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1 | INTRODUCTION

Christoph Maack

Abstract

Energy-demanding organs like the heart are strongly dependent on oxidative
phosphorylation in mitochondria. Oxidative phosphorylation is governed by
the respiratory chain located in the inner mitochondrial membrane. The inner
mitochondrial membrane is the only cellular membrane with significant
amounts of the phospholipid cardiolipin, and cardiolipin was found to directly
interact with a number of essential protein complexes, including respiratory
chain complexes I to V. An inherited defect in the biogenesis of cardiolipin
causes Barth syndrome, which is associated with cardiomyopathy, skeletal
myopathy, neutropenia and growth retardation. Energy conversion is depen-
dent on reducing equivalents, which are replenished by oxidative metabolism
in the Krebs cycle. Cardiolipin deficiency in Barth syndrome also affects Krebs
cycle activity, metabolite transport and mitochondrial morphology. During
excitation-contraction coupling, calcium (Ca*") released from the sarcoplasmic
reticulum drives sarcomeric contraction. At the same time, Ca*" influx into
mitochondria drives the activation of Krebs cycle dehydrogenases and the
regeneration of reducing equivalents. Reducing equivalents are essential not
only for energy conversion, but also for maintaining a redox buffer, which is
required to detoxify reactive oxygen species (ROS). Defects in CL may also
affect Ca*" uptake into mitochondria and thereby hamper energy supply and
demand matching, but also detoxification of ROS. Here, we review the impact
of cardiolipin deficiency on mitochondrial function in Barth syndrome and dis-
cuss potential therapeutic strategies.
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phosphorylation."! Oxidative metabolism of fuels, espe-
cially in the Krebs cycle of mitochondria, produces the

The heart gains on average 6 kg of ATP in 1 day by con-
verting energy stored in fatty acids, lactate, glucose,
ketones and amino acids into mechanical work. 95% of
this energy demand is covered by oxidative

reducing equivalents NADH and FADH, which are uti-
lized by the respiratory chain. The five complexes of the
respiratory chain are involved in electron transport from
reducing equivalents onto molecular oxygen (O,). The
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electron transport through complexes I, III and IV is
coupled with proton export across the IM, generating a
proton gradient (ApH) which together with the electro-
chemical potential (AW¥,,) constitutes the proton motive
force (Auy) that is harnessed for the production of ATP
by the F;F,-ATP synthase. The mitochondrial creatine
kinase uses ATP to form phosphocreatine (PCr), which
serves as an easily diffusible energy buffer to support
myofilament activity. Under physiological conditions,
cardiac workload is increased by B-adrenergic activation,
which increases the amplitude and frequency of cytosolic
Ca®" transients. Ca®" is also transmitted into mitochon-
dria, where it serves to activate the Krebs cycle in order
to compensate for the increased energy demand.? Besides
their role in energy conversion, mitochondria have multi-
ple functions in metabolism, such as the urea cycle, the
metabolism of amino acids and lipids, and the biogenesis
of heme and iron-sulfur clusters.

Mitochondria are double membrane surrounded
organelles. The outer membrane (OM) has various
interactions to other organelles in the cell, including
the sarcoplasmic reticulum (SR), the lysosome and the
plasma membrane.’> The inner mitochondrial mem-
brane (IM) separates the intermembrane space (IMS)
from the matrix compartment. Cristae structures are
invaginations of the IM and harbor the respiratory
chain. Compared to other cellular membranes, the IM
has a profoundly different phospholipid composition,
as it contains large amounts of cardiolipin (CL) as an
archetypal phospholipid.® Defects in the CL pool are
observed in many forms of heart disease, including
myocardial infarction, diabetic cardiomyopathy and
the aging heart.””® Moreover, defects in the CL biosyn-
thesis are linked to inherited diseases, including Sen-
gers disease, Dilated Cardiomyopathy with Ataxia
(DCMA) and Barth syndrome.”'®'" Barth syndrome
(BTHS) (OMIM 302060) is an X-linked disease, caused
by a mutation in the gene Taz/Tafazzin.'*'* BTHS has
an estimated incidence of 1/300 000-400 000 births and is
associated with cardiomyopathy, skeletal myopathy, neu-
tropenia, growth retardation, and 3-methylglutaconic
aciduria. The gene Taz/Tafazzin encodes for tafazzin,
which is a mitochondrial acyltransferase involved in the
remodeling of cardiolipin (CL). In this review, we will dis-
cuss the many functions of CL in mitochondrial morphol-
ogy, mitochondrial metabolism, and respiration.
Furthermore, we will discuss how defects in CL biosynthe-
sis and remodeling affect mitochondrial energy conversion
and redox homeostasis. Finally, we discuss the clinical pic-
ture of Barth syndrome and other related diseases and
how therapeutic approaches may ameliorate these severe
diseases, which are so far largely orphaned from efficient
treatment.

2 | THE CLINICAL
PRESENTATION OF BTHS
PATIENTS

The most common feature of BTHS is cardiomyopathy
which is commonly diagnosed within the first 5 years of
life and requires cardiac transplantation in severe
cases.'*'® The cardiac phenotype is quite variable and
includes dilated cardiomyopathy, left ventricular non-
compaction, endocardial fibroelastosis, ventricular
arrhythmias, and sudden cardiac death.'® A subset of
patients only shows mildly abnormal cardiac function.®
In these patients, left ventricular ejection fraction (LVEF)
averages at ~50% without signs of further deterioration
over time.'® These BTHS patients suffer from exercise
intolerance, and a particular defect in adjusting cardiac
output to changing workload conditions.'” Moreover, the
risk of ventricular arrhythmia and sudden cardiac death
is increased in BTHS.'® BTHS is a multisystem disorder,
which includes skeletal myopathy and delayed motor
development.'>'® BTHS patients are strongly affected by
fatigue and exercise intolerance, which is not only due to
the diminished cardiac contractile reserve but also due
to reduced skeletal muscle oxygen extraction.’” Glucose
turnover rate is significantly higher and fatty acid oxida-
tion is reduced upon exercise in BTHS patients. These
studies indicate that the metabolic response to exercise is
severely blunted, which contributes to an energetic defi-
cit and a decreased exercise capacity in BTHS.*®

Persistent or intermittent neutropenia in BTHS
patients causes recurrent infections and are the second
common cause of hospitalization in BTHS patients.'>¢*!
Interestingly, neutrophil function is unaffected in vitro,
and neutrophils from BTHS patients have normal mito-
chondrial morphology and show preserved vital func-
tions. Other studies reported on lower numbers of CD8+
T cells and reduced IFNy production upon stimula-
tion.?>** Metabolic changes in BTHS are manifested by
increased levels of 3-methylglutaconic acid (3-MGA)
excretion in the urine.”** 3-MGA is an intermediate in
the metabolism of cholesterol and the branched-chain
amino acid leucine. Amino acid metabolism is severely
remodeled in BTHS, indicated by abnormal blood levels
of amino acids, in particular reduced plasma levels of
arginine.?**® However, 3-MGA levels have been reported
to be independent of leucine metabolism.”® BTHS
patients have decreased levels of low-density lipoprotein
(LDL) cholesterol and hypocholesterolemia.>® As choles-
terol biosynthesis also originates in mitochondria, mito-
chondrial dysfunction due to CL deficiency might impair
this process, and these defects of sterol and isoprenoid
metabolism may be associated with elevated 3-MGA
levels.
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3 |
CARDIOLIPIN REMODELING

THE ROLE OF TAFAZZIN IN

CL biosynthesis resides in the inner mitochondrial mem-
brane (Figure 1). CL biosynthesis starts with the precur-
sor molecule phosphatidic acid (PA). PA is either
imported from the endoplasmatic/sarcoplasmic reticulum
(ER/SR) or provided by the acylglycerolkinase (AGK),
which phosphorylates diacylglycerol (DAG) to provide
PA313* PA is subsequently activated with cytidine tri-
phosphate (CTP) by the phosphatidate cytidylyltransferase
TAMM41.*> The CDP-diacylglycerol-glycerol-3-phosphate
3-phosphatidyltransferase PGS1 catalyzes the reaction
with glycerol-phosphate to phosphatidylglycerol phos-
phate, which is subsequently dephosphorylated by the
phosphatidylglycerophosphatase and protein-tyrosine
phosphatase 1 PTPMT1.***® Knockout of PTPMT1 or
chemical inhibition by alexidine dihydrochloride
(AD) stops the maturation of CL and impairs the assembly
of ETC complexes, leading to increased generation of ROS
(Figure 1).>>*° With the reaction of phosphatidylglycerol
with a second molecule of CDP-DAG, catalyzed by the CL
synthase (CLS1), premature CL is produced, which lacks a
tissue-specific fatty acid species composition.**** There-
fore, premature CL (pCL) undergoes a remodeling step,
in which a tissue-specific acylation pattern is formed. The
initial deacetylation of CL is catalyzed by a yet uni-
dentified member of the Ca®'-independent phospholi-
pases, which can be blocked by the inhibitor bromoenol
lactone (BEL) (Figure 1). The subsequent reacetylation
is catalyzed by one of three enzymes including mono-
lysocardiolipin (MLCL) acyltransferase (MLCLAT1),
acyl-CoA:lysocardiolipin acyltransferase (ALCAT1), or

CL Biosynthesis

tafazzin.*>*” The severe cellular defects in BTHS suggest
tafazzin as a key enzyme in CL remodeling under physio-
logical conditions. Tafazzin enzymatic activity is described
as a coenzyme A independent acyltransferase, exchanging
fatty acids between phospholipids and lysophospholipids.
In contrast to many other transacylases, tafazzin does not
form an enzyme-acyl intermediate, but its HX4D motif
enables the direct transfer of acyl groups onto
lysophospholipids bound to the active site in the enzyme.*®
Defects in the tafazzin mediated CL remodeling causes an
increase in the CL precursor MLCL and a decrease in total
CL amounts and in mature CL species. The resulting
increase in MLCL/CL ratios can be used as a diagnostic
marker for Barth syndrome.**”° MLCLAT-1 may play a
complementary role in CL remodeling, as overexpression
of MLCLAT-1 in BTHS lymphoblasts improved ROS emis-
sion, however besides increasing total CL levels it neither
restored CL acylation pattern nor improved respiratory
chain remodeling.>* ALCAT1 plays a role in catalyzing the
acylation with unsaturated long-chain fatty acids, which
are prone to peroxidation. ALCAT1 was found to play a
role to generate a peroxidation prone CL pool in context of
diet induced obesity in mouse.”** CL has a relatively long
half-life compared to other phospholipids.>>* The slow
turnover of CL was explained by its tight interactions with
the respiratory chain.”> When this association is lost, CL
may become more susceptible to degradation, contributing
to low CL levels in BTHS. Kinetic analyses found that the
biosynthesis rate was unaffected in patient skin fibroblasts
despite lower CL levels, supporting the model of acceler-
ated degradation. The enzymes involved in CL elimination
are not identified yet. Suggested candidates include the
cytosolic PLA2 (cPLA2)*® and the mitochondrial splice

CL Remodelling
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CL biosynthesis and remodeling in the inner membrane. Phosphatic acid (PA) and cytidine triphosphate (CTP) are

converted to CDP-DAG by the CDP-DAG synthase TAMMA41. The phosphatidylglycerol phosphate synthase 1 (PGS1) catalyzes the reaction
of CDP-DAG and glycerolphosphate to form phosphatidylglycerol phosphate (PGP). PGP is then dephosphorylated by the mitochondrial
protein-tyrosine phosphatase 1 (PTPMT1) to form phosphatidylglycerol (PG). The cardiolipin synthase 1 (CLS1) catalyzes the second
addition of CTP to form premature CL. The PTPMT1 inhibitor AD and the inhibitor of the calcium-independent phospholipases BEL is
indicated. CL remodeling is initiated by elimination of fatty acids (FAs) mediated by a member of the phospholipase iPLA2 family to from

monolysocardiolipn (MLCL). In the last step tafazzin catalyzes the incorporation of new FAs and the formation of mature CL. TAMMA41:
CDP-DAG synthase, CDP-DAG: cytidindiphosphate-diacylglycerol, PGS1: phosphatidylglycerol phosphate synthase, PGP:
phosphatidylglycerol phosphate, PTPMT1: protein-tyrosine phosphatase mitochondrial 1, PG: phosphatidylglycerol, CLS1: cardiolipin
synthase, iPLA2/iPLA2y/iPLA2-VIA/HSD10: calcium-independent phospholipases, AD: alexidine dihydrochloride, BEL: bromoenololactone
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variant cPLA2p3,%” the phospholipase HSD10 and the
phospholipase D (MitoPLD).*®

CL biosynthesis initiates from its precursor molecule
PA. PA is efficiently transported from the ER with the
help of two proteins PRELID1 and TRIAP1, which form
a heterooligomeric complex in the IMS. The formation of
this complex enables PRELID to extract PA from the
outer membrane. Structural analysis in yeast suggests
the coordination of a PA molecule in a central hydropho-
bic cavity of the PRELID1-TRIAP1 complex.” After its
transport across the intermembrane space and upon
binding to the IM, the complex associates with the IM, is
destabilized and TRIAP1 released. This allows PRELID to
interact with the IM and to release PA. The rapid turn-
over of PA to CL supports the directionality of the trans-
port reaction. Increasing CL concentrations cause
PRELID degradation by the i-AAA protease, regulating
CL accumulation in the inner membrane.*

In the “dimeric” structure of CL, two phosphatidic
acid moieties bond with a central glycerol backbone.
Therefore, CL possesses four different fatty acids, which
differ in length and saturation, forming a diversified CL
pool in different tissues.®" The characteristic CL pool of
the heart consists mostly of tetralinoleoyl-CL (CL
(18:2)).2 The CL acylation pattern is important for the
biochemical properties of this lipid within the mem-
brane.®® Despite the tissue specificity of the CL pool, the
substrate specificity of tafazzin is very low in vitro. It has
been suggested that the substrate specificity of tafazzin is
determined by the physical properties of the membrane.
Large protein structures like the respiratory chain induce
elastic stress in the molecular packing of lipids. The enzy-
matic activity of tafazzin catalyzes the remodeling of CL,
which allows the membrane to release packing stress and
to strive towards an energetic minimum. The particular
density of the respiratory chain complexes in cardiac tis-
sue might therefore explain the preferential incorpora-
tion of distinct acyl chains into cardiac CL species.®*®
This also explains that tafazzin activity supports different
CL compositions in different tissues. In contrast to its
role in maintaining CL with unsaturated fatty acids in
heart tissue, tafazzin knockdown in acute myeloid leuke-
mia (AML) cells produced CL acyl species with more
than 5 double bonds and longer chains.®®

It is increasingly recognized that tafazzin deficiency
also affects other phospholipid species. In cardiac tissue
of the tafazzin deficient mouse model, increased linoleic
acid content in phosphatidylcholine and an increase in
arachidonic acid in phosphatidylethanolamine was
reported.®” Tafazzin knockdown in acute myeloid leuke-
mia (AML) cells decreased levels of cardiolipin, as well as
phosphatidylethanolamine (PE) and increased levels of
phosphatidylserine (PS). The mechanism here was found
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in the PS decarboxylase (PISD), which converts PS to PE
in the IM. As recombinant PISD binds preferentially to
cardiolipin, and knockdown of tafazzin decreased protein
levels of PISD, it was concluded that reduced PS conver-
sion contributes to the phospholipid shift in AML cells.®®
Furthermore, decreased levels of plasmalogens in heart,
liver, kidney, brain and lymphocytes are documented in
the BTHS mouse model.®® Interestingly, plasmalogens
are ether lipids and prone to oxidation. Being preferen-
tially oxidized when exposed to ROS, plasmalogens
thereby act as “sacrificial oxidants” and spare the oxida-
tion of other membrane lipids.®® Therefore, a possible
explanation for decreased plasmalogen levels in BTHS is
their increased turnover after oxidation by a higher oxi-
dative burden in BTHS mitochondria.

4 | CARDIOLIPIN SHAPES
MITOCHONDRIAL MORPHOLOGY

Maintaining morphology is essential for mitochondrial func-
tion, and defects in morphology promotes apoptosis and cell
death.” In adult cardiomyocytes, mitochondria are aligned
longitudinaly between myofilaments (“interfibrillar”), are
located underneath the sarcolemma (“subsarcolemmal”) or
locate around the nucleus (“perinuclear”). Heart failure is
often associated with defects in mitochondrial dynamics
and changes in mitochondrial morphology.”! Increased
mitochondrial fragmentation has been described in diabetic
cardiomyopathy’> and ischemia/reperfusion injury.”*”’
Also in BTHS, morphological alterations have been
described in patients as well as in animal models of
tafazzin deficiency. Mitochondrial enlargement, concentric
layers of cristae or large vacuoles were observed in cardiac
muscle of tafazzin-deficient mice.” BTHS patient-derived
lymphoblasts reveal enlarged, sometimes giant, mitochon-
dria with substantial changes in the cristae structure.””*
CL is involved with many of the molecular processes shap-
ing mitochondrial morphology.

In most cell types, morphology of mitochondria is
maintained by fission (segregation) and fusion (merging)
of individual mitochondria which allows mixing of mito-
chondrial content,®* and proteins involved in fission and
fusion are highly expressed in cardiomyocytes.®*** The
dynamin-related GTPases Mfnl, Mfn2, OPA1 and Drpl
are involved in regulating the morphology of mitochon-
dria. Fusion of mitochondria is mediated by mitofusins
(Mfn) 1 and 2 and OPA1. Mfnl and Mfn2 are located on
the outer mitochondrial membrane.®* The formation of
hetero-oligomers tethers the outer membranes of oppos-
ing organelles and initiates membrane fusion. Mfnl
mediated fusion is activated by PA, which is produced by
the specific turnover of CL by the phospholipase
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MitoPLD® (Figure 2). The phospholipase PA-PLAI or
the phosphatase Lipin 1b hydrolyzes PA and antagonizes
PA-mediated activation of mitofusins.?® OPA1, located in
the inner membrane, regulates the fusion of the inner
membrane.*’ Alternative splicing and proteolytic processing
form long and short forms, which assemble into dimeric
complexes that regulate mitochondrial morphology.®®
Imbalanced OPA1 processing in cardiac tissue can cause
metabolic remodeling of the heart, resulting in dilated
cardiomyopathy.* CL promotes dimerization and induction
of OPA1 GTPase activity and acts as a binding receptor on
the opposing mitochondrion, which binds to the IMS
domain of OPA1.%>%*

Mitochondrial fission receptors, like Fisl, MFF,
MiD49 and MiD51% recruit cytosolic Drpl to the mito-
chondrial outer membrane (Figure 2). The dynamin
related GTPase Drpl is an important mediator of mito-
chondrial fission. Oligomerization of Drpl into helical
structures constricts the outer membrane. Drpl is regu-
lated by a small unstructured variable domain (VD),
which directly interacts with CL and promotes the oligo-
merization of Drpl.°*°® Decreased levels of Mfn2 and
OPA1l and increased levels of Drpl was observed in
human heart failure patients. Application of the CL-
interacting molecule SS31/Elamipretide normalized
the deregulation of proteins in human heart failure
patients.”’

Mitochondria interact closely with other organelles in
the cell, including lysosomes,”®'*° peroxisomes'*>'**> and

Fusion

Fission

Matrix Matrix

FIGURE 2
morphology of the mitochondrial network is maintained by fission

Role of CL in mitochondrial morphology. The

and fusion. Upon recruitment of cytosolic GTPase Drpl1 to the outer
membrane cardiolipin (CL) enhances the oligomerization required
for fission of mitochondria. Mitochondrial fusion of the outer
membrane is mediated by mitofusins (Mfn). The phospholipase
MitoPLD converts CL into phosphatidic acid (PA), which promotes
mitofusins mediated fusion. For fusion of the inner mitochondrial
membranes the GTPase Opal is required. CL promotes
dimerization and induction of Opal GTPase activity OM: outer
mitochondrial membrane, IMS: intermembrane space

the ER. Mitochondria-associated membranes (MAMsS)
approximate ER membranes to a distance of ~10 to
~50 nm.'*® A structural bridge between these organelles
is formed by Mfn2, which localizes partially also on
the ER membrane and interacts with Mfn1 on the mito-
chondrial outer membrane.'® The ER-mitochondria
communication is essential for adequate Ca®" signaling.
Ablation of Mfn2 caused decreased mitochondrial Ca**
uptake and reduces Ca”’" induced stimulation of the
Krebs cycle.'® The outer mitochondrial membrane pro-
tein FUNDCI is highly expressed in cardiac tissue, and
recent evidence suggests that its interaction with the IP;
Receptor (IPsR) in the ER contributes to the tethering of
both organelles.'*®

Mitochondrial cristae emerge from the inner bound-
ary membrane (IBM) into the matrix (Figure 3). Crista
junctions (CJs) play a particular role as diffusion barriers,
which segregate proteins involved in membrane fusion
and protein import in the IBM and proteins of the respi-
ratory chain in the cristae membranes. Thereby individ-
ual cristae act as independent bioenergetic units with
different membrane potentials.'®” The mitochondrial
contact site and cristae organizing system (MICOS) plays
a particular role in the structural organization of CIJ
(Figure 3)'® and allows to dynamically change their
structure depending on their metabolic state. CL stabi-
lizes the oligomerization of Micl0, a central component
of the Mic10/Mic26/Mic27-subcomplex.'® MIC26/Apoli-
poprotein O and Mic27/Apolipoprotein O-like belong to
the family of lipid binding apolipoproteins. Mic27 binds
to CL in vitro, and CL stabilizes the MICOS com-
plex.'® ™! Interestingly, the levels of Mic26 and Mic27
are positively correlated with protein levels of tafazzin.

e
R D D DR L A LN

FIGURE 3 Role of CL in MICOS assembly. Mitochondrial
cristae are maintained by the MICOS complex, consisting of the
proteins Mic27, Mic10, Mic26, Mic60, and Mic12. The complex
resides at the cristae junctions of the inner membrane. CL was
shown to bind to Mic27 and to stabilize stabilizes the MICOS
complex
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Mic26 and Mic27 strongly cooperate in maintaining CL
levels and are required for integrity and stability of the
respiratory chain complexes."'? Since in BTHS, mito-
chondrial morphology and in particular, cristae structure
is altered, it is also conceivable that the MICOS complex
is altered. In fact, complexome analyses of BTHS patient
skin fibroblasts revealed a shift towards higher molecular
weight forms of this complex, indicative for structural
complex remodeling. Surprisingly, this study also found
increased abundance of the MICOS complex compo-
nents, which may be explained by a compensatory
increase of gene expression.'*?

5 | THE ROLE OF CARDIOLIPIN IN
MITOCHONDRIAL METABOLISM

Membrane protein complexes interact in multiple ways
with the phospholipid bilayer. Direct interactions affect
conformation, oligomerization, stability and activity of
proteins. Indirect effects include biochemical properties
of the membrane, such as curvature, thickness, surface
charge and lipid packing density, which also affects
membrane protein properties."**'!> Changes in the struc-
ture of the respiratory chain complexes due to the
absence of CL is intensively studied in BTHS. CL plays a
role in the structural integrity and enzymatic activity of
all five complexes of the respiratory chain (Figure 4).
Structural analysis revealed specific binding sites for CL
in all complexes of the respiratory chain (complex I,'*
complex IIL"7'*® and complex IV*'®). An active role of

FIGURE 4 CLisinvolved in
respiration and Krebs cycle. The
mitochondrial respiratory chain
complexes I, ITI, and IV assembles into
large oligomeric structures, called

respirasomes. CL plays an essential role

in respirasome formation and activity.

CL also interacts with mitochondrial
carrier proteins such as the ADP/ATP
carrier. Essential functions of the Krebs
cycle, including the a-ketoglutarate
dehydrogenase (aKGDH), succinate
dehydrogenase (SDH) and aconitase are
defect in CL deficient cells. CL
molecules partially interacting with
membrane protein complexes are shown
in red. ANT, ADP/ATP carrier, MPC,
mitochondrial pyruvate carrier; Cyt c,

Cytochrome c; IM inner membrane;
IMS, intermembrane space
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CL in the enzymatic activity has been particularly suggested
for complexes III, IV, and V."**'?? Finally, CL facilitates the
formation of respirasomes, which are large supercomplexes
(I, III, and IV) in a defined stoichiometry."**"?° The close
proximity of the complexes in respirasomes increases the
efficiency of the electron translocation and minimizes the
risk for the generation of ROS.'*”"*° Analysis of BTHS
mitochondria indicates structural remodeling of the respira-
tory chain and a shift from high to low molecular weight
complexes. CL deficiency also affects the enzymatic activity
of individual complexes in the respiratory chain."*'"'**
Several enzymes of the Krebs cycle are also associated
to the inner membrane and are affected by CL deficiency
(Figure 4). The a-ketoglutarate dehydrogenase complex is
tightly associated with the matrix side of the IM and
serves as the entry point of a-ketoglutarate, derived from
glutamate into the Krebs cycle.”** This complex was
found to be structurally affected in human BTHS patient
fibroblasts, without a measurable decrease in its enzy-
matic activity.''® The succinate dehydrogenase (complex
IT) is an integral complex in the IM and reduced amounts
of this complex result in reduced enzymatic activity in
BTHS."**'*> Changes in the enzymatic activities of
aconitase were also reported in BTHS."*> In agreement
with reduced aconitase and succinate dehydrogenase
activity, metabolic flux analyses detected increased levels
of citrates and decreased level of fumarate in BTHS

induced pluripotent stem cell derived cardiomyocytes
(iPSC-CM)."*° In order to cover the metabolic demands
in the mitochondria, an intensive exchange of metabo-
lites across the IM is necessary, mediated by the family of

NADH NAD* ADP  ATP
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carrier proteins. The ADP/ATP carrier (ANT) is the most
abundant carrier protein and tightly interacts with CL in
the crystal structure.'**° Also, the phosphate carrier
(PiC), the monocarboxylate carrier (MCT1), the carni-
tine/acylcarnitine translocase, the pyruvate carrier and
the tricarboxylate carrier'*>'** belong to the family of
carrier proteins and it has been suggested that also these
complexes require CL for their activity.

Incomplete reduction of oxygen by the transfer of less
than four electrons causes the emission of ROS from the
cell. The respiratory chain and in particular, complexes I
and III are the main producers of ROS. Due to the struc-
tural changes of the respiratory chain in BTHS, ROS pro-
duction has been intensively studied. Whether ROS
emission in BTHS is increased is controversially dis-
cussed, currently. Tafazzin deficient yeast shows
increased levels of protein carbonylation, indicative of
increased ROS production.'** Immortalized lymphoblasts
from BTHS patients have slightly increased basal super-
oxide levels than control cells.*® ROS levels have been
also intensively studied in cardiac myocytes. In patient-
derived and genetically engineered (iPSC-CM), sparse
and irregular sarcomeres were documented, which corre-
lated with a weaker contractility in a “heart-on-chip”
model. Resolving excess levels of ROS with the scavenger
mitoTEMPO rescued the sarcomere disarray and
improved systolic function.'** Similarly, mito-Tempo nor-
malized mitochondrial ROS production and rescued car-
diac hypertrophy and contractile dysfunction in cardiac
myocytes with reduced tafazzin expression.’*> While all
these studies show increased ROS levels, the effect on
heart function remains controversial. In a tafazzin-
deficient mouse model, mitochondrial targeted catalase
(mCAT) was overexpressed. Mitochondrial H,O, emis-
sion and lipid peroxidation were increased in tafazzin
deficient mice, and this was normalized by over-
expressing mCAT. However, no difference in the devel-
opment of cardiomyopathy and muscle weakness was
found. Also, despite resolving oxidative stress, there
was no improvement in cardioskeletal myopathy.'*® In
contrast to the studies discussed above, a recent study did
not detect any increase in ROS production in a mouse
model of BTHS. The study tested 11 potential sites of
superoxide and H,O, production in isolated mitochon-
dria from heart and skeletal muscle from tafazzin defi-
cient mice at different ages. As there was no elevated
ROS production in heart tissue, the authors concluded
that mitochondrial ROS production unlikely contributes
to the development of cardiomyopathy in this mouse
model.**” In hypoxia, where a reverse electron flux
through complex I triggers a strong increase in ROS, ROS
production is even decreased in a tafazzin deficient
mouse embryonic mouse model.'*®

One potential reason for the different results is that
the emission of ROS depends on the balance between
ROS production and elimination, and these processes
depend on the metabolic state of the cell. Superoxide is
produced at the respiratory chain, particularly when the
respiratory chain is highly reduced.’**™° A structural
transition towards an inactive state of complex I is
involved in reducing ROS under conditions of ischemia.
Whether CL is involved in this protective deactivation of
complex I is not known. Superoxide is efficiently
removed by the superoxide dismutase, forming H,O,,
which is then converted to water by glutathione peroxi-
dase (GPX) and peroxiredoxin (PRX).">! These enzymes
are dependent on glutathione (GSH) and thioredoxin
(TRX), respectively, which is regenerated by NADPH.'**
NADPH is regenerated by enzymes, which are fueled by
the Krebs cycle: NADP"-dependent isocitrate dehydroge-
nase (IDP), malic enzyme and the nicotinamide nucleo-
tide transhydrogenase (Nnt). Therefore, the redox state
also strongly determines the ROS defense mechanisms.
Consequently, under conditions of more oxidized redox
state, superoxide production at the respiratory chain is
lower, but antioxidative capacity is also diminished.'>*'**
The balance of ROS production and elimination might be
optimal within a narrow range of an intermediate redox
potential.'>*

6 | DOES CARDIOLIPIN
MODULATE CALCIUM SIGNALING?

Ca®" is an essential regulator of excitation contraction
coupling in the heart. During the action potential, Ca®
Fenters cardiac myocytes via L-type Ca®>" channels and
activates ryanodine receptors (RyR2) to release Ca’"
from the sarcoplasmic reticulum (SR). Ca** release trig-
gers Ca®" binding to troponin C and induces contraction.
During diastole, Ca*" is rapidly exported across the cell
membrane via the Na*/Ca*" (NCX) exchanger and trans-
ported back into the SR via the SR Ca®'-ATPase
(SERCA).'> SERCA plays an important role in diastole
as it ensures sufficient Ca®* load in the SR and allows
muscle relaxation before the next systolic contraction.
Decreased SR Ca*" load is associated with many forms of
heart failure, including dilated cardiomyopathy.'**'*” In
a recent study in BTHS iPSC-CM, increased ROS levels
were shown to activate Ca®*/calmodulin-dependent pro-
tein kinase II (CamKII). CamKII mediated phosphoryla-
tion of RYR2 causes SR Ca”*" leak and contributes to
reduced systolic Ca*" transients and increased diastolic
Ca** levels in BTHS iPSC-CM and cardiomyocytes with a
cardiomyocyte specific tafazzin knockout. Altered Ca®"
handling contributes to an increased arrhythmia
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propensity in these BTHS models."*® During each cyto-
solic Ca®" transient, Ca®" is transmitted from the SR to
the mitochondrial matrix via MCU being in close associa-
tion with the RyRs of the SR, so-called SR-mitochondrial
Ca®" microdomains.’® Transmission of Ca** into mito-
chondria allows for mitochondrial Ca** homeostasis and
for the adaptation of mitochondrial metabolism with cel-
lular workload. Increases in cardiac workload accelerate
the turnover of ATP to ADP (Figure 5). The increased
ATP demand stimulates the activity of the mitochondrial
respiratory chain via ADP and enhances the turnover of
reducing equivalents. The higher demand for reducing
equivalents is compensated by a higher activity of the
dehydrogenases in the Krebs cycle.'®® Ca*" plays an
important role in activating Krebs cycle dehydrogenases,
including pyruvate dehydrogenase, isocitrate dehydroge-
nase and a-ketoglutarate dehydrogenase. By accelerating
the regeneration of NADH and FADH,, Ca®" secures
mitochondrial energy conversion. NADH regeneration is
also important to maintain the antioxidative capacity.
Glutathione peroxidase and peroxiredoxins require

SR
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NADPH, which is regenerated in an NADH dependent
manner by the nicotinamide nucleotide trans-
hydrogenase (NNT), which preferentially accepts NADH
from the a-ketoglutarate dehydrogenase, as well as
isocitrate dehydrogenase and malic enzyme.'' Therefore,
a transmission of cellular Ca®" into mitochondria allows
a tight coupling of energy supply and demand as well as
antioxidative capacity with cellular work.**

The transmission of Ca** from the SR into the mito-
chondria requires a tight structural association of RyR2
in the SR and the mitochondrial Ca®** Uniporter (MCU)
in mitochondria.'®* As Mfn2 interaction is an important
structural link between mitochondria and the SR, it was
speculated that a defective contact site might impair
mitochondrial Ca®" signaling (Section 4). However,
recent investigations shed light into a more direct link of
CL and mitochondrial Ca*" uptake. The MCU complex
consists of an oligomer of the protein MCU associating
with EMRE and the regulatory subunits MICU1, MICU2,
and MCUD.'**'” The regulatory subunits MICU1 and
MICU2 keep the MCU channel closed at low Ca®*"
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FIGURE 5

Redox homeostasis

Calcium release from the SR and mitochondrial energy production. Calcium released from the sarcoplasmic reticulum via

RyR is transmitted into mitochondria. A close proximity of RyR and the mitochondrial calcium uniporter (MCU) allows the direct
transmission of calcium into the mitochondrial matrix. Calcium activates matrix calcium-dependent dehydrogenases in the Krebs cycle and

induces synthesis of intracellular ATP to support cardiac contraction. Calcium export is mediated via the NCLX sodium exchanger. ATP,

adenosine triphosphate; MCU, mitochondrial calcium uniporter; NCLX, mitochondrial sodium/calcium exchanger; SR, sarcoplasmic

reticulum; RyR, ryanodine receptors; IMM, inner mitochondrial membrane; OMM, outer mitochondrial membrane; ROS, reactive oxygen

species
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concentrations and induce activation of the channel upon
elevated Ca®" concentrations.'®® Structural analyses rev-
ealed specific binding of CL to the MCU complex.'**'"°
While these studies showed a direct interaction of CL
with EMRE, also a binding of CL with the MCU protein
was recently suggested.'”* Furthermore, CL also interacts
with the regulatory subunits MICU1 and MICU2
in vitro,'”? indicating that CL has several interaction sites
in the MCU complex. CL was found to play an essential
role for the stability and activity of the MCU complex.
Consequently, B-lymphoblasts and cardiac tissue of
BTHS patients have reduced amounts of MCU."”" It can
be speculated that the absence of MCU causes a defect in
the regeneration of reducing equivalents in tafazzin defi-
cient mice. This is supported by studies on cardiac
myocytes from guinea pig using pharmacological inhibi-
tion of MCU or acceleration of Ca®" efflux by NCLX.
Inhibition of mitochondrial Ca®>" influx caused a defec-
tive regeneration of NAD(P)H and increased levels of
H,0, emission.'”*'”* Similarly, MCU deficient mouse
hearts show no defect in NADH regeneration at rest but
a significant defect under conditions of increased work-
load.'” However, to resolve this in more detail, further
studies are required to address the functionality of bioen-
ergetic coupling in tafazzin-deficient cardiac myocytes.

7 | THE MANY ROLES OF
CARDIOLIPIN IN STRESS
RESPONSE

Autophagy is an essential quality control mechanism as it
allows the bulk degradation of damaged or superfluous
cytoplasmic components. Autophagy is essential to main-
tain cardiac function under basal conditions in the adult
heart.®*'7¢17® Stress conditions such as ischemia/reperfu-
sion, cardiac hypertrophy and heart failure can trigger a
substantial increase in autophagy.'”® Autophagy deficient
mouse models show the accumulation of misfolded pro-
teins and dysfunctional organelles and develop cardiac
dysfunction. The mitochondria-specific form of autophagy
is called mitophagy. Dysfunctional mitochondria are
enclosed in a double membrane called phagophore, that
eventually fuses with the lysosome membrane, releasing
its content for degradation.'® CL plays an important role
in identifying dysfunctional mitochondria and targeting
them for mitophagy. The unique biochemical properties of
CL with two negative charges make CL a bona fide signal-
ing receptor. Under stress conditions CL, is externalized
and serves as a binding site for the recruitment of interac-
tion partners, executing autophagy.

The accumulation of enlarged and dysfunctional
mitochondria in BTHS indicates a defect in

mitochondrial clearance by mitophagy. Studies in yeast
deficient of CL biosynthesis have already suggested an
involvement of CL in the execution of mitophagy.'®" Sev-
eral aspects of mitophagy are found to be particularly
dependent on CL. Due to the limited size of the phago-
phore, mitochondria need to be separated from their net-
work by fission to be incorporated into phagophores. The
CL-dependent fission protein GTPase Drpl plays a criti-
cal role in generating mitochondrial fragments of appro-
priate size for turnover.'® In macrophages, the
immunity-related GTPase IRGM translocates from the
cytosol to mitochondria, where it specifically interacts
with CL and plays an essential role in mitochondrial fis-
sion upon mitophagy induction.'®® The activating factor
Beclin 1 interacts with CL on the OM, indicating a role
for CL in mitophagy induction.'®*'%® Also the adaptor
molecule LC3 and functionally similar adaptor mole-
cules, which label mitochondria for their degradation by
mitophagy, have a high affinity for CL.'*”'%® Interest-
ingly, a particular defect in the processing of LC3 was
recently identified in a cell model of Barth syndrome.'®
Consistent with this, studies in tafazzin deficient cell

models have revealed defective biogenesis of
mitophagosomes."*
8 | THERAPEUTIC CONCEPTS

IN BTHS

Gene therapy was tested using adeno-associated virus
(AAV)-mediated tafazzin expression in the tafazzin
knockdown mouse model.'”" Whereas global deletion of
tafazzin caused embryonic and neonatal lethality,
impaired growth, dilated cardiomyopathy, and skeletal
myopathy, adenovirus mediated tafazzin expression res-
cued these phenotypes. Cardiomyocyte-specific inactiva-
tion of tafazzin caused progressive dilated
cardiomyopathy, which was also prevented by the gene
therapy approach.'®® Other approaches rescued the CL
pool by blocking the CL phosholipase activity. Inhibiting
CL remodeling by the CL phosholipase prevents CL con-
version to MLCL.*® Therefore, a fully acylated CL pool
will be established, which differs from the mature pool in
its acylation pattern.*® This strategy was tested in a
tafazzin deficient Drosophila strain, where it reverted
a male sterility phenotype. Pharmacological inhibition of
phospholipase A2 in patient lymphoblasts restored CL
amounts in vitro.** However, genetic inactivation of
iPLA2c in the tafazzin knockdown model did not prevent
the decrease in tetralinoleyl CL. As iPLA2c belongs to a
large family of phospholipases with yet unknown sub-
strate specificities, these data indicate that iPLA2c is not
involved in CL remodeling in the mammalian heart.
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Pharmacological intervention targeting this protein fam-
ily might also have severe side effects and affects other
cellular processes, including the release of arachidonic
acid, apoptosis, and store-operated Ca>" entry.'® In an
alternative approach, deficient CL remodeling was
counteracted by the administration of linoleic acid as a
precursor molecule for CL biosynthesis. This approach
reestablished CL levels in a dose dependent manner in
fibroblasts from BTHS patients and rescued abnormali-
ties in the sarcomeric structure in patient derived
cardiomyocytes.'**

The tetrapeptide Elamipretide (SS-31) accumulates in
mitochondria based on its direct interaction with CL.'**
Elamipretide particularly prevents cytochrome ¢ medi-
ated ROS production. Under pathological stress, cyto-
chrome c undergoes conformational changes, which
induces a peroxidase-like activity causing large amounts
of ROS emission. CL locates in close proximity of the
active site of peroxidation and becomes itself a target of
peroxidation. Oxidized forms of CL reduce their interac-
tion with cytochrome c, allowing cytochrome c release
during apoptosis.’®> Elamipretide potently inhibited CL-
induced cytochrome c peroxidase activity. In animal
models of ischemia/reperfusion, Elamipretide protected
the structure of the mitochondrial cristae and
reestablished energy metabolism.'**'*> However, in a
phase II clinical trial (TAZPOWER trial, NCT0309879)
on 12 BTHS patients, treatment with Elamipretide did
not improve the 6-minute walking distance in patients.
Although this argues against a causative role of mito-
chondrial ROS in BTHS pathology, larger clinical trials
may reveal the long-term efficacy of Elamipretide
in BTHS.

9 | OTHER CARDIAC DISEASES
WITH CARDIOLIPIN DEFECTS

Diseases with a direct link to alterations in the CL pool,
besides Barth syndrome, comprise of Sengers disease
(OMIM 212350) and Dilated Cardiomyopathy with
Ataxia (DCMA, OMIM 610198). DCMA is associated
with ataxia, growth failure and dilated cardiomyopathy,
left ventricular hypertrabeculation and QT interval pro-
longation.'**'?” DCMA is an autosomal recessive disease
caused by mutations in the gene encoding DNAJCIO9.
This protein shares sequence similarities with proteins of
the mitochondrial protein import machinery of the IM,
but a defect protein import was not reported.'*®'%®
DNAJC19 interacts with prohibitins, a family of scaffold
proteins, required for the formation of lipid domains in
the inner mitochondrial membrane. It was speculated
that the role of this interaction is to promote the
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formation of a lipid environment, which is required for
the enzymatic function of tafazzin in CL remodeling.
This would explain significant changes in CL acylation
pattern in cellular models of DCMA.'*°

Sengers syndrome is manifested as hypertrophic car-
diomyopathy, congenital cataracts and 3-methylglutaconic
aciduria, skeletal myopathy and lactic acidosis.'®'*2%
Mitochondrial morphology is abnormal in Sangers syn-
drome, and defects in mitochondrial respiration and
in complexes I, III, IV, and V have been described. The
causative mutation for Sengers syndrome is in the gene
encoding the mitochondrial enzyme acylglycerolkinase
(AGK), which catalyzes the phosphorylation of
diacylglycerol (DAG) to form phosphodiacylglycerol, which
serves as a precursor molecule for the biosynthesis of CL
(see above). As AGK is also a component of the mitochon-
drial carrier translocase TIM22 and participates in protein
import of mitochondrial carrier proteins,*>*°* it is unclear
which of the two functions contribute mostly to the patho-
physiology of the disease. Changes in CL levels are also
involved in other cardiac modifications including ischemia/
reperfusion injury, diabetic cardiomyopathy and the
aging heart. Understanding the manifold functions of CL
will help designing therapeutic strategies for BTHS, Sangers
syndrome, DCMA and other cardiac diseases.

10 | CONCLUSIONS

Mitochondria are central hubs in cardiac metabolism and
play essential roles in energy metabolism, redox homeo-
stasis and ROS defense. Essential mitochondrial func-
tions are associated with the inner (or outer) membrane.
Many catalytic activities depend on the phospholipid CL,
which plays a role in mitochondrial protein transport,
shaping mitochondrial morphology, and is required for
mitochondrial biogenesis. As an integral component of
the respiratory chain, CL is directly involved in energy
conversion and also Krebs cycle functions. CL is also
important for the stability of the MCU, which controls
Ca** influx and metabolic regulation. Defects in the bio-
synthesis and remodeling of CL affects particularly tis-
sues with high-energy metabolism, such as the heart and
skeletal muscle. The treatment of diseases with CL
defects is an unmet clinical need and therefore, under-
standing the complex alterations that arise from CL
defects is a key step to develop efficient strategies to even-
tually improve or even heal Barth syndrome or its related
diseases.
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