97]. In addition, Kainu and
colleagues found that increasing the PE synthesis by CDP-
ethanolamine pathway reduces the export of PS-derived PE
from IMM. Similarly, the translocation of PS tomitochondria
is coupled to its synthesis in the ER. However, the rate of
transport of newly synthesized PS to mitochondria does not
directly correlate with their rate of synthesis but depends on
its hydrophobicity [97].

6. Intramitochondrial Trafficking
of Phospholipids

The transbilayer movements between the mitochondrial
leaflets must exist to allow the trafficking and accumulation
of phospholipids, either when imported from ER or when
synthesized at the IMM. Several studies have shown that the
import of PS intomitochondria ismediated by themembrane
contact between MAM, a subfraction of the ER, and OMM
[84, 85, 97, 106, 107]. The PS must then translocate across

the OMM and subsequently be delivered from the inner
leaflet of the OMM, across the intermembrane space, to the
outer leaflet of the IMM, which is the active site for PS
decarboxylation to PE [108].Themechanisms underlying the
intramitochondrial lipid movement have been also suggested
to occur via membrane contact sites [99, 109]. The model
that best describes the intramitochondrial transport of PS
involves pores in the OMM that lead to its movement from
the outer leaflet of the OMM to the inner leaflet of the OMM.
PS thendiffuses further to the IMMalong lipid bridges, which
are analogous to the membrane contact sites, joining the two
membranes [110]. Once in the IMM, PS can be converted to
PE.The PE produced in the IMM can then diffuse back to the
outer monolayer of OMM along a reverse route.

Phospholipid scramblases (PLS), members of the family
of transmembrane lipid transporters known as flippases, are
enzymes responsible for bidirectionalmovement of phospho-
lipids between two compartments. Of this family, PLS3 was
identified in mitochondria and it modulates translocation
of CL from the IMM to the OMM, affecting mitochondrial
structure, respiration, and apoptosis [111]. It is not known
if PLS3 regulates transport of other phospholipids. The
intermembrane space proteins Ups1 andUps2 are responsible
for CL and PE trafficking between the outer and inner mito-
chondrial membranes [112]. Loss of intramitochondrial CL
trafficking in Ups1 deficient cells alters mitochondrial phos-
pholipid composition and morphology, similar to ERMES
deficient cells [112]. Mdm35, a common binding partner of
Ups1 and Ups2 in the intermembrane space, also provides
a coordinated regulation of PE and CL trafficking by these
conserved regulatory proteins [113].

Therefore, the trafficking of phospholipids into mito-
chondria and intramitochondrial space provides this organ-
elle with newly synthetized phospholipids, which are either
essential for mitochondrial membrane composition or pre-
cursor for the synthesis of specific mitochondrial phospho-
lipids. The balance in phospholipid trafficking, together with
their synthesis and degradation, is essential for the mainte-
nance of phospholipid homeostasis. However, not only the
class of phospholipids accumulated in the mitochondrial
membrane, but also the fatty acyl chain present within
phospholipids is important for mitochondrial structure and
function, which will be described in the next section.

7. Remodeling of Mitochondrial Phospholipids
and the Role of Dietary Lipids

After the de novo synthesis of phospholipids, many of them
undergo acyl chain remodeling, known as Lands’ cycle. The
variation in chain length and degree of unsaturation of
fatty acids present within phospholipids contributes to the
diversity of mitochondrial membrane phospholipids, which
is important for the biophysical properties of the membrane
[114, 115]. In addition, activation of enzymes in the inner
mitochondrial membrane requires acyl chain remodeling.
For example, impairment of CL remodeling may interfere
with assembly and stability of the respiratory chain pro-
teins [115]. Conventionally, acyl chain remodeling involves
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the family of phospholipases A (PLAs), which catalyse the
removal of an acyl chain from the glycerol moiety, and
transacylases, which mediate reacylation with different FAs
[114, 116].

Remodeling of cardiolipin has been extensively stud-
ied due to its role in the functionality of the mitochon-
dria. CL remodeling involves tafazzin, a transacylase which
generates specific patterns of CL species [117]. Deficiency
of tafazzin alters CL composition and is related to dra-
matic changes in mitochondrial morphology and to Barth
syndrome [118]. Barth syndrome is an X-linked recessive
disease characterized by decreased levels of CL due to
mutation in the tafazzin gene [119]. In Barth patients, a
single molecular species, namely, tetralinoleoyl-cardiolipin,
is missing, whereas other cardiolipins are either unaffected
or even increased. This is caused by a reduced incorporation
of linoleic acid (C18:2) into CL because of impaired FA
remodeling by tafazzin [118, 120]. Changes in the cardiolipin
FA composition in Barth syndrome may also interfere with
assembly and stability of the oxidative phosphorylation
complexes.

Another enzyme involved in cardiolipin remodeling is
acyl coenzyme A thioesterase (Them5). Mice lacking Them5
have an altered mitochondrial morphology and function
in hepatocytes [121]. Similarly, deficiency of lipocalin-2, a
lipid transfer protein, alters the fatty acid composition of
the PE, PC, and PS as well as the amount of mitochondrial
cardiolipin in the mouse heart [122]. Lipocalin was found to
reduce the linoleic acid (C18:2) content in phospholipids and
to adversely affect mitochondrial function and energy pro-
duction [122]. Indeed, cardiolipin enriched with symmetric
linoleic acid allows for optimal function of the mitochondria
[123].

The fatty acid composition of the diet can additionally
modify the acyl chain remodeling of phospholipids and
the mitochondrial function. In one study, mice exposure to
rapeseed oil-rich diet showed altered mitochondrial mem-
brane phospholipid composition in terms of both the type
of acyl chains within the phospholipids and the proportions
of phospholipid classes. As a result of altered mitochondrial
membrane composition, these mice showed altered hepatic
mitochondrial bioenergetics [124]. Guderley and collabo-
rators showed that in trout mitochondria the changes in
membrane phospholipid characteristics, including the acyl-
chain composition, follow the patterns of fatty acids present
in the diet. In this same study, the respiratory capacity of
the red muscle mitochondria was altered by the different
diets and was found to be higher in the diet rich in polyun-
saturated lipids [125]. Several other studies in mammals
have also demonstrated that dietary changes modify the FA
composition of themajormitochondrial phospholipids [126–
128] and, in particular, the molecular species associated with
mitochondrial CL [57]. Following a diet deficient in linoleic
acid (C18:2), an essential fatty acid, the rat heart showed a
significant decrease in tetralinoleoyl CL, which affectedmito-
chondrial oxygen consumption [127, 129]. Conversely, dietary
supplementation with linoleic acid restored tetralinoleoyl CL
in cultured fibroblasts from Barth syndrome patients and
elevated CL levels [130].

The composition of mitochondrial CL was found to be
altered by both quantity and quality of the dietary fat [131].
In hepatocytes, the composition of mitochondrial CL was
altered in rats fed 30% fat diets in comparison to rats fed
5% fat diets. Also, the content of monounsaturated fatty acid
(MUFA) and n-3 polyunsaturated fatty acids (PUFA) was
increased with fish oil-rich diet in comparison to basal diet,
both at 5% and 30% of fat in diet. Both total CL content
and its C18:2 content were increased with liver steatosis
and correlated to the activity of the ATP synthase [131].
Recently, amitochondrial lipidomics analysis showed that the
FA composition of the CL pool is not directly related to the
presence of a given FA in the diet, but there is a selection
for individual FA chains to be incorporated into the CL pool
[132]. For example, the incorporation of 18:2 was found to be
similar, despite diets varying ∼4-fold in this essential FA.

The n-3 PUFA content of the plasma membrane in dif-
ferent mouse tissues had the greatest sensitivity to changes in
dietary fatty acids [133].The fact that both n-6 and n-3 PUFA
classes cannot be synthesised de novo by mammals suggests
that the composition of membrane phospholipids may be
strongly influenced by the ratio and abundance of n-6 and n-3
PUFAs in the diet. Several studies have shown that increasing
the PUFA content of the diet increases the metabolic rate
[134–136]. For example, treatment of rats with n-3 PUFA
decreased proton leakage from the respiratory chain and this
was related to the incorporation of PUFAs intomitochondrial
PC, PE, and CL [137]. Treatment with docosahexaenoic acid
(DHA), but not eicosapentaenoic acid (EPA), profoundly
alters fatty acid composition of mitochondrial phospholipids
in the rat heart, decreasing arachidonic acid and increasing
DHA content. The increased DHA content delayed the mito-
chondrial permeability transition pore (MPTP) opening,
which is associated with apoptosis and myocardial damage
during ischemia [127]. DHA incorporation into CL was
also found to regulate mitochondrial lipid-protein clustering,
which alters several aspects of mitochondrial function [17].
Taken collectively, these results suggest that increasing the
level of PUFA in the diet changes the composition of
mitochondrial membrane phospholipids and consequently
may alter mitochondrial capacity and function.

The response to dietary fatty acids also varies accord-
ing to the phospholipid class. PC was found to be more
responsive to variation in dietary MUFA content than the
other phospholipid classes, whereas PE was more responsive
than PC to both dietary n-6 PUFA and the n-3 PUFA [133].
Interestingly, Pcyt2 deficient mice, which have a decreased
rate of PE synthesis, are PUFA deficient and have specifically
modified FA composition in PE and in TAG [70]. Therefore,
change in the phospholipid fatty acyl chain composition relies
not only on the dietary fatty acid profile but also on the classes
of phospholipids affected.

Taken together, these studies demonstrated that distur-
bance of enzymes involved in phospholipid remodeling, as
well as changes in the dietary fatty acids, may alter the
phospholipid composition of the mitochondrial membrane.
Dietary interventions that are able to influence mitochon-
drial membrane phospholipids, hence modifying its physical
properties, respiration, and other processes such as MPTP,
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are emerging as novel therapeutic strategies [124]. Thera-
pies addressed to mitochondrial phospholipids have been
suggested as potentially useful to treat pathologies, such
as cancer, cardiovascular and neurodegenerative diseases,
obesity, and metabolic disorders [124].

8. Degradation of
Mitochondrial Phospholipids

Many phospholipids have a rapid turnover, indicating that
their degradation plays an important role in membrane
homeostasis. The phospholipid degradation is mainly catal-
ysed by nonlysosomal phospholipases. These phospholipases
are divided into three classes based on the bound they cleave:
phospholipases A (PLAs), phospholipases C (PLCs), and
phospholipases D (PLD).

PLAs release the fatty acid in the sn-1 and sn-2 position
of the glycerol moiety generating lysophospholipid and free
FA.The lysophospholipid is reacylated to generate new phos-
pholipid, the mechanism known as FA remodeling, or it
is degraded by a lysophospholipase. Several studies suggest
that PLAs mediate much of the phospholipids turnover [138,
139]. The PLA2 family, which hydrolyses FA bound at the
sn-2 position of phospholipid, has been related to turnover
and remodeling of phospholipids as well as to membrane
homeostasis [140, 141]. iPLA2𝛾, a component of the Ca2+-
independent PLA2 family, is preferentially distributed in the
mitochondria. Because of the association of iPLA2𝛾 with
mitochondrial membranes, this enzyme may be involved
in integrating phospholipid and energy metabolism. Mice
null for iPLA2𝛾 display abnormal mitochondrial function
with a dramatic decrease in oxygen consumption [142].
Thus, iPLA2𝛾 is essential for maintaining bioenergetic mito-
chondrial function through regulation of mitochondrial
membrane phospholipid homeostasis. Because, its role in
cardiolipin remodeling, the hippocampus of iPLA2𝛾 null
mice shows an elevated content of mitochondrial cardiolipin
with an altered chain length composition [142].

Phospholipases C (PLCs) hydrolyse the bond between
glycerol backbone and phosphate to yieldDAG and phospho-
rylated head group. PLCs are generally involved in generation
of secondmessengers for signalling events [143], but they also
play a role in the turnover of PC and PE [144, 145].

Phospholipases D hydrolyse the bond between phosphate
and the head group to yield PA and free head group. Both
classical phospholipase D (PLD) family members found on
many cytoplasmic membrane surfaces and MitoPLD, the
PLD familymember found on themitochondrial surface, can
generate PA via hydrolysis of the phospholipids PC and CL
[26]. MitoPLD-generated PA regulates mitochondrial shape
through facilitating mitochondrial fusion [146]. Mitochon-
drial fusion and fission are very important in maintaining
mitochondrial and cellular function, and morphological
changes of the mitochondria are linked to cell apoptosis
and neurodegenerative disease [146]. For example, in brains
of Alzheimer’s disease patients, PLD1 is upregulated in the
mitochondrial membrane, which affects the composition of
mitochondrial membrane phospholipids [147].

The involvement of phospholipases in phospholipid
homeostasis is also demonstrated by PLD-like enzymes
that catalyse PS synthesis by base-exchange reactions. PS
synthases 1 and 2 (PSS1/2), the PLD-like enzymes, mainly
catalyse the exchange of the head group of PE or PC for
serine rather than the exchange of the serine head group
of PS for choline or ethanolamine. Thus, PLD and PLD-
like enzymes could play an important role in different
phospholipid homeostasis [84].

9. Conclusion

The identification of a link between phospholipids and
proteins in the mitochondrial membrane has enhanced our
understanding of mitochondrial morphology and function.
The regulation of synthesis, trafficking, and degradation of
phospholipids is essential to maintain phospholipid home-
ostasis in the mitochondria. Remodeling of phospholipid in
the mitochondria can be modified by dietary fatty acids,
which contribute to mitochondrial membrane integrity.
However, the molecular mechanism for the coordination
of synthesis, degradation, trafficking, and remodeling of
phospholipids is still an active area of research. For example,
how is the synthesis and degradation interconnected?Which
are the signals for phospholipid transport into and out of
mitochondria? How can diet be used to modulate phospho-
lipid homeostasis in health and disease states? Undoubtedly,
many discoveries will be achieved in a few years.
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