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  Barth syndrome is an X-linked complex metabolic disor-
der caused by mutations in the gene tafazzin ( 1–4 ). Clinical 
manifestations of Barth syndrome include growth delay, hy-
pertrophic or dilated cardiomyopathy, exercise intolerance 
( 5 ), chronic or cyclic neutropenia, and 3-methylglutaconic 
aciduria type II, as well as accumulation in monolysocar-
diolipin (MLCL) which has characteristically defi ned Barth 
syndrome as a mitochondrial lipid disorder ( 6, 7 ). Tafazzin 
is a transacylase which sculpts the mitochondrial lipi-
dome, most notably cardiolipin, to maintain a stereoelec-
tronic environment conducive for effi cient bioenergetic 
function ( 8 ). However, the pleiotropic roles of tafazzin 
and cardiolipin (as well as its downstream sequelae) in 
regulating cellular signaling through modulation of meta-
bolic effi ciency, membrane dynamics, and multiple other 
mitochondrial functions have remained enigmatic ( 9   ). Re-
cently, an inducible tafazzin shRNA knockdown (Taz KD) 
mouse model of Barth syndrome was generated to gain 
mechanistic insights into the multifaceted roles of tafazzin 
and cardiolipin, to increase our understanding of the com-
plexity of alterations in Barth syndrome, and to develop 
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penetrating mechanistic insights into the role of tafazzin 
in regulating mitochondrial lipidomics, signaling, and bio-
energetic function have been defi ned, thereby identifying 
the complexity of alterations resulting from tafazzin loss of 
function and the multiple pathologies manifest in Barth 
syndrome patients. 

 MATERIALS AND METHODS 

 Materials 
 Synthetic phospholipids used as internal standards in mass 

spectrometric analyses were purchased from Avanti Polar Lipids 
(Alabaster, AL). Solvents for sample preparation and mass spec-
trometric analysis were purchased from Burdick and Jackson 
(Muskegon, MI) as well as Sigma Aldrich (St. Louis, MO). 

 Induction of the doxycycline inducible Taz KD mouse 
model of Barth syndrome 

 Developmental doxycycline induction of the Taz KD mouse 
model was performed in utero and maintained postnatally as pre-
viously described in detail ( 24 ). A syngeneic transgenic colony 
was generated by breeding several generations onto a C57BL/6J 
mouse background, which were used for all studies. Briefl y, dams 
were fed a 625 mg/kg doxycycline diet (Harlan Teklan) for 5 
days prior to mating. Upon initiation of mating with a shRNA 
tafazzin-positive heterozygote male, the diet was removed for 3 
days until a confi rmation of insemination was obtained at which 
time the male was removed from the cage and the doxycycline 
diet was returned to the breeding cage and maintained until the 
pups were weaned. The genotype of the mice was confi rmed by 
PCR as previously described ( 24 ) and male wild-type littermates 
and Taz KD mice were maintained on the doxycyline diet until 
two months of age at which time lipidomics and biochemical ex-
periments were performed for developmental characterization. 
Additional experiments were performed utilizing double genetic 
crossed mice [Taz KD×cardiolipin synthase transgenic (CLS-TG) 
and Taz KD×iPLA 2  �  knockout (KO)]. In these experiments, male 
mice were raised until 2 months of age without doxycycline in-
duction and at 2 months of age the mice were induced with doxy-
cyline until 4 months of age at which time the mice were sacrifi ced 
and experiments were performed. All wild-type mice were also 
maintained on a 625 mg/kg doxycycline diet as control. All ani-
mal procedures were performed in accordance with the Guide 
for the Care and Use of Laboratory Animals and were approved 
by the Animal Studies Committee at Washington University 
School of Medicine. 

 Multidimensional mass spectrometry-based shotgun 
lipidomic analysis of the cardiac lipidome 

 Briefl y, myocardial tissue was removed, washed with 10× di-
luted PBS and freeze clamped in liquid nitrogen for lipidomic 
analysis. Lipidomic analyses were performed as previously de-
scribed, using a modifi ed Bligh and Dyer extraction protocol 
( 26–28 ). Individual lipid extracts were reconstituted with 1:1 
(v/v) CHCl 3 /CH 3 OH, fl ushed with nitrogen, and stored at 
 � 20°C prior to electrospray ionization-MS using a TSQ Quan-
tum Ultra Plus triple-quadrupole mass spectrometer (Thermo 
Fisher Scientific, San Jose, CA) equipped with an automated 
nanospray apparatus (Advion Biosciences Ltd., Ithaca, NY) and 
customized sequence subroutine operated under Xcalibur soft-
ware. Enhanced MDMS-SL analysis of cardiolipins was performed 
with a mass resolution setting of 0.3 Thomson as described previ-
ously in detail ( 29 ). 

novel therapeutic approaches for treatment of this lethal 
disease. 

 Regulation and maintenance of the mitochondrial 
lipidome is critical for bioenergetic effi ciency, cellular 
signaling, and multiple other mitochondrial processes 
(e.g., fusion and fi ssion) ( 10–13 ). Mitochondria are com-
prised of a unique double bilayer membrane structure 
that facilitates the compartmentalization of multiple 
processes to effi ciently integrate mitochondrial func-
tion with cellular energy needs ( 11, 14, 15 ). A promi-
nent lipid regulator of mitochondrial inner membrane 
surface charge, molecular dynamics, and membrane cur-
vature is cardiolipin, which contains a unique tetra-acyl 
structure ( 12, 15, 16 ). Cardiolipin is a doubly charged 
mitochondrial phospholipid comprised of two phosphates, 
three glycerol groups, and four acyl chains ( 17–19 ). Regu-
lation of the content and molecular species composition 
of cardiolipin is critical for electron transport chain effi -
ciency, adenine nucleotide translocase activities, mito-
chondrial protein import, and uncoupling, as well as TCA 
cycle fl ux ( 20, 21 ). The molecular species composition of 
cardiolipin is dynamically regulated by integrated cellular 
control of cardiolipin de novo synthesis, phospholipase-
mediated deacylation, and membrane remodeling by the 
subsequent actions of either transacylase or acyltransferase 
activities that are coordinately regulated to lead to a ma-
ture cardiolipin molecular species distribution ( 22 ). Ad-
ditionally, because the remodeling of cardiolipin through 
transacylation harvests acyl chains from choline and 
ethanolamine glycerophospholipids, the dynamic balance 
of cardiolipin remodeling by transacylation versus acyl-
transferase activity is critical for the maintenance of mi-
tochondrial membrane architecture, surface charge, and 
molecular dynamics. Thus, the precisely regulated balance 
of cardiolipin synthesis, remodeling, and degradation ex-
erts tight regulatory control of mitochondrial membrane 
structure and function. 

 Herein, we examined the bioenergetic, lipidomic, and 
signaling mechanisms that were altered in a tafazzin loss-
of-function mouse model ( 23–25 ) that was predicted to 
recapitulate the pathology of Barth syndrome in an ani-
mal model thereby facilitating a greater understanding 
of the multiple processes contributing to hemodynamic 
dysfunction in Barth syndrome. Through utilization of 
integrated molecular, chemical, and lipidomic approaches 
in conjunction with high-resolution respirometry, multi-
ple novel mechanistic roles of tafazzin in regulating car-
diolipin and lysocardiolipin homeostasis and myocardial 
signaling have been identifi ed and their resultant effects 
on mitochondrial electron transport chain function, bio-
energetics, and cardiac transcriptomic networks delin-
eated. Additionally, we employed double crosses of genetic 
models of key enzymes involved in the cardiolipin remod-
eling process, namely cardiac myocyte-specifi c transgenic 
expression of cardiolipin synthase as well as the ablation 
of iPLA 2  �  in the Taz KD mouse model of Barth syndrome 
to investigate potential therapeutic strategies to attenu-
ate maladaptive cardiolipin remodeling. Thus, through 
the utilization of complementary transgenic approaches, 
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BSA, pH 7.4) and homogenized using 12–15 passes with a Tefl on 
homogenizer using a rotation speed of 120 rpm. Next, the homo-
genate was centrifuged for 5 min at 850  g , and the supernatant 
was collected and centrifuged at 7,200  g  for 10 min. The pellet 
was collected and resuspended in MIB without BSA. Mitochon-
drial protein content was determined using a BCA protein assay 
(Thermo Fisher Scientifi c, San Jose, CA). High-resolution re-
spirometry was performed using 50 µg of mitochondrial protein 
per 2 ml chamber with the substrate and inhibitor addition pro-
tocol previously described ( 27, 31 ). 

 Enzymatic characterization of electron transport chain 
and functional adenine nucleotide translocase activities 

 Complex I.   Complex I (NADH-ubiquinone oxidoreductase) 
activity was determined by measuring the decrease in the concen-
tration of NADH at 340 nm and 37°C as previously described ( 32, 
33 ). The assay was performed in buffer containing 50 mM potas-
sium phosphate (pH 7.4), 2 mM KCN, 5 mM MgCl 2 , 2.5 mg/ml 
BSA, 2  � M antimycin, 100  � M decylubiquinone, and 0.3 mM 
K 2 NADH. The reaction was initiated by adding purifi ed mito-
chondria (5  � g). Enzyme activity was measured for 5 min and 
values were recorded 30 s after the initiation of the reaction. Spe-
cifi c activities were determined by calculating the slope of the 
reaction in the linear range in the presence or absence of 1  � M 
rotenone (Complex I inhibitor). 

 Complex II.   Complex II (succinate decylubiquinone 2,6-
dichloroindophenol (DCIP) oxidoreductase) activity was de-
termined by measuring the reduction of DCIP at 600 nm as 
previously described ( 33, 34 ). The Complex II assay was per-
formed in buffer containing 25 mM potassium phosphate (pH 
7.4), 20 mM succinate, 2 mM KCN, 50  � M DCIP, 2  � g/ml rote-
none, and 2  � g/ml antimycin. Purifi ed mitochondria (5  � g) 
were added prior to initiation of the reaction. The reaction was 
initiated by adding 56  � M decylubiquinone. Specifi c activities 
were determined by calculating the slope of the reaction in the 
linear range in the presence or absence of 0.5 mM thenoyltrifl uo-
roacetone (Complex II inhibitor). 

 Complex III.   Complex III (ubiquinol-cytochrome c reductase) 
activity was determined by measuring the reduction of cyto-
chrome c at 550 nm and 30°C. The Complex III assay was per-
formed in buffer containing [25 mM potassium phosphate (pH 
7.4), 1 mM EDTA, 1 mM KCN, 0.6 mM dodecyl maltoside, and 32 
 � M oxidized cytochome c] using purifi ed mitochondria (1  � g). 
The reaction was initiated by adding 35  � M decylubiquinol. The 
reaction was measured following the linear slope for 1 min in the 
presence or absence of 2  � M antimycin (Complex III inhibitor). 
Decylubiquinol was made by dissolving decylubiquinone (10 mg) 
in 2 ml acidifi ed ethanol (pH 2) and using sodium dithionite as 
a reducing agent. Decylubiquinol was further purifi ed with cyclo-
hexane ( 32, 33, 35   ). 

 Complex IV.   Complex IV (cytochrome c oxidase) activity was 
determined by measuring the oxidation of ferrocytochrome c at 
550 nm and 25°C. The Complex IV assay was performed in buffer 
containing [10 mM Tris-HCl and 120 mM KCl (pH 7.0)] using 
purifi ed mitochondria (2.5  � g). The reaction was initiated by 
adding 11  � M reduced ferrocytochrome c and monitoring the 
slope for 30 s in the presence or absence of 2.2 mM KCN (Com-
plex IV inhibitor) ( 33, 36 ). 

 Complex V.   Complex V (F1 ATPase) activity was deter-
mined using a coupled reaction measuring the decrease in 

 Oxidized lipid metabolite analysis 
 Tissues ( � 100 mg) were quickly washed with cold PBS (pH 

7.4) solution, blotted, snap-frozen in liquid nitrogen, and 
stored at  � 80°C until extraction. For extraction, 2 ml of ice-
cold methanol/CHCl 3  (1:1 v/v with 1% HAc) and 2  � l of anti-
oxidant mixture (0.2 mg/ml BHT, 0.2 mg/ml EDTA, 2 mg/ml 
triphenylphosphine, and 2 mg/ml indomethacin in a solution 
of 2:1:1 methanol/ethanol/water) were added to the tissue 
samples. Internal standards (250 pg each of TXB2-d4, PGE2-d4, 
LTB4-d4, 12-HETE-d8, 13-HODE-d4, and 9,10-DiHOME-d4 in 5 
ul acetonitrile) were also added at this step  . The samples were 
immediately homogenized and subsequently vortexed several 
times during a 15 min incubation on ice. Next, 1 ml of ice-cold 
water was added to the sample which was briefl y vortexed and 
centrifuged at 1,500  g  for 15 min. The CHCl 3  layer was trans-
ferred to a new tube and the remaining methanol/water layer 
was reextracted with 1 ml of CHCl 3  and centrifuged at 1,500  g  
for 15 min. The combined CHCl 3  layers were dried down with 
N 2  and reconstituted in 1 ml of 10% methanol solution. 

 The reconstituted solution was immediately applied to a Stra-
ta-X solid phase extraction cartridge that had been precondi-
tioned with 1 ml of methanol followed by 1 ml of 10% methanol. 
The cartridge was then washed with 2× 1 ml of 5% methanol and 
additional solvent was fl ushed out with N 2  at a pressure of 5 psi. 
Eicosanoids were eluted with 1 ml of methanol containing 0.1% 
HAc. All cartridge steps were carried out using a vacuum mani-
fold attached to a house vacuum line. After the organic solvent 
was evaporated with a SpeedVac, the residues were derivatized 
with  N -(4-aminomethylphenyl)pyridinium (AMPP). 

 The derivatization with AMPP was performed as previously de-
scribed in detail ( 30 ). Briefl y, 12.5  � l of ice-cold acetonitrile/ N , N -
dimethylformamide (4:1, v:v) was added to the residue in the 
sample vial. Then 12.5  � l of ice-cold 640 mM [3-(dimethylamino)
propyl]ethyl carbodiimide hydrochloride in HPLC grade water 
was added. The vial was briefl y vortexed and 25  � l of 5 mM 
 N -hydroxybenzotriazole/15 mM AMPP in acetonitrile was added. 
The vials were vortexed briefl y and placed in a 60°C water bath 
for 30 min. 

 Arachidonic acid, linoleic acid, and docosahexaenoic acid 
metabolites were analyzed by LC/MS/MS. The metabolites 
were separated on a C18 reversed phase column (Ascentis Ex-
press, 2.7  � m particles, 150 × 2 mm), which was maintained at 
ambient temperature, using a mobile phase gradient (A, 0.1% 
glacial acetic acid in water; B, 0.1% glacial acetic acid in ace-
tonitrile) at a fl ow rate of 0.2 ml/min. The solvent gradient pro-
gram was 0–1.0 min, 5–20% B; 1.0–7.0 min, 20–25% B; 7.0–7.1 
min, 25–40% B; 7.1–20 min, 40–60% B; 20–21 min, 60–100% B; 
21–24 min, 100% B; and 24–25 min, 100% B to 5% B. A 20 min 
column was performed followed by equilibration of the column 
at 5% B for the next sample run. 

 Metabolites were analyzed using a hybrid tandem mass spec-
trometer (LTQ-Orbitrap, Thermo Scientifi c) via selected reac-
tion monitoring in positive ion mode with sheath, auxiliary, and 
sweep gas fl ows of 30, 5, and 1, respectively. The capillary tem-
perature was set to 275°C and the electrospray voltage was 4.1 kV. 
Capillary voltage and tube lens were set to 2 and 100 V, respec-
tively. Instrument control and data acquisition were performed 
using the Thermo Xcalibur V2.1 software. 

 Mitochondrial high-resolution respirometry 
 Mice used for experiments were sacrifi ced and the hearts were 

immediately removed and dissected on ice (4°C ambient tem-
perature). Briefl y, the dissected heart was placed in mitochon-
drial isolation buffer (MIB) (0.21 M mannitol, 70 mM sucrose, 
0.1 mM potassium-EDTA, 1 mM EGTA, 10 mM Tris-HCL, 0.5% 
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were also decreased including 18:2-18:2-18:2-20:3 and 
18:2-18:2-18:2-22:6 molecular species, respectively. Addi-
tionally, immature cardiolipin species containing 16:0 
and 16:1 fatty acyl chains accumulated after tafazzin 
knockdown including 18:2-18:1-18:1-16:0 and 18:2-18:1-
18:1-16:1/18:2-18:2-18:1-16:0 molecular phosphatidylglyc-
erol species. Quantitative analysis of lysocardiolipin revealed 
the accumulation of monolysocardiolipin (MLCL) mo-
lecular species in the inducible Taz KD mouse model, 
which were most abundantly represented by molecular 
species containing 18:1 and 16:0 acyl chains present in 
the biosynthetic precursor of CL, including 18:2-18:2-
18:1, 18:2-18:1-18:1, 18:1-18:1-16:0, and 18:2-18:1-16:0 
( Fig. 1C ). Unexpectedly, through the power inherent 
in untargeted mass spectrometric approaches, shotgun 
lipidomic analysis revealed the accumulation of dilyso-
cardiolipin (DLCL) molecular species, which were pre-
dominately comprised of 18:2-18:1 DLCL and 18:1-18:1 
DLCL in the Taz KD mouse model. All molecular species 
of MLCL and DLCL were confi rmed by accurate mass, 
MDMS-SL, and product ion analysis. Thus, the discovery 
of DLCL as well as the identifi cation of key metabolic 
intermediate molecular species in MLCL and DLCL 
demonstrates the critical role of tafazzin in the addition 
of acyl chains to MLCL to form mature CL molecular 
species. 

 Tafazzin defi ciency results in altered choline and 
ethanolamine glycerophospholipid molecular species 

 Cardiolipin molecular species remodeling involves 
the coordinated regulation of various phospholipase, 
acyltransferase, and transacylase activities. Mutants in tafazzin 
have previously been associated with defective transacylation 
of specifi c acyl chains from choline and ethanolamine glyc-
erophospholipid molecular species ( 3, 8 ). In the pres-
ent study, loss of tafazzin enzymatic activity in the Barth 
syndrome mouse model results in the accumulation of 
specifi c choline diacyl (D) glycerophospholipid molec-
ular species containing linoleic acid in the  sn -2 position, 
specifi cally D16:0-18:2 and D18:0-18:2 (  Fig. 2A  ).  Due to 
the increased linoleic acid content in choline glycero-
phospholipid molecular species, the utilization of lino-
leic acid to synthesize arachidonic acid by acyl chain 
elongation is also altered as evidenced by an increased 
content of 20:3- (an intermediate in the synthesis of 
20:4 from 18:2) and 20:4-containing molecular species 
(e.g., D18:0-20:3 and D18:0-20:4). Furthermore, molec-
ular species containing docosahexaenoic acid at their 
 sn -2 positions are decreased including D16:0-22:6 and 
D18:2-22:6, thus demonstrating an imbalance in the 
architectural restructuring of choline glycerophospho-
lipid molecular species. The increased presence of  � -6 
polyunsaturated fatty acids (i.e., linoleic acid and arachi-
donic acid) may partially account for the defi ciency of do-
cosahexaenoic acid because the biosynthesis of both 
 � -6 and  � -3 polyunsaturated fatty acids compete for 
the same enzyme systems. Interestingly, analysis of etha-
nolamine glycerophospholipid molecular species also dis-
played an overall increase in molecular species containing 

NADH concentration at 340 nm and 37°C as previously de-
scribed ( 37–39 ). The Complex V assay was performed in buf-
fer containing (50 mM Tris-HCl, 25 mM KCl, 5 mM MgCl 2 , 
4 mM Mg-ATP, 200 µM K 2 NADH, 1.5 mM phosphoenolpyru-
vate, 5 units pyruvate kinase, 5 units lactate dehydrogenase, 
2.5  � M rotenone, and 2 mM KCN) using purifi ed mitochondria 
(10  � g). The reaction was initiated by the addition of mito-
chondria and the reaction was monitored for 6 min. The slope 
in the linear range was used to calculate the reaction rate. Oligo-
mycin (2.5 mg/ml) (Complex V inhibitor) was added to desig-
nated cuvettes to calculate the specifi c Complex V activity. 

 Functional adenine nucleotide translocase activity 
 Measurement of functional adenine nucleotide translocase 

(ANT) activity was performed using isolated mitochondria 
(50 µg) with high-resolution respirometry. Briefl y, isolated mi-
tochondria were incubated with pyruvate (5 mM)/malate (5 mM), 
glutamate (10 mM)/malate (5 mM), palmitoyl- L -carnitine (20 µM)/
malate (5 mM), or succinate (10 mM)/rotenone (1 µM) and 
then stimulated with ADP (1.25 mM) for state 3 respiration. 
Once maximal stimulated oxygen consumption was achieved, 
atractyloside was injected at sequential concentrations be-
tween 50 pmol and 20 nmol to determine the linear inhibition 
of ANT under control of the various respiratory substrates as 
previously demonstrated ( 40–45 ). 

 Microarray analysis of the cardiac transcriptome 
 RNA was extracted from 2-month-old male WT and Taz KD 

mice using Trizol and the RNeasy extraction kit (Qiagen). RNA 
integrity was calculated and transcriptome analysis was performed 
using an Illumina BeadArray. Quantile analysis was utilized for 
postprocessing expression analysis. 

 Statistical analysis 
 Data were analyzed using a two-tailed unpaired Student’s 

 t -test. Differences were regarded as signifi cant at the * P  < 0.05, 
**/ #   P  < 0.01. All data are reported as the means ± SEM unless 
otherwise indicated. 

 RESULTS 

 Identifi cation of the cardiac cardiolipin phenotype of the 
developmental inducible Taz KD mouse model of Barth 
syndrome 

 We used a multidisciplinary approach to investigate 
the biochemical and biophysical mechanisms leading to 
mitochondrial dysfunction resulting from tafazzin loss 
of function in mice. Mass spectrometric analysis of myo-
cardial cardiolipin molecular species was performed by 
MDMS-SL analysis using the M + 1/2 isotopologue ap-
proach we previously developed ( 29 ). The results re-
vealed dramatic alterations in cardiolipin content and 
molecular species distribution induced by tafazzin loss 
of function (  Fig. 1A  ).  Quantitative analysis of cardio-
lipin molecular species revealed a dramatic decrease in 
linoleic (18:2)-enriched molecular species, most nota-
bly tetra-18:2 (18:2-18:2-18:2-18:2), which is the major 
molecular species of cardiolipin in myocardium ( Fig. 1B ). 
Importantly, the decrease in tetra-18:2 molecular species 
is a hallmark characteristic of Barth syndrome ( 46 ). Se-
lective cardiolipin molecular species containing dihomo-
 � -linolenic acid (20:3) or docosahexaenoic acid (22:6) 
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  Fig.   1.  Analysis of cardiolipin and lysocardiolipin 
in the myocardium of 2-month-old wild-type and Taz 
KD mice induced in utero. A: Spectral analysis of the 
0.5 isotopologue of the doubly charged cardiolipin 
molecular species revealed a dramatic decrease in 
remodeled cardiolipin molecular species, especially 
tetra-18:2 cardiolipin ( m/z  723.95) in Taz KD mice 
compared with wild-type littermates. B: Quantifi ca-
tion of cardiolipin molecular species using the tetra-
14:0 internal standard demonstrated a signifi cant 
decrease in 18:2-enriched molecular species and to 
a much lesser extent 22:6-containing species in the 
Taz KD mice compared with wild-type littermates. 
Molecular species below 0.2 nmol/mg protein were 
omitted from the fi gure for visual clarity. C: Analysis 
of lysocardiolipins revealed an increase in both 
dilysocardiolipin and monolysocardiolipin molecular 
species. Molecular species below 0.1 nmol/mg pro-
tein were omitted from the fi gure for visual clarity. 
Values represent the mean quantitative value of mo-
lecular species ± S.E. (N = 3 hearts per group; black 
bars, wild-type littermates; white bars, Taz KD mice). 
* P  < 0.05 level, ** P  < 0.01 level  .   
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 Decreased tafazzin activity results in altered myocardial 
generation of biologically potent oxidized signaling 
metabolites 

 Signaling metabolites generated from the oxidation of 
linoleic, arachidonic, and docosahexaenoic acids are po-
tent mediators of calcium homeostasis, infl ammation, and 
vascular regulation ( 47–51 ). Examination of Taz KD myo-
cardium revealed the complex dysregulation of oxidized 
18:2, 20:4, and 22:6 fatty acyl molecular species. Analysis of 
multiple eicosanoids revealed increases in 5-HETE and 11-
HETE as well as a decrease in 15-HETE content in Taz KD 
compared with the wild-type littermate myocardium (  Fig. 3A  ).  
Interestingly, cardioprotective EETs were unchanged in 
myocardium. Analysis of prostanoids revealed an increase 
in PGE 2 , PGF 2 �  , TXB 2 , 6keto-PGF 1 �  , and PGF 1 �   metabolites 
in the Barth syndrome mouse model that are likely to re-
sult in multiple pathologic alterations in infl ammation, 
ion channel function, and cellular signaling cascades. 

 The alteration of 18:2 fatty acyl chains in glycerophospho-
lipids in the Barth syndrome mouse model alters the pro-
duction of signaling molecules emanating from linoleic 

arachidonic acid at their  sn -2 positions as evidenced by 
plasmenyl (P) P16:0-20:4, D16:0-20:4, and D18:0-20:4 ( Fig. 
2B ), while molecular species containing docosahexaenoic 
acid remain largely unchanged including D16:0-22:6, 
D18:0-22:6, P16:0-22:6, and P18:0-22:6 molecular species. 
This overall imbalance in 18:2-, 20:4-, and 22:6-enriched 
molecular species driven by a defi ciency to incorporate 
18:2 fatty acyl groups into cardiolipin dramatically alters 
membrane biophysical properties and stereoelectronic 
relationships in the myocardium of the murine Barth 
syndrome model. These alterations will likely precipitate 
changes in the function of inner membrane protein com-
plexes resulting in bioenergetic ineffi ciency and altera-
tions in cellular signaling processes that utilize these 
polyunsaturated fatty acids as signaling molecules after 
their release by the action of phospholipases and their 
subsequent oxidation to biologically active signaling me-
tabolites. Thus, the myocardial lipidome of the Taz KD 
demonstrated dramatic pathologic alterations in lipid 
composition, and by inference, alterations in membrane 
biophysical properties. 

  Fig.   2.  Quantitation of myocardial choline and 
ethanolamine glycerophospholipid molecular spe-
cies in the Taz KD mouse model. A: Analysis of cho-
line glycerophospholipid molecular species revealed 
a selective increase in 18:2- and a decrease in 22:6-
enriched molecular species. B: Analysis of etha-
nolamine glycerophospholipids revealed an increase 
in specifi c 20:4-containing species. Values represent 
the mean quantitative value of molecular species ± 
S.E. (N = 3 hearts per group; black bars, wild-type lit-
termates; white bars, Taz KD mice). Values lower than 
0.5 nmol/mg protein were not presented for fi gure 
clarity. * P  < 0.05 level, ** P  < 0.01 level.   
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glutamate-stimulated oxidation was increased by 25% dur-
ing state 3 respiration in cardiac mitochondria isolated 
from the Taz KD mice compared with wild-type littermates, 
which suggests a dramatic shift toward the selection of 
amino acids for preferential substrate oxidation ( Fig. 4C ). 
In order to test the adaptability of mitochondria to the 
utilization of multiple substrates entering the TCA cycle, 
pyruvate and glutamate were employed to determine the 
dynamic flux of these TCA cycle substrates used in the 
wild-type and the Taz KD mouse model  . Utilization of 
pyruvate and glutamate as substrates demonstrated a 
15% decrease in state 3 respiration, suggesting that the 
redox capacity and metabolic fl exibility of the TCA cycle 
in isolated cardiac mitochondria from the Taz KD mice is 
defi cient relative to wild-type littermates ( Fig. 4D ). Com-
parison of multiple substrate combinations to drive state 
3 respiration by measuring substrate control ratios demon-
strated that fatty acid oxidation is markedly impaired in 
the Taz KD mouse model, yet amino acid fermentation 
utilizing glutamate appears to predominate as the prefer-
ential fuel to meet energetic demands ( Fig. 4E ). This se-
lective shift in substrate oxidation will lead to multiple 
downstream bioenergetic repercussions, because normal 
myocardium generally utilizes fatty acids and glucose un-
der physiological conditions and not amino acids as a pri-
mary fuel substrate. 

 Inhibition of tafazzin expression precipitates alterations 
in Complex III, Complex V, and glutamate-stimulated 
adenine nucleotide translocase activities 

 The effi ciency and enzymatic activity of the electron 
transport chain has been closely associated with alterations 

acid release by phospholipases. Analysis of the biologically 
potent oxidized metabolites of 18:2 fatty acid revealed 
decreases in 9-HODE, 9-oxoODE, and 9(10)-EpOME, but 
not other oxidized 18:2 derivatives, demonstrating selec-
tive metabolic channeling of the 18:2 fatty acyl chains pres-
ent in phospholipids due to decreased tafazzin-mediated 
transacylation ( Fig. 3B ). Investigation of 22:6 oxidized ali-
phatic chain content, which would be prone to oxidation 
due to its high degree of unsaturation, reveals a selective 
decrease in the anti-infl ammatory metabolites RVD1 and 
RVD2 in the Taz KD compared with wild-type control myo-
cardium ( Fig. 3C ). In contrast, DiHDoHE, DiHDPA, and 
HDoHE were unchanged. 

 Tafazzin defi ciency leads to altered myocardial substrate 
utilization for respiration 

 Alterations in the mitochondrial membrane lipidome 
precipitate bioenergetic ineffi ciency and impair adaptive 
alterations in substrate utilization during metabolic transi-
tions. In the present study, redistribution of acyl chains in 
cardiolipin and mitochondrial glycerophospholipids in 
the Taz KD model resulted in a shift in mitochondrial me-
tabolism in a substrate-specifi c manner. Pyruvate oxida-
tion was unaltered in isolated mitochondria from Taz KD 
cardiac mitochondria compared with wild-type littermates 
(  Fig. 4A  ).  However, fatty acid oxidation utilizing palmitoyl-
 L -carnitine as substrate was decreased by 25% during state 
3 respiration in Taz KD cardiac mitochondria compared 
with wild type. Moreover, this defi ciency was maintained 
upon addition of succinate, which would combine both 
Complex I and Complex II electron and proton dona-
tion through the respiratory chain ( Fig. 4B ). Surprisingly, 

  Fig.   3.  Myocardial generation of oxidized fatty acid metabolites is altered in the Taz KD mouse model. 
A: Oxidized arachidonic acid metabolites. B: Oxidized linoleic acid metabolites. C: Oxidized docosa-
hexaenoic acid (DHA) metabolites in wild-type and Taz KD mouse hearts. Values represent the mean 
(pg/mg tissue) ± S.E. (N = 6 hearts per group; black bars, wild-type littermates; white bars, Taz KD mice). 
* P  < 0.05 level, ** P  < 0.01 level.   
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to modulate ADP/ATP exchange in a substrate-specifi c 
manner to direct bioenergetic metabolite oxidation ( 52, 53 ). 
To investigate the differences between state 3 substrate uti-
lization in myocardium from the murine model of Barth 
syndrome, we measured functional ANT activity driven by 
pyruvate, glutamate, palmitoyl- L -carnitine, and succinate  . 
Analysis of functional ANT activity revealed a selective 6-fold 
increase in glutamate-stimulated activity in isolated cardiac 
mitochondria from Taz KD mice compared with wild-type 
littermates ( Fig. 5B ). This suggests that altering the mito-
chondrial lipidome infl uences the substrate selectivity of 
the ANT leading to downstream changes in electron trans-
port chain fl ux and coupling effi ciency. 

 Inducible Taz KD results in compensatory alterations in 
the myocardial transcriptome 

 To gain further molecular insight into the compensa-
tory mechanisms that result from alterations in the mito-
chondrial lipidome and myocardial membrane remodeling, 
we examined the cardiac transcriptome in the Taz KD 
mouse model of Barth syndrome. Gene Set Enrichment 
Analysis (GSEA) ( 54, 55 ) revealed dramatic increases in 
various processes involved in amino acid synthesis, protein 
translation, and amino acid metabolism in addition to 
increases in nucleotide metabolism, GTP hydrolysis, and 
folate metabolism, all of which suggest dramatic compen-
satory metabolic alterations in response to changes in the 
mitochondrial lipidome and the accumulation of lysocar-
diolipin (  Table 1  ).  Pathways that were transcriptionally 
downregulated included branched-chain amino acid ca-
tabolism as well as valine, leucine, and isoleucine degrada-
tion. Thus, the unexpected effects of increased amino acid 
synthesis and intraconversion in combination with the 
decreased catabolism of amino acids revealed dramatic 
alterations in amino acid and protein metabolism in re-
sponse to altered lipid remodeling in the mitochondrial 
membrane which collectively precipitated alterations in 
substrate utilization. 

 Removal of doxycycline from the diet for 2 months 
attenuates bioenergetic and lipidomic dysfunction in the 
inducible Taz KD mouse model 

 Utilizing the inherent genetic malleability of the in-
ducible Taz KD mouse model, we examined the effect of 
removal of doxycycline from the diet following treat-
ment to determine if the distinctive bioenergetic and 
lipidomic phenotype observed in the Taz KD model was 
restored to wild-type levels after removal of doxycycline. 
Following removal of the doxycycline from the diet for 
2 months, analysis of glutamate stimulated adenine nu-
cleotide translocase activity in Taz KD cardiac mitochon-
dria, which were 6-fold increased during knockdown 
( Fig. 5B ), were attenuated to wild-type level (supplementary 
Fig. IA). Additionally, high-resolution respirometry analysis 
of state 3 respiration under various substrates revealed an 
attenuation of palmitoylcarnitine, glutamate, and pyruvate/
glutamate-stimulated state 3 respiration in Taz KD mice 
compared with wild-type mice which were removed from 
doxycycline treatment for 2 months (supplementary Fig. IB). 

in the lipid composition of mitochondrial membranes and 
in the content and molecular species composition of car-
diolipin molecular species in particular ( 11, 12 ). Due to 
extensive alterations in cardiolipin molecular species com-
position and the accumulation of lysocardiolipin in car-
diac mitochondria isolated from Taz KD mice, we measured 
the activities of the electron transport chain complexes in 
wild- type mice and the mouse model of Barth syndrome. 
Examination of electron transport chain activities revealed 
a 45% decrease in Complex III activity and a 25% decrease 
in Complex V activity in cardiac mitochondria isolated 
from Taz KD mice compared with wild-type littermates 
(  Fig. 5A  ).  These results demonstrate the essential biophys-
ical role of alterations in mitochondrial membrane lipid 
composition in the Barth syndrome mouse model. 

 Regulation of ANT activity is partially regulated by the 
molecular composition of cardiolipin which has been shown 

  Fig.   4.  Cardiac mitochondrial substrate selectivity was altered in 
the Taz KD mouse model. High-resolution respirometry demon-
strated substrate-selective control of respiration utilizing (A) pyruvate, 
(B) palmitoyl- L -carnitine, (C) glutamate, and (D) pyruvate and glu-
tamate substrates for state 3 respiration. E: Comparative analysis 
of substrate control ratios revealed an overall decrease in palmitoyl- -
L -carnitine-stimulated respiration and an increase in glutamate-
stimulated respiration in Taz KD cardiac mitochondria compared 
with wild-type littermates. Values represent the mean oxygen con-
sumption (nmol/min/mg mitochondrial protein) ± S.E. (N = 5 
hearts per group; black bars, wild-type littermates; white bars, Taz KD 
mice). * P  < 0.05 level, ** P  < 0.01 level.   
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 Expression of cardiolipin synthase and inhibition of 
iPLA 2  �  in conjunction with Tafazzin defi ciency leads to 
altered cardiolipin and lysocardiolipin molecular species 

 Regulation of cardiolipin remodeling involves several 
enzymatic steps that could be modulated by pharmaco-
logic intervention to decrease maladaptive cardiolipin 
remodeling as observed in Barth syndrome due to Tafazzin 
defi ciency. To determine the potential therapeutic effi -
cacy of increasing cardiolipin synthase (CLS) expression 
or blocking iPLA 2  �  expression as a possible treatment 
for Barth syndrome, we generated a doubly transgenic 
mouse strain crossing the inducible Taz KD mice with a 
transgenic mouse strain that expresses human CLS in a 
cardiac myocyte-specifi c manner which was previously 
demonstrated to increase cardiolipin remodeling ( 40 ). 
Additionally, we crossed the inducible Taz KD mice with 
a strain that was null for iPLA 2  � , which is involved in the 
generation of monolysocardiolipin for the transacylation 
of acyl chains for cardiolipin remodeling ( 56 ). These ge-
netic models were used to interpret the potential to restore 
alterations in mitochondrial cardiolipin and lysocardiolipin 
composition and function due to tafazzin downregula-
tion in the murine model of Barth syndrome. Mass spec-
trometric analysis of the phospholipids of wild-type, Taz KD, 
Taz KD crossed with CLS-TG, and Taz KD crossed with 
iPLA 2  �  KO male mice at 4 months of age (2 months of 
doxycycline treatment) revealed distinct alterations in 
cardiolipin and lysocardiolipin molecular species. Anal-
ysis of immature cardiolipin molecular species enriched 
in 16:0, 16:1, and 18:1 acyl chains revealed that increased 
expression of cardiolipin synthase or ablation of iPLA 2  �  
under conditions of Taz KD increased the content of 
immature cardiolipin molecular species demonstrating 
that CLS and iPLA 2  �  maintain critical roles in the initial 
stages of cardiolipin remodeling and synthesis that is 
partially independent of the presence of tafazzin (  Fig. 6A  ).  
Additionally, tetra-18:2 cardiolipin was decreased in both 
double cross strains compared with Taz KD alone. Anal-
ysis of other 18:2-enriched CL species such as 18:3-18:2-
18:2-18:2, 18:2-18:2-18:2-18:1, and 18:2-18:2-18:1-18:1 
that can serve as reservoirs for sequential remodeling 
to mature tetra-18:2 cardiolipin revealed selective de-
creases in iPLA 2  �  KO×Taz KD compared with Taz KD 

The corresponding analysis of the cardiac lipidome also 
demonstrated a return toward wild-type levels after re-
moval of doxycycline from the diet. More specifi cally, high-
resolution MDMS-SL analysis of cardiolipin revealed that 
after 2 months of removal of doxycycline, cardiolipin, 
monolysocardiolipin, and dilysocardiolipin levels re-
turned to wild-type levels in the inducible Taz KD mouse 
model (supplementary Fig. IC). 

  Fig.   5.  Regulation of electron transport chain and 
adenine nucleotide translocase activities in Taz KD 
mice. A: Electron transport chain activities in isolated 
cardiac mitochondria revealed a selective decrease in 
Complex III and Complex V activities in the Taz KD 
mouse model compared with wild-type littermates. B: 
Analysis of the functional ANT activities driven by 
various substrates revealed a dramatic increase in glu-
tamate stimulated ANT activity in the Taz KD mouse 
model compared with wild-type littermates. Values 
represent the mean enzyme activity (nmol/min/mg 
mitochondrial protein, ETC) or (nmol cATR/mg 
protein, ANT) ± S.E. (N = 5 isolated cardiac mito-
chondria per group; black bars, wild-type littermates; 
white bars, Taz KD mice). ** P  < 0.01 level.   

 TABLE 1. GSEA for myocardial transcriptome changes in the 
inducible Taz KD model of Barth syndrome 

Gene Set Name (Number of Genes in Pathway)
Number of Genes 

Overlapped  P 

Increased gene expression
 Cytosolic tRNA aminoacylation 
  [Reactome] (23)

11 5.15 e  � 11 

 tRNA aminoacylation [Reactome] (40) 11 5.28 e  � 8 
 Aminoacyl tRNA biosynthesis [KEGG] (41) 11 7 e  � 8 
 Translation [Reactome] (120) 12 7.24 e  � 4 
 Peptide chain elongation [Reactome] (84) 9 2.06 e  � 3 
 Metabolism of nucleotides [Reactome] (71) 8 2.63 e  � 3 
 Purine metabolism [Reactome] (30) 5 3.07 e  � 3 
 Gene expression [Reactome] (425) 25 4.78 e  � 3 
 Valine, leucine, and isoleucine biosynthesis 
  [KEGG] (11)

3 5.21 e  � 3 

 Amino acid synthesis and interconversion 
  [Reactome] (12)

3 6.77 e  � 3 

 P53 hypoxia pathway [BioCarta] (23) 4 6.89 e  � 3 
 Viral mRNA translation [Reactome] (84) 8 7.39 e  � 3 
 GTP hydrolysis and Joining of the 60S 
  Ribosomal Subunit

9 9.65 e  � 3 

 Ribosome [KEGG] (88) 8 9.71 e  � 3 
 Metabolism of proteins [Reactome] (215) 14 1.44 e  � 2 
 Formation of a pool of free 4E 40S 
  subunits [Reactome] (95)

8 1.5 e  � 2 

 P53 pathway [BioCarta] (16) 3 1.56 e  � 2 
 ONE carbon pool of folate [KEGG] (17) 3 1.85 e  � 2 
 Unfolded protein response [Reactome] (19) 3 2.5 e  � 2 
 ATM pathway [BioCarta] (20) 3 2.87 e  � 2 
 EIF4 pathway [BioCarta] (24) 3 4.62 e  � 2 
Decreased gene expression
 Branched chain amino acid catabolism 
  [Reactome] (17)

3 1.17 e  � 2 

 IL12 pathway [BioCarta] (23) 3 2.69 e  � 2 
 Biopeptides pathway [BioCarta] (43) 4 3.38 e  � 2 
 Valine, leucine, isoleucine degradation 
  [KEGG] (44)

4 3.64 e  � 2 

 CREB pathway [BioCarta] (27) 3 4.09 e  � 2 

Data analyzed from GSE33452 using GSEA.
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and 18:1-18:1 DLCL   compared with Taz KD alone, suggest-
ing that iPLA 2  �  plays a critical role in the initial and rapid 
production of DLCL for cardiolipin remodeling in an acyl 
chain-specifi c manner ( Fig. 6B ). DLCL molecular species 
in CLS-TG×Taz KD mice were similar compared with Taz 
KD mice. Analysis of MLCL in CLS-TG×Taz KD mice com-
pared with Taz KD mice demonstrated an increase in im-
mature MLCL molecular species, such as 18:1-18:1-16:0, 
18:2-18:1-18:1, 18:2-18:1-18:0/18:1-18:1-18:1, and 18:1-18:1-18:0 
MLCL which refl ects the enhanced biosynthesis of na-
scent cardiolipin species resulting from the overexpres-
sion of CLS in the presence of normal phospholipase 
activity and defi cient tafazzin activity. Alterations in DLCL 
in the iPLA 2  �  KO×Taz KD mice were refl ected in changes 
in the distribution of MLCL due to substrate selectivity 
as manifest by a specifi c decrease in 18:2-18:2-18:2 and 

alone, suggesting that iPLA 2  �  is selectively involved in 
sculpting 18:2 containing immature cardiolipin species in 
synchrony with tafazzin to generate more mature cardio-
lipin molecular species by deacylation/reacylation cycling. 
Furthermore, cardiolipin molecular species containing 
20:3 and 22:6 (such as 18:2-18:2-18:2-20:3, 18:2-18:2-18:3-
22:6, and 18:2-18:2-18:2-22:6) were signifi cantly decreased 
in both double cross strains compared with Taz KD alone 
suggesting the importance of mutual function of CLS or 
iPLA 2  �  with tafazzin in cardiolipin remodeling through 
regulating synthesis and hydrolysis of immature cardio-
lipin species prepared for remodeling acylation. 

 MDMS-SL analysis of DLCL and MLCL revealed altera-
tions in the selectivity of molecular species generated by 
the two double crosses. DLCL analysis of iPLA 2  �  KO×Taz 
KD mice revealed a 30% decrease in 18:2-18:2, 18:2-18:1, 

  Fig.   6.  Genetic manipulation of enzymes involved 
in cardiolipin remodeling does not prevent maladap-
tive remodeling of tetra-acyl cardiolipin, but instead 
alters lysocardiolipin molecular species. A: Quantita-
tive analysis of cardiac cardiolipin molecular species 
in 4-month-old mice induced with doxycycline for 2 
months (starting at 2 months of age) revealed differ-
ential alterations in molecular species in the Taz KD 
mice crossed with the cardiac-specifi c CLS-TG mice 
or the iPLA 2  �  KO mouse model. B: Analysis of dilyso- 
and monolysocardiolipin molecular species revealed 
substrate specifi city associated with the role of iPLA 2  �  
in cardiolipin remodeling in the absence of tafazzin 
as demonstrated by the iPLA 2  �  KO×Taz KD mouse 
model, with fewer changes represented in the CLS-
TG×Taz KD mouse model. Values represent the mean 
quantitative value of molecular species ± S.E. (N = 3 
hearts per group; black bars, wild-type littermates; 
white bars, Taz KD mice; gray bars, CLS-TG×Taz KD; 
hatched bars, iPLA 2  �  KO×Taz KD  ). * P  < 0.05 level, 
 #  P  < 0.01 level.   
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provide further mechanistic insight into the role of tafazzin 
in the temporal lifecycle of cardiolipin as well as identify 
potential phospholipid substrate donors used for the 
transacylation of lysocardiolipin acceptors. Tafazzin defi -
ciency results in the dynamic redistribution of unsaturated 
acyl chains in the mitochondrial lipidome (primarily in 
choline and ethanolamine glycerophospholipids) thereby 
impacting membrane biophysical properties and signaling 
through alterations as a reservoir of linoleic, arachidonic, 
and docosahexaenoic fatty acids for release by phospholi-
pases and subsequent oxidation. 

 Interestingly, loss of tafazzin function in myocardium 
leads to changes in the mitochondrial lipidome resulting 
in the dysregulated generation of potent oxidized deriva-
tives of polyunsaturated fatty acids. Thus, tafazzin serves as 
a previously unrecognized regulator of multiple processes 
leading to changes in the vasoresponsive and infl amma-
tory capacity of myocardium in Barth syndrome presum-
ably through its ability to infl uence acyl chain location in 
phospholipids, the activity of distinct phospholipases, 
and/or channeling of polyunsaturated fatty acid substrates 
to a variety of lipoxygenases, cyclooxygenases, and cyto-
chrome P450 enzymes. We specifi cally note that oxidized 
lipid metabolites also serve as key regulators of ion chan-
nel function as well as calcium homeostasis which likely 
modulate myocardial function in complex metabolic dis-
ease such as Barth syndrome ( 50, 51, 68 ). Additionally, 
because these oxidized molecules originate from the mito-
chondria, it would appear that mitochondria in Barth syn-
drome may also impact mitokine signaling precipitating 
maladaptive alterations in lipid metabolism, signaling, and 
bioenergetics. 

 A comprehensive interrogation of mitochondrial bio-
energetics in Barth syndrome myocardium has previ-
ously been hindered due to lack of suffi cient appropriate 
specimens to adequately investigate the full spectrum 
of bioenergetic capacity. The inducible Taz KD mouse 
model described in the present study represents a valu-
able tool for investigation of mitochondrial function as 
an experimental model of Barth syndrome. Herein, we 
demonstrate that cardiac mitochondria isolated from 
tafazzin-defi cient mice are capable of undergoing effec-
tive coupled respiration even with a severe defi ciency of 
mature tetra-acyl cardiolipin as well as the accompanied 
accumulation of lysocardiolipin species (MLCL and DLCL). 
High-resolution respirometric analysis of isolated cardiac 
mitochondria revealed defi ciencies in fatty acid oxidation, 
which was compensated by increased glutamate-stimulated 
metabolism, thus demonstrating a characteristic shift in the 
fl ux of the TCA cycle and substrate preference of cardiac 
mitochondria to select amino acid fermentation over 
the normally preferred fatty acid metabolism. This phe-
nomenon was further supported by alterations in key tran-
scriptional pathways indicating that tafazzin defi ciency 
precipitates altered cardiolipin remodeling thereby re-
sulting in a preferential substrate shift toward de novo 
amino acid biosynthesis as well as increased amino acid 
utilization by the TCA cycle. These data appear to sup-
port the previous fi nding of increased whole-body protein 

18:2-18:2-18:1 MLCL molecular species compared with 
Taz KD mice, thus demonstrating a critical role of iPLA 2  �  
in the temporal and sequential remodeling of DLCL 
and MLCL toward a mature cardiolipin molecular species 
distribution. 

 DISCUSSION 

 Deconvolution of the biophysical, temporal, and inte-
grated roles of cardiolipin, its metabolic intermediates 
(MLCL and DLCL), as well as the integrated processes by 
which cardiolipin is remodeled represents a paramount 
goal to understanding the mechanisms by which the mito-
chondrial membrane regulates bioenergetic homeostasis 
( 57 ). Alterations in cardiolipin molecular speciation are 
evident in a variety of metabolically complex diseases such 
as diabetes, heart failure, Tangiers disease, cancer, hyper-
thyroidism, and neurodegeneration, as well as Barth syn-
drome ( 21, 33, 58–66 ). Thus, associating the specifi c roles 
of cardiolipin molecular species with their causative effects 
on bioenergetic capacity and metabolic fl ux is a critical 
objective to develop therapeutic strategies targeting the 
mitochondrial lipidome to reestablish bioenergetic ho-
meostasis in a variety of complex metabolic diseases. The 
results of the present study investigating cardiac bioener-
getic, lipidomic, and signaling mechanisms in the Taz KD 
mouse model of Barth syndrome demonstrate:  i ) clear re-
semblance of the mouse model to the human condition 
resulting in the accumulation of MLCL with the unex-
pected accumulation of DLCL;  ii ) altered distribution of 
acyl chains in choline and ethanolamine glycerophospho-
lipids;  iii ) dysregulated generation of potent oxidized lipid 
metabolites critical for hemodynamic function;  iv ) a shift 
in preference for glutamate-stimulated oxidation; and  v ) 
an inability of the regulation of cardiolipin synthetic or 
mitochondrial phospholipase activities to attenuate altered 
cardiolipin remodeling in the tafazzin shRNA Barth syn-
drome mouse model. 

 The phenotype associated with Barth syndrome is intri-
cately intertwined with the loss of tafazzin function, which 
sculpts and maintains the optimal cardiolipin molecular 
species distributions to coordinate metabolic homeostasis 
( 3 ). The primary cause of death in those affl icted with 
Barth syndrome is heart failure; however, tools to experi-
mentally dissect the complex molecular pathophysiol-
ogy of this phenotype did not exist until the generation 
of the experimental mouse model of Barth syndrome 
which mimics the pathophysiologic condition in humans 
( 23, 24 ). Importantly, the inducible Taz KD mouse model 
presents with cardiomyopathy as well as several other traits 
characteristic of Barth syndrome ( 25 ). A hallmark of Barth 
syndrome is the characteristic accumulation of MLCL, 
which is primarily quantifi ed to confi rm a diagnosis ( 67 ). 
Untargeted MDMS-SL analyses of cardiolipin species in 
myocardium from the Taz KD mouse model revealed a 
dramatic depletion of tetra-acyl CL species as well as a sig-
nifi cant increase in MLCL species in addition to an unex-
pected increase in DLCL molecular species. These results 
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components of the initial remodeling machinery to maintain 
a homeostatic balance of cardiolipin molecular species. 

 Although the doxycycline-inducible knockdown con-
struct provides a malleable genetic tool for the investiga-
tion of bioenergetic and lipidomic remodeling associated 
with tafazzin defi ciency, several additional caveats should 
be considered in regard to the use of tetracycline-inducible 
promoters used in numerous genetic models. Tetracyclines, 
including doxycycline, have previously been associated 
with modulation of secretory phospholipases ( 84, 85 ) as 
well as the inhibition of metalloproteinases, downregula-
tion of cytokines, and cell proliferation ( 86 ), all of which 
should be considered in regard to the phenotypic charac-
terization of the Barth syndrome mouse model. Because 
the inducible Taz KD mice were compared with wild-type 
age-matched littermates also fed a doxycycline-enriched 
diet, the differential phenotype displayed represents the 
pathological changes induced by cardiac myocyte tafazzin 
defi ciency. Furthermore, it was previously reported that 
the level at which doxycycline or tetracyclines inhibited 
these biological processes in vitro far exceeds the pharma-
cological dose that would be administered in vivo ( 86, 87 ), 
thus demonstrating the strength of the pathological fi nd-
ings manifest during tafazzin defi ciency that are reversible 
upon its reexpression. 

 In summary, the inducible Taz KD mouse represents an 
effi cacious model system that recapitulates many of the 
underlying myocardial lipidomic and bioenergetic pheno-
types present in Barth syndrome. Moreover, the use of this 
model in conjunction with integrated analytic technolo-
gies has allowed increased understanding of the complex-
ity of molecular alterations resulting from tafazzin loss of 
function that likely exist in Barth syndrome patients. Our 
results demonstrate that tafazzin loss of function results in 
profound alterations in the myocardial lipidome, deleteri-
ous changes in bioenergetic fl ux, and altered signaling 
processes that collectively contribute to the pathology of 
Barth syndrome.  
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