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Abstract
Barth Syndrome (BTHS) is an inherited cardiomyopathy caused by defects in the mitochondrial transacylase TAFAZZIN 
(Taz), required for the synthesis of the phospholipid cardiolipin. BTHS is characterized by heart failure, increased propensity 
for arrhythmias and a blunted inotropic reserve. Defects in  Ca2+-induced Krebs cycle activation contribute to these functional 
defects, but despite oxidation of pyridine nucleotides, no oxidative stress developed in the heart. Here, we investigated how 
retrograde signaling pathways orchestrate metabolic rewiring to compensate for mitochondrial defects. In mice with an induc-
ible knockdown (KD) of TAFAZZIN, and in induced pluripotent stem cell-derived cardiac myocytes, mitochondrial uptake 
and oxidation of fatty acids was strongly decreased, while glucose uptake was increased. Unbiased transcriptomic analyses 
revealed that the activation of the eIF2α/ATF4 axis of the integrated stress response upregulates one-carbon metabolism, 
which diverts glycolytic intermediates towards the biosynthesis of serine and fuels the biosynthesis of glutathione. In addi-
tion, strong upregulation of the glutamate/cystine antiporter xCT increases cardiac cystine import required for glutathione 
synthesis. Increased glutamate uptake facilitates anaplerotic replenishment of the Krebs cycle, sustaining energy produc-
tion and antioxidative pathways. These data indicate that ATF4-driven rewiring of metabolism compensates for defects in 
mitochondrial uptake of fatty acids to sustain energy production and antioxidation.
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Abbreviations
1C  One carbon metabolism
BTHS  Barth Syndrome
CL  Cardiolipin
DCM  Dilated cardiomyopathy
DNP  2,4-Dinitrophenol
ER  Endoplasmic reticulum
FA  Fatty acid
GSH  Glutathione
GPX  Glutathione peroxidase
IOD  Integrated optic density
ISR  Integrated stress response
KD  Knockdown
LVAD  Left ventricular assist device
MEF  Mouse embryonic fibroblast
OCR  Oxygen consumption rate

PCR  Polymerase chain reaction
ROS  Reactive oxygen species
Taz  Tafazzin gene
Taz-KD  Inducible TAZ knockdown mice
TIC  Total ion chromatogram
WT  Wild type

Introduction

Mitochondrial disorders are extremely heterogeneous and 
often involve a variable degree of neurological, muscular, 
and cardiac manifestations. Since the heart relies primar-
ily on mitochondrial oxidative metabolism to sustain the 
energy-demanding processes of cardiac contraction and 
relaxation, impairment in oxidative phosphorylation is a 
central driver of cardiomyopathy. However, little is known 
about the consequences of mitochondrial dysfunction on 
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metabolic pathways in cardiac myocytes. Barth syndrome 
(BTHS) is a mitochondrial disorder characterized by early 
onset of cardiomyopathy, skeletal muscle myopathy, immune 
defects, and growth retardation [4]. The pathogenic muta-
tion resides in the X-chromosome-linked gene encoding the 
mitochondrial transacylase tafazzin (Taz), which catalyzes 
maturation of the mitochondrial phospholipid cardiolipin 
(CL) [9]. Loss of Taz function depletes mature forms of 
CL, alters its acylation pattern, and increases abundance 
of the CL precursor monolysocardiolipin [43]. In BTHS, 
the abnormal lipid composition of the inner mitochondrial 
membrane affects mitochondrial morphology and alters 
the structural organization of respiratory chain “supercom-
plexes” (respirasomes), thereby impairing ATP production 
[26, 37]. Inefficient electron transfer can lead to excessive 
reactive oxygen species (ROS) formation at the respira-
tory chain, imposing an increased requirement for reducing 
equivalents to sustain ROS elimination [18, 85]. Besides 
the respiratory chain, also other macromolecular complexes 
located in the inner mitochondrial membrane are affected 
by CL depletion, including succinate dehydrogenase [27], 
pyruvate dehydrogenase (PDH) [56] and the mitochondrial 
 Ca2+ uniporter (MCU) [6, 34].

Ca2+ taken up via the MCU is required to stimulate rate-
limiting dehydrogenases of the Krebs cycle during cardiac 
workload transitions. The Krebs cycle produces reduced nic-
otinamide adenine dinucleotide (NADH) not only for ATP 
production, but also reduced nicotinamide adenine dinucleo-
tide phosphate (NADPH) to eliminate hydrogen peroxide 
 (H2O2) via the glutathione peroxidase (GPX) and the thiore-
doxin/peroxiredoxin systems [5]. Defects in cytosolic and 
mitochondrial  Ca2+ handling contribute to energetic deficit 
and oxidative stress in heart failure [5, 51]. We reported pre-
viously that mice with global short hairpin-mediated knock-
down of Taz (Taz-KD) show alterations in CL, typical for 
BTHS patients [27]. Furthermore, these mice develop heart 
failure with preserved ejection fraction, a blunted inotropic 
response to β-adrenergic stimulation and predisposition to 
arrhythmias [6], closely resembling the clinical phenotype of 
the majority of patients with BTHS cardiomyopathy who do 
not deteriorate towards death or transplantation [20, 74, 75]. 
Conversely, in the latter patients, a phenotype of dilated car-
diomyopathy develops [20], which is reflected more closely 
by a mouse model with a complete knock-out of Taz with 
severe systolic dysfunction [58, 86]. In contrast to this, more 
severe form of BTHS cardiomyopathy, in which increased 
mitochondrial ROS were observed [58], we [6] and others 
[35] did neither observe an increase in mitochondrial ROS in 
isolated mitochondria, isolated cardiac myocytes nor in vivo 
in Taz-KD hearts. This was against our expectations, since 
we discovered severe MCU downregulation in Taz-KD 
hearts, which compromised Krebs cycle-dependent NAD(P)
H regeneration during cardiac workload transitions, which 

based on our previous work [51], should lead to an increase 
in mitochondrial emission of  H2O2. Despite this lack of 
increase in mitochondrial ROS, mitochondrial NADH and 
NADPH oxidation contributed to cellular arrhythmias and 
slowing of electrical conduction [6]. We reasoned that 
upregulated protein expression of  H2O2-eliminating GPX1 
might prevent oxidative stress in Taz-KD hearts [6]. How-
ever, the mechanisms that upregulate these proteins and alter 
metabolic pathways that fuel these antioxidative systems in 
BTHS are completely unknown.

The transcriptional response to organelle dysfunction 
is typically orchestrated by retrograde signaling pathways 
that maintain cellular homeostasis in response to diverse 
environmental and pathological conditions. The integrated 
stress response (ISR) is an evolutionarily conserved signal-
ing pathway, activated in response to mitochondrial dysfunc-
tion, altered proteostasis, nutrient deprivation, and oxidative 
stress [21, 48, 64, 80]. Cellular stressors trigger the ISR by 
activating the specialized sensor kinases GCN2, PKR, HRI 
and PERK that catalyze phosphorylation of the eukaryotic 
initiation factor 2α (eIF2α), a component of the initiator 
complex of cytosolic protein translation [23, 42, 70]. eIF2α 
phosphorylation leads to a general reduction in ribosomal 
translation and at the same time, triggers the preferred trans-
lation of a selected set of genes, such as the basic region-
leucine zipper activating transcription factor 4 (ATF4) [40]. 
Stress-induced activation of ATF4 induces expression of 
genes involved in serine biosynthesis and one-carbon (1C) 
metabolism [42] by its affinity for the amino acid response 
element (AARE) in the promoters of responsive genes 
(Fig. 1) [48, 64, 80]. This 1C metabolism supports numerous 
cellular processes, including purine and thymidine biosyn-
thesis, and is pivotal to amino acid homeostasis [25]. Fur-
thermore, 1C metabolism plays a central role in maintaining 
cellular antioxidant defense: conversion of serine to glycine 
fuels glutathione (GSH) synthesis, and reduction of NADPH 
by the cytosolic and mitochondrial methylenetetrahydro-
folate dehydrogenase isozymes (MTHFD1 and MTHFD2, 
respectively) can impact the NADPH/NADP+ ratio (Fig. 1) 
[29]. However, the role of ATF4 signaling and its implica-
tion on cardiac metabolism in the heart is currently only 
incompletely resolved.

In BTHS, exercise intolerance is closely associated 
with defects in cardio-skeletal substrate metabolism. Dur-
ing sub-maximal exercise, the physiological increase in 
total FA oxidation rate is blunted in patients with BTHS, 
which was associated with decreased phosphocreatine 
(PCr) to ATP ratios in skeletal muscles and the heart 
[12]. Furthermore, reduced myocardial FA extraction 
and uptake at rest correlated with cardiac dysfunction 
in BTHS patients [13]. In contrast, myocardial glucose 
extraction and utilization are increased in BTHS patients, 
while the exercise-induced increase in total glucose 
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oxidation is blunted and lactate accumulation increased 
[12, 13]. These data indicate that substantial metabolic 
rewiring occurs in hearts of BTHS patients, with a sub-
strate switch away from FA towards glucose utilization, 
despite compromised glucose oxidation in mitochondria. 
However, the underlying mechanisms of this metabolic 
switch are currently unresolved.

Here, we demonstrate that metabolic alterations in 
BTHS are associated with an activation of the ATF4 sign-
aling cascade to increase cystine uptake, serine to glycine 
conversion and 1C metabolism to support GSH biosynthe-
sis. Furthermore, ATF4 controls glutamate metabolism, 
which on one hand serves to maintain anaplerotic refu-
eling of intermediate metabolism to secure energy conver-
sion, and on the other hand, to facilitate cystine uptake via 
the xCT system for the synthesis of glutathione. Together, 
these results identify a comprehensive rewiring of cardiac 
metabolism in BTHS that compensates for the primary 
mitochondrial defects induced by Taz deficiency and 
altered CL remodeling.

Results

Uptake and utilization of fatty acids is impaired 
in tafazzin‑deficient hearts and iPSC‑derived cardiac 
myocytes

Myocardial glucose utilization is increased and FA uptake 
is decreased in patients with BTHS compared to healthy 
subjects [13]. In agreement with this, we observed higher 
cardiac glucose uptake and lower FA uptake and integra-
tion into β-oxidation in Taz-KD mice, as assessed in vivo 
by positron emission tomography with fluorodeoxyglucose 
(18F-FDG) and the metabolically trapped FA radiotracer 
18F-FTOa, respectively (Fig.  2A–C) [66]. Changes in 
substrate utilization occurred despite unchanged blood 
glucose levels, heart weight, and gastrocnemius muscle 
weight. Body weight of Taz-KD mice was lower than of 
WT littermates (Supplementary Fig. 1A–D), as shown pre-
viously [6] and in agreement with the clinical phenotype 

Fig. 1  Metabolic rewiring in BTHS. Summary of changes in gene 
expression pattern in cardiac samples from Taz-KD mice compared 
to WT. Red indicates significant upregulation in transcriptomic data 
described in Fig.  3, genes with a published AARE element in their 
promoter are indicated with a star. Green indicates significant down-

regulation, amino acids are indicated in blue.  (Ca2+ calcium, OAA 
ocaloacetate, GCS γ-glutamylcysteine, P5C pyroline-5-carboxylate, 
G6P glucose-6-phosphate, 3GP 3-phosphoglycerate, 3PHP 3-phos-
phohydroxypyruvate, 3PS 3-phosphoserine)
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of growth retardation [32]. Increased glucose uptake 
occurred in absence of an induction of gene expression of 
glucose transporters. Only a moderate increase in Glut1 
gene expression was detected by qPCR (Supplementary 
Fig. 1E).

To interrogate whether the shift in substrate uptake 
reflects changes in mitochondrial oxidative capacity, we 
determined respiration of isolated cardiac mitochondria 
in the presence of different substrates. Maximal ADP-
stimulated  O2 consumption was similar in Taz-KD and 

Fig. 2  Uptake and utilization of fatty acids is impaired in tafazzin-
deficient mouse hearts. A Cardiac 18F-FTOa uptake normalized 
to blood levels in WT and Taz-KD mice (12  weeks old). n = 5 per 
genotype. B Representative PET-CT images of cardiac 18F-FDG 
uptake in WT and Taz-KD hearts of 12-week-old mice. C Quantifi-
cation of cardiac 18F-FDG uptake normalized to lung uptake in WT 
and Taz-KD mice. n = 5 per genotype. D Oxygen consumption rate 
(OCR) of isolated cardiac mitochondria from 20-week-old WT and 
Taz-KD mice supplied with pyruvate and malate (left panel, n = 6 per 
genotype) or palmitoylcarnitine (right panel, n = 4 per genotype) in 

absence (state 2) and presence (state 3) of ADP (1 mM) before add-
ing oligomycin and 2,4-dinitrophenol (DNP). E Western blot analy-
sis of indicated proteins in isolated mitochondria. F Cardiac mRNA 
levels of indicated genes normalized to the mtDNA-encoded ribo-
somal RNA mS12. n = 3 per genotype. G Cardiac mRNA levels of 
Pgc1a and Ppara normalized to Gapdh. n = 3 per genotype. Data are 
mean ± SEM; n-numbers are numbers of hearts or animals. Statistical 
significance was determined with unpaired Student t-test for panels 
A, C, F, G, and by two-way ANOVA followed by Bonferroni post-test 
for panel D
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WT isolated cardiac mitochondria respiring on pyruvate 
and malate, but reduced in Taz-KD mitochondria when 
fueled with palmitoylcarnitine (Fig. 2D) or the short-chain 
FA octanoylcarnitine (Supplementary Fig. 1F), which still 
requires the carnitine palmitoyl transferase 2, CPT2 (Fig. 1) 
for the transport across the mitochondrial membranes [6]. 
As an underlying mechanism for defective myocardial FA 
uptake and oxidation, we observed reduced protein levels 
of CPT2 and acyl-CoA dehydrogenase very long-chain 
ACADVL (Fig. 2E, Supplementary Fig. 1G). Reduced pro-
tein levels are consistent with reduced gene expression of 
Cpt1b, Cpt2, Acadvl and the carnitine/acylcarnitine carrier 
Cact (Fig. 2F). The trimethyllysine hydroxylase (TMLHE), 
catalyzing the first step in the carnitine biosynthesis path-
way, was reduced on protein and mRNA levels in Taz-
KD mouse hearts (Supplementary Fig. 1H, I). Also, gene 
expression of the acyl-CoA synthase providing the essential 
cofactor Coenzyme A (CoA) was reduced (Supplementary 
Fig. 1 J). As a potential upstream mechanism, we observed 
downregulation of the major transcription factors of FA 
metabolism, i.e., PPARα (gene: Ppara) and PGC-1α (gene: 
Pgc1a, Fig. 2G). Taken together, the Taz-KD model recapit-
ulates the shift in myocardial substrate utilization observed 
in BTHS patients, with downregulation of cardiac FA uptake 
and oxidation, but upregulation of glucose uptake [13].

Increased glucose uptake may increase the burden of 
O-linked residues of N-acetylglucosamine on cardiac pro-
teins in BTHS. However, we did not observe any changes 
in the O-GlcNAcylation in cardiac lysates of Taz-KD mice 
(Supplementary Fig. 1K). Mitophagy in Taz-deficient mouse 
models seems to be differently regulated, dependent on the 
mouse background [87, 92]. We, therefore, tested protein 
expression of the mitophagy sensor PINK1, which accu-
mulated on isolated cardiac mitochondria of Taz-KD mice 
(Supplementary Fig. 1L and  M). As PINK accumulation is 
suggestive for recognition of dysfunctional mitochondria by 
the autophagy system, we analyzed the extent of mitochon-
drial clearance in Taz-KD mice. Unchanged processing of 
the autophagy receptor LC3-I into the activated LC3-II form 
argues against elevated execution of mitophagy (Supplemen-
tary Fig. 1N). These data indicate that PINK is recruited 
to dysfunctional mitochondria, but that mitophagy is not 
executed in Taz-KD mitochondria, a result comparable to 
findings in the Taz knock-out in C57BL6J and CAST F1 
mouse strains [87]. Elevated mRNA levels of the anti-apop-
totic factor Bcl-2 in Taz-KD mouse heart tissue indicate that 
cellular stress is well compensated (Supplementary Fig. 1O).

Next, we analyzed whether metabolic alterations as 
described in mice are also evident in human cells. We, there-
fore, exploited differentiated cardiac myocytes derived from 
induced pluripotent stem cells (iPSC) of a BTHS patient, 
which we have characterized before (TAZ10, c. 590 G > T, 
p. Gly197Val) [26, 27]. Respiration of TAZ10 iPSC-CM on 

palmitate was lower than control iPSC-CM (Supplementary 
Fig. 2A). Akin to Taz-KD hearts, TAZ10 iPSC-CM exhibited 
lower levels of CPT2 and CPT1b protein (data not shown) 
as well as reduced gene expression of CPT1B, CACT , and 
ACADVL compared with control iPSC-CM (Supplementary 
Fig. 2B). To substantiate the defect in mitochondrial import 
of FAs, we supplied iPSC-CM with the medium-chain FA 
dodecanoate covalently bound to the fluorescent dye Bodipy. 
Bodipy-labeled FAs are stored in lipid droplets (Supple-
mentary Fig. 2C) that are mobilized and transported into 
mitochondria upon starvation from glucose for 24 h. Manual 
counting of transport events (Supplementary Fig. 2D) and 
automated determination of lipid droplet area before and 
after starvation (Supplementary Fig. 2E) demonstrated a 
defective mitochondrial uptake of FA in TAZ10 vs. WT 
iPSC-CM.

Skeletal myopathy is a dominant feature of BTHS and 
contributes to exercise intolerance and fatigue. Exercise-
induced increases in skeletal muscle  O2 utilization are 
reduced in BTHS patients [74]. We, therefore, assessed 
whether changes in substrate utilization are also evident 
in skeletal muscle in Taz-KD mice. In contrast to hearts, 
uptake of 18F-FDG and 18F-FTOa under resting conditions 
were similar in skeletal muscle of Taz-KD and WT mice 
(Supplementary Fig. 3A, B). While maximal respiration of 
mitochondria isolated from hind-limb muscle of Taz-KD 
mice was comparable to WT when pyruvate and malate 
were used as substrates, respiration was lower compared 
to WT in the presence of palmitoylcarnitine and palmitoyl-
CoA (Supplementary Fig. 3C–E). Protein levels of CACT 
and TMLHE, but not CPT2, were lower in Taz-KD vs. WT 
skeletal muscle (Supplementary Fig. 3F). Interestingly, and 
in contrast to the heart, mRNA levels of Cpt2, Cact, Acadvl, 
and Pgc1a were unchanged in skeletal muscle of Taz-KD 
mice (Supplementary Fig. 3G). Overall, although skeletal 
muscle uptake and oxidation of FA under resting conditions 
are not significantly changed in vivo, the maximal capacity 
of FA oxidation is reduced in Taz-KD skeletal muscle mito-
chondria. Such decreased maximal FA oxidation capacity 
may contribute to the lack of FA oxidation upon exercise in 
BTHS patients [12].

Serine and 1C metabolism is activated in Taz‑KD 
hearts

The shift in myocardial substrate utilization points towards 
an extensive rewiring of cardiac metabolism in the BTHS 
mouse model. To assess the underlying mechanism of this 
rewiring, we performed gene expression profiling by RNA 
sequencing of Taz-KD hearts and identified 7.221 differen-
tially expressed genes (adjusted p value < 0.05; Supplemen-
tary Fig. 4A, [22]). Functional enrichment analysis revealed 
upregulation of pathways involved in amino acid metabolism 
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(Supplementary Fig. 4B), as well as genes involved in serine 
biosynthesis and 1C metabolism in Taz-KD vs. WT hearts 
by manual annotation (Fig. 3A). The serine biosynthesis 
pathway produces serine from the glycolytic intermediate 

3-phosphoglycerate via the enzymes phosphoglycerate 
dehydrogenase (Phgdh, log2(FC) = 5.46; p < 0.0001) and 
phosphoserine aminotransferase 1 (Psat1, log2(FC) = 4.33; 
p < 0.0001; Fig. 1). Conversion of serine to glycine is the 
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primary source of 1C units for tetrahydrofolate, which in 
turn serves as a donor of 1C units in a variety of cellular pro-
cesses, such as purine and thymidine biosynthesis (Figs. 1, 
3B) [25]. We replicated RNA sequencing data by quantita-
tive real-time polymerase chain reaction (qPCR) and con-
firmed marked upregulation of Phgdh, Psat1 and the 1C 
enzyme methylenetetrahydrofolate dehydrogenase (Mthfd2, 
log2(FC) = 6.17; p < 0.0001) in whole hearts (Fig. 3C) and 
Psat1 and Mthfd2 specifically in isolated cardiac myo-
cytes (Fig.  3D). Increase in gene expression translates 
into increased protein levels of serine pathway (PHGDH, 
PSAT1) and 1C cycle (SHMT2, MTHFD2) enzymes in Taz-
KD vs. WT hearts (Fig. 3E–H, Supplementary Fig. 5A–D). 
Interestingly, protein levels of SHMT1 of the cytosolic arm 
of the 1C metabolism pathway are not strongly upregulated 
(Fig. 3E), indicating a more prominent upregulation of the 
mitochondrial arm of the 1C cycle, which is also reflected 
by the induction of Shmt2 gene expression, but not of Shmt1 
(Supplementary Fig. 5E, F).

We next elucidated how remodeling of fatty acid oxida-
tion and 1C metabolism interrelate with the onset of the car-
diomyopathy phenotype. We have previously delineated the 
onset of cardiomyopathy at an age of later than 10 weeks [7]. 
To further define the onset of the metabolic regulation, we 
analyzed FAO genes and 1C genes at 10 weeks (no cardiac 
phenotype) and at 30 weeks (established cardiomyopathy) of 
age. A significant downregulation of Cpt2 and simultaneous 
upregulation of Mthfd2 occurred at both time points (Sup-
plementary Fig. 5G and H). We also tested CPT2 protein 
levels in 10- and 30-week-old mice and found that CPT2 is 
already significantly downregulated at an early time point of 
10 weeks (Supplementary Fig. 5I and  J). These data indicate 

that the regulation of both pathways are regulated before the 
onset of a cardiac phenotype, which occurs after 10 weeks 
of age [7]. To substantiate the metabolic remodeling in the 
TAZ10 iPSC-CM model, we confirmed higher gene expres-
sion and protein levels of MTHFD2 (Fig. 3I, J). MTHFD2 
was also upregulated and in a myocardial sample from one 
BTHS patient compared with one healthy donor and with 
two patients with ischemic- or idiopathic dilated cardiomyo-
pathy, respectively (Fig. 3K, L, Supplementary Fig. 5 K).

We subsequently sought to interrogate whether transcrip-
tional changes result in increased flux through the serine 
biosynthetic pathway and 1C metabolism in vivo. Mass 
spectrometry revealed a substantial shift of the glycine/ser-
ine ratio towards increased glycine levels in different tis-
sues, particularly in the heart (Fig. 4A, B), suggesting an 
increased glycine uptake and/or supplementation of serine 
by the serine pathway and its subsequent conversion to gly-
cine. To clarify increased serine pathway activity in vivo, 
we analyzed metabolic fluxes via [U-13C,15N]glutamine, or 
[2,3,3-2H]serine infusion through the jugular vein in Taz-KD 
and WT mice [45, 90]. Infusion of labeled [U-13C,15N]glu-
tamine revealed an increased transfer of the labeled amino 
group onto phosphohydroxypyruvate via the upregulated 
enzyme PSAT1 to form serine in Taz-KD hearts, also in line 
with an increased flux through the serine pathway (Figs. 3B, 
4C). Upon jugular vein infusion, [2,3,3-2H]-labeled serine is 
converted into glycine by the mitochondrial serine hydrox-
ymethyl transferase (Shmt2, log2(FC) = 1.37; p < 0.0001, 
Fig. 3B), and determination of M + 1 2H-labeled glycine 
allows quantitative analyses of SHMT2-mediated conver-
sion of serine to glycine (Fig. 4D). Increased M + 1 labeled 
glycine indicated significantly increased SHMT2 activity in 
Taz-KD hearts (Fig. 4E). Finally, MTHFD2 mediates the 
oxidation of 1C metabolites and the consequent loss of one 
deuterium. Oxidized 1C units compete with reduced forms 
for reversion to serine. Quantification of fractional enrich-
ment of M + 1 to M + 2 serine in the Taz-KD mouse heart 
demonstrated a marked increase in myocardial MTHFD2 
activity (Fig. 4F, G). In summary, these results demonstrate 
the increased activity of the de novo serine biosynthetic 
pathway and the mitochondrial arm of 1C metabolism in 
the hearts of Taz-KD mice in vivo.

The ISR is activated in heart and skeletal muscle 
of Taz‑KD mice

Many of the genes upregulated in the cardiac transcriptome 
of Taz-KD mice are under transcriptional control of the basic 
leucine zipper transcription factor ATF4 (log2(FC) = 2.16; 
p < 0.0001), the key transcriptional effector of the retrograde 
ISR pathway [80]. Activation of the ISR is triggered by dif-
ferent sensor kinases that converge onto eIF2α phosphoryla-
tion, which in turn initiates ATF4 signaling. We detected 

Fig. 3  Key enzymes of serine and 1C metabolism are upregulated in 
BTHS. A Volcano plot of log2 fold change versus -log p values of 
all expressed genes in heart muscle of 20-week-old Taz-KD mice in 
comparison with WT. X axis: log2 transformed fold changes. Y-axis: 
minus log10 transformed p value. n = 5 per genotype. B Scheme of 
metabolic pathways with significantly upregulated genes in Taz-KD 
vs. WT hearts highlighted in red. C mRNA levels in mouse hearts 
normalized to mS12 or Gapdh, respectively. n = 3 per genotype. D 
mRNA levels in cardiac myocytes isolated from 12  week old mice 
by Langendorff perfusion normalized to mS12. n = 3 per genotype. 
Western blot analysis of indicated proteins in mouse cardiac lysates 
(E, F) or isolated mouse cardiac mitochondria (G, H). n = 3 per gen-
otype. I mRNA levels normalized to L28 in iPSC-derived cardiac 
myocytes. n = 3 technical replicates, one representative experiment 
shown. J Western blot analysis in iPSC-derived cardiac myocytes. 
One representative experiment shown. Samples loaded in two con-
centrations. K mRNA levels normalized to L28 in myocardial sam-
ples from one BTHS patient and three controls without heart failure. 
L Western blot analysis in myocardial samples from one healthy 
control, one BTHS patient, one patient with ischemic heart disease 
(IHD), and one patient with dilated cardiomyopathy (DCM). Data are 
mean ± SEM; n-numbers are numbers of hearts or animals for panels 
A to H and technical replicates in panel I and K; statistical signifi-
cance was determined with unpaired Student t-test

◂
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increased eIF2α phosphorylation as well as increased Atf4 
mRNA and protein levels in the heart of Taz-KD mice, 
confirming activation of the ISR (Fig. 5A–C, Supplemen-
tary Fig. 6A, B). Furthermore, qPCR analyses revealed 
upregulation of the canonical ATF4 target genes Chop 

(log2(FC) = 1.95; p < 0.0001) and Gadd45 (log2(FC) = 1.35; 
p < 0.0001; Fig. 5C) in Taz-KD hearts. ATF4 may induce its 
own transcription, particularly related to a positive feedback 
loop involving the ATF4 target Nuclear Protein 1 (NUPR1) 
[46]. To determine whether ATF4 activation indeed occurs 

Fig. 4  Serine and 1C metabolism are activated in Taz-KD hearts. A 
Mass spectrometry analysis of serine and glycine levels in different 
tissues of 10-week-old Taz-KD mice normalized to WT mice. n = 3–7 
for WT and n = 3–4 for Taz-KD. B Glycine/serine ratios calculated 
from measurements in A (TIC, total ion chromatogram). C Cardiac 
amino acid labeling from [U-13C,15N]glutamine infusion. Metabolite 
enrichment was normalized to the enrichment of cardiac  [15N]glu-
tamine. n = 3 per genotype. D Scheme of [2,3,3-2H]serine metabolic 

pathways. E Heart and serum glycine labeling from [2,3,3-2H]serine 
infusion. Metabolite enrichment was normalized to the enrichment 
of tissue [2,3,3-2H]serine. n = 7 for WT and n = 4 for Taz-KD. F Car-
diac serine labeling from [2,3,3-2H]serine infusion. n = 7 for WT and 
n = 4 for Taz-KD. G Ratio of M + 1/M + 2 labelled serine calculated 
from experiment in (F). n = 7 for WT and n = 4 for Taz-KD. Data are 
mean ± SEM; n-numbers are numbers of hearts or animals; statistical 
significance was determined with two-tailed Student’s t-test
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in cardiac myocytes, we isolated adult ventricular myocytes 
from Taz-KD and WT mouse hearts. Gene expression analy-
sis confirmed upregulation of Chop and Gadd45 specifically 
in Taz-KD myocytes (Fig. 5D). Subsequently, we sought to 
identify the kinase responsible for eIF2α phosphorylation. 
Among the different kinases that phosphorylate eIF2α, we 
detected increased levels of phosphorylated PKR-like endo-
plasmic reticulum kinase (PERK) in Taz-KD mouse hearts 
(Fig. 5E, Supplementary Fig. 6C). PERK is an ER mem-
brane-integrated kinase and phosphorylates eIF2α at Ser51 
in response to ER stress [41]. Overall, these results demon-
strate activation of the eIF2α/ATF4 signaling axis in Taz-
deficient cardiac myocytes and pinpoint the ER stress sensor 
PERK as one potential driver of ISR activation (Fig. 5F).

We then sought to assess whether transcriptional changes 
similar to those observed in the heart also occur in skel-
etal muscle of Taz-KD mice. We identified 2604 differen-
tially regulated genes by RNA sequencing (Supplementary 

Fig. 6D). A comparison with the cardiac transcriptome 
revealed a substantial overlap of transcriptional changes 
occurring in skeletal muscle, with 912 differentially regu-
lated genes in both tissues compared with WT (Supplemen-
tary Fig. 6E, F). Akin to the heart, genes encoding enzymes 
of serine biosynthesis and 1C metabolism were upregulated 
in skeletal muscle of Taz-KD vs. WT mice (Supplemen-
tary Fig. 6F). This included upregulation of Mthfd2, Psat1, 
and the ATF4 target gene Gadd45, which we confirmed by 
qPCR (Supplementary Fig. 6G), and elevated protein levels 
of MTHFD2 (Supplementary Fig. 6H).

ATF4 induces upregulation of 1C metabolism genes 
in Taz‑deficient MEFs and iPSC‑CM

To interrogate whether activation of ATF4 signaling is a 
general response to Taz deficiency, we assessed ISR signal-
ing in a Taz-deficient mouse embryonic fibroblast (MEF) 

Fig. 5  The ISR is activated in heart of Taz-KD mice. A Western blot 
analysis of phosphorylated and total eIF2α and TUBULIN as loading 
control in cardiac lysates. n = 3 per genotype. B Western blot analy-
sis in cardiac lysates. n = 3 per genotype. C Cardiac mRNA levels of 
indicated genes normalized to Gapdh. n = 3 per genotype. D mRNA 
levels normalized to Gapdh in cardiac myocytes. n = 3 per genotype. 

E Quantification of western blot analysis of phosphorylated and total 
PERK protein in cardiac lysates. n = 3. F Scheme of the ISR signal-
ing pathway. Data are mean ± SEM; n-numbers are numbers of hearts 
or animals; statistical significance was determined with unpaired Stu-
dent’s t-test
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cell line obtained by CRISPR/Cas9-mediated gene dele-
tion of Taz (TazKO) [18]. ATF4 protein levels were clearly 
increased in TazKO vs. untreated WT MEFs (Fig. 6A, Sup-
plementary Fig. 7A), but remained lower compared to the 
ER stress inducer tunicamycin (Supplementary Fig. 7B, C). 
Accordingly, gene expression of Atf4 and its target genes 
Gadd45 and Mthfd2 was strongly upregulated in TazKO 
MEFs (Fig. 6B–D). The serine biosynthesis enzyme PSAT1 
is upregulated on the protein level (Supplementary Fig. 7D). 
In mammalian cells, the mitochondrial arm of 1C metabo-
lism produces formate from serine, while the cytosolic arm 
uses formate for nucleotide synthesis [11, 68]. In support for 
increased 1C metabolism, formate levels were increased in 
TazKO vs. WT MEFs (Fig. 6E).

To confirm that ATF4 signaling dictates upregulation of 
1C metabolism genes, we silenced Atf4 by small interfer-
ing RNA (siRNA). siRNA-mediated knockdown of Atf4 
abrogated the upregulation of Gadd45 and Mthfd2 in TazKO 
MEFs (Fig. 6F, G Supplementary Fig. 7E). Also silencing 
the ATF4-dependent transcription factor Gadd45 abolished 
Mthfd2 upregulation, indicating that the latter is under con-
trol of the ATF4/GADD45 signaling axis (Fig. 6H, Sup-
plementary Fig. 7F). To further substantiate the involve-
ment of the ISR in the transcriptional changes observed 
in Taz-deficient MEFs, we blocked the ISR with ISRIB, a 
small molecule inhibitor of phospho-eIF2α activity [72]. In 
fact, ISRIB reverted Atf4 and Mthfd2 expression in TazKO 
MEFs to WT levels (Fig. 6I, J). Upregulation of the key 
1C metabolism gene MTHFD2 was also evident in TAZ10 
iPSC-CM, and treatment with ISRIB blunted its upregula-
tion (Fig. 6K). Since PGC-1α expression is regulated by 
ATF4 in adipose tissue, we used the iPSC-CM model to 
analyze the cross-talk between ISR activation and the down-
regulation of FA oxidation enzymes [83, 84]. ISRIB treat-
ment increased Ppara gene expression, indicating that the 
ISR induces transcription of 1C metabolism genes while 
repressing genes involved in FA oxidation in human cardiac 
myocytes (Fig. 6L).

To better characterize the extent of metabolic changes in 
the MEF TazKO model, we analyzed the gene regulation of 
glucose transporters. Glut4, but not Glut1, is significantly 
increased in TazKO MEFs, but blocking ISR had no effect on 
glucose transporter expressions (Supplementary Fig. 7G). 
Furthermore, no change of O-linked N-actetylglucosamine 
(O-GlcNAc) was observed in TazKO MEFs compared to WT 
MEFs (Supplementary Fig. 7H). Autophagy activation, as 
determined by LC3-II/LC3-I ratio, is decreased in TazKO 
MEFs and does not further increase upon lysosomal inhibi-
tion with bafilomycin, confirming a defect in the activation 
of autophagy (Supplementary Fig. 7I). ISRIB application 
does not change the LC3-II/LC3-I ratio, indicating that the 
ISR activation is not causative to changes in autophagy 
(Supplementary Fig. 7 J). Finally, ISR activation does not 
predispose to glucose deprivation-induced cell death (Sup-
plementary Fig. 7 K).

Glutamate metabolism is rewired in Taz‑KD hearts

In agreement with the pivotal role of ISR in amino acid 
metabolism, analysis of the Taz-KD cardiac transcriptome 
indicates upregulation of many amino acid transporters, in 
particular the glutamine and glutamate transporters Asct1 
and Slc38a1 and the glycine transporter Slc6a9 [40, 42]. 
We confirmed upregulation of these amino acid transport-
ers in Taz-KD hearts (Supplementary Fig. 8A). Glutamine 
is known to play a particular role in cancer cells, where 
the increased abundance of this amino acid is exploited 
for anaplerotic replenishing of the Krebs cycle through the 
conversion of glutamate to α-ketoglutarate (Fig. 1) [52]. 
Interestingly, one of the most strongly upregulated genes 
in the transcriptome is the asparagine synthase ASNS 
(Asns, log2(FC) = 5.76; p < 0.0001, Fig. 3A). This enzyme 
converts aspartate into asparagine to allow the deamina-
tion of glutamine to glutamate for its further conversion in 
metabolism. Other transaminases, such as BCATm were not 
upregulated (Bcat2, log2(FC) = 0.23; p < 0.0101). Elevated 
activity of ASNS may explain increased asparagine levels in 
BTHS patients [82]. Increased levels of asparagine synthase 
was confirmed by qPCR in mouse heart, isolated cardiac 
myocytes and iPSC-CM (Fig. 7A, B). ISRIB treatment of 
TAZ10 iPSC-CM confirmed the ISR as a primary regulator 
of ASNS expression (Fig. 7B). We also detected increased 
protein levels of the glutaminase splice variant glutaminase 
C (GAC) and increased mRNA as well as protein levels of 
the glutamic-pyruvic transaminase 2 (Gpt2, log2(FC) = 0.81; 
p < 0.0001; Figs. 1, 7C and Supplementary Fig. 8B), which 
catalyze the two sequential reactions converting glutamine 
into glutamate and subsequently into the Krebs cycle inter-
mediate α-ketoglutarate [28].

To assess the functional relevance of these changes, 
we determined glutamate/malate-supported respiration in 

Fig. 6  ATF4 induces upregulation of 1C metabolism genes in tafaz-
zin-deficient MEFs and iPSC-CM. A Western blot analysis of ATF4 
and TUBULIN in WT and TazKO MEFs. B-D mRNA levels of indi-
cated genes in MEFs normalized to mS12. n = 5 per genotype. E For-
mate levels in the supernatant of MEF culture, normalized to total 
protein levels as a measure of cell density, n = 3. F, G mRNA levels 
of indicated genes in MEFs treated with siRNA against Atf4 or con-
trol normalized to mS12. n = 5. H mRNA levels of Mthfd2 in MEFs 
treated with siRNA against Gadd45 or control normalized to mS12. 
n > / = 4. I, J mRNA levels of indicated genes in MEFs treated with 
ISRIB or DMSO normalized to mS12. n = 5. K, L mRNA levels of 
indicated genes in iPSC-derived CM treated with ISRIB or DMSO 
normalized to L28. n = 3. Data are mean ± SEM; n-numbers are num-
bers of independent experiments for panels B–J and technical repli-
cates in panels K and L; statistical significance was determined with 
unpaired Student’s t-test in panels B to E, and with one-way ANOVA 
followed by Tukey’s multiple comparison for panels F to L

◂
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isolated cardiac mitochondria and observed a robust increase 
in maximal ADP-stimulated respiration in Taz-KD vs. WT 
mitochondria, confirming the increased capacity for gluta-
mate oxidation of Taz-KD hearts (Fig. 7D). Moreover, cel-
lular respiration of TazKO MEFs was increased by glutamine 
supplementation in the cell culture medium, which did not 
affect respiration of WT MEFs (Fig. 7E). The glutamine 
transaminase inhibitor aminooxyacetate (AOA) had a more 
pronounced suppressive effect on  O2 consumption rate of 
TazKO compared to WT MEFs (Supplementary Fig. 8C, D). 
Moreover, in order to test, if preferred glutamine metabo-
lism is dependent on ISR signaling in MEFs, we treated 
these with the specific PERK kinase (PERKi) inhibitor 
GSK2606414. Normalized to non-treated controls, only 
TazKO MEFs, but not WT MEFs showed a significant 
decrease upon PERKi treatment, indicating that ISR activa-
tion regulates glutamine metabolism in CL-deficient cells 
(Supplementary Fig. 8E, F). To assess whether increased 
glutamate uptake and utilization is also driven by ATF4 
signaling, we analyzed 3H-glutamate uptake in MEFs and 
observed that this was increased in TazKO vs. WT MEFs 
and reduced by ISR inhibition with ISRIB (Fig. 7F). To 
interrogate whether glutamine flux into the Krebs cycle is 
increased also in vivo, we subjected Taz-KD and WT mice 
to infusion of labeled [U-15N,13C]glutamine and detected 
increased incorporation of glutamine carbon into the 
Krebs cycle intermediates downstream of α-ketoglutarate 
(Fig. 7G). Glutamate, converted into oxaloacetate via the 
Krebs cycle, also supports the serine biosynthetic pathway 
via conversion of oxaloacetate to phosphoenolpyruvate 
mediated by phosphoenolpyruvate carboxykinase (PCK2). 

Pck2 is upregulated in Taz-KD hearts (Supplementary 
Fig. 8G) (Pck2, log2(FC) = 1.96; p < 0.0001), which is typi-
cal for heart disease [61].

Supporting a role of glutamate in the intermediate metab-
olism, we also followed its conversion into proline via two 
reactions catalyzed by delta-1-pyrroline-5-carboxylate syn-
thetase (P5CS, gene Aldh18a1) and the pyrroline-5-carboxy-
late reductase (PYCR1, Fig. 1). Aldh18a1 (log2(FC) = 3.28; 
p < 0.0001) and Pycr1 (log2(FC) = 3.30; p < 0.0001) were 
strongly upregulated in Taz-KD hearts according to RNA 
sequencing (Fig. 3A). Accordingly, we found increased 
Pycr1 and Aldh18a1 mRNA and P5CS protein levels in 
the heart of Taz-KD mice (Fig. 7H, I and Supplementary 
Fig. 8H, I). ALDH18A1 was upregulated in patient-derived 
iPSC-CM and ISRIB treatment revealed its dependency 
on the ISR signaling pathway (Fig. 7J). Also in vivo, we 
detected a trend toward increased incorporation of labeled 
[U-15N,13C]glutamine carbon into proline in Taz-KD hearts 
(Fig. 7G).

ATF4 induces cysteine uptake via the xCT system 
to support glutathione biosynthesis

ATF4-driven activation of serine, 1C and glutamate metabo-
lism serves numerous functions, including the production 
of reducing equivalents and the biosynthesis of glutathione 
(GSH) for  H2O2 elimination [64]. Elevated levels of the anti-
oxidant GSH, GSSG and the precursors of its biosynthesis 
pathway cystathione and γ-glutamylcysteine were measured 
in TazKO MEFs (Supplementary Fig. 9A). GSH is a trip-
eptide composed of glutamate, cysteine, and glycine. The 
central amino acid cysteine can be provided by the trans-
sulfuration of homocysteine and serine via cystathione and 
the subsequent conversion to cysteine via the enzyme cys-
tathione lyase (Cth, Fig. 1), which is upregulated on gene 
expression level (Fig. 8A, B). Cycteine and glutamate then 
form γ-glutamylcysteine, which is then converted to glu-
tathione via the glutathione synthase (Gss), which is also 
upregulated in Taz-KD mouse hearts (Fig. 8C). Cysteine is 
the rate-limiting precursor for GSH synthesis and is mostly 
imported as its oxidized form (cysteine) via a cystine/gluta-
mate antiporter system xCT, located in the cell membrane 
(Fig. 1). Increased glutamate drives system xCT cystine/
glutamate antiporter activity in cancer cells [52], where its 
transcription is controlled by ATF4 [17]. We observed that 
the gene encoding system xCT (Slc7a11) was markedly 
upregulated in Taz-KD hearts (log2(FC) = 5.27; p < 0.0001) 
and skeletal muscle according to RNA sequencing, which we 
confirmed by qPCR (Fig. 8D, Supplementary Fig. 9B). We 
also detected SLC7A11 upregulation in the myocardium of 
one BTHS patient (Fig. 8E) as well as in TAZ10 iPSC-CM 
and TazKO MEFs, which could be reverted by ISR inhibi-
tion with ISRIB in iPSC-CM and with siRNA-mediated 

Fig. 7  Rewiring of glutamate metabolism in Taz-KD hearts. A 
mRNA levels in whole hearts (n = 5) or isolated mouse cardiac myo-
cytes (n = 3), normalized to Gapdh. B mRNA levels in iPSC-derived 
CM treated with ISRIB or DMSO, normalized to ACTB, n = 3. C 
Western blot analysis of cardiac mouse mitochondria. D OCR of iso-
lated cardiac mitochondria from 20-week-old WT and Taz-KD mice 
supplied with glutamate and malate in the absence (state 2) and pres-
ence (state 3) of ADP (1  mM). Subsequent measurements are done 
after oligomycin and DNP administration. n = 6 per genotype. E 
OCR of MEFs with or without glutamine and the administration of 
ISRIB. n > / = 6. F Uptake of 3H-glutamate in WT and TazKO MEFs 
treated or not with ISRIB. n = 4. G Cardiac metabolite levels labeled 
from [U-13C, 15N]glutamine infusion normalized to the enrichment 
of tissue [U-13C,15N]glutamine. n = 3. H Cardiac mRNA levels of 
Aldh18a1 in WT and Taz-KD mice normalized to Gapdh. n = 5. I 
Western blot analysis in cardiac lysates. n = 3 per genotype. J mRNA 
levels in iPSC-derived CM treated with ISRIB or DMSO as a con-
trol normalized to L28. n = 3. Data represent mean ± SEM; n-numbers 
are numbers of animals for panels A, C, D, G, H and I numbers of 
independent replicates for panels E and F and technical replicates for 
B and J. Statistical significance was determined with unpaired Stu-
dent’s t-test in panels A and H, with two-way ANOVA followed by 
Bonferroni’s multiple comparisons test for panel D and with one-way 
ANOVA followed by Tukey’s multiple comparisons test for panels B, 
E, F, and K

◂
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Fig. 8  ATF4 induces cysteine uptake via the xCT system to support 
glutathione biosynthesis. A Cartoon of metabolic pathways. Sig-
nificantly upregulated genes in Taz-KD vs. WT hearts highlighted in 
red. B, C Cardiac mRNA levels in mice normalized to Gapdh. n = 3 
per genotype for B and n = 6 per genotype for C. D Cardiac mRNA 
levels in mice normalized to Gapdh. n = 4. E mRNA levels nor-
malized to L28 in myocardial samples from one BTHS patient and 
2 healthy controls. Technical replicate, n = 3. F mRNA levels of in 
iPSC-derived CM from one BTHS patient (TAZ10) or control nor-

malized to ACTB, treated with ISRIB or DMSO. n = 3. G Uptake of 
the xCT system-specific radiotracer 18F-FASu into MEFs, measured 
by scintillation counting. H Representative PET-CT image of car-
diac 18F-FASu uptake in 34-week-old mice. I Quantification of car-
diac 18F-FASu uptake in mice. Data are mean ± SEM; n-numbers 
are numbers of animals for panels B–D and I, and numbers of tech-
nical replicates for panels F. Statistical significance was determined 
with unpaired Student’s t-test in panels B–D and I and with one-way 
ANOVA followed by Tukey’s multiple comparison for panels E and F
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knockdown of Atf4 in TazKO MEFs (Fig. 8F, Supplementary 
Fig. 9C, D).

To assess whether Slc7a11 upregulation results in 
increased activity of the system xCT, we measured uptake 
of the xCT-specific radiotracer 18F-FASu in vitro in MEFs 
and in vivo in Taz-KD mice. Compared to WT, uptake 
of 18F-FASu was substantially increased in TazKO MEFs 
(Fig. 8G) and in particular, in hearts of Taz-KD mice in vivo 
(Fig. 8H, I). Increased cardiac and skeletal muscle cysteine 
uptake may contribute to decreased circulating cystine (the 
oxidized form of cysteine) in BTHS patients [82]. Glu-
tathione derived from internalized cysteine serves to reduce 
 H2O2 to  H2O, a reaction catalyzed by glutathione peroxidase 
(GPX). Together with the previously reported elevated levels 
of GPX1, also GPX4 protein levels are elevated in hearts of 
Taz-KD mice (Supplementary Fig. 9E) [6]. Gpx1 upregula-
tion was also detected in TazKO MEFs and controlled by ISR 
signaling (Supplementary Fig. 9F).

Together, these data suggest that in Taz-deficient hearts, 
displaying a similar heart failure phenotype as in stable 
patients with BTHS [20], activation of the ISR increases 
glutamate uptake that serves (1) to fuel the Krebs cycle 
through anaplerosis, (2) to produce other amino acids such 
as asparagine and proline, and (3) as a driving force to facili-
tate the uptake of cysteine via the system xCT, which is 
utilized for the production of glutathione (Fig. 1). These 
processes in concert with ISR-dependent upregulation of 
1C metabolism may compensate for the primary cardiac 
mitochondrial defects in BTHS, where CL deficiency com-
promises the uptake of the primary fuel (i.e., fatty acids; 
this study) and the physiological activation of Krebs cycle 
dehydrogenases during workload transitions through mito-
chondrial  Ca2+ uptake [6].

Discussion

Mitochondrial dysfunction in BTHS causes cardiomyopathy 
and muscle fatigue, which limits exercise capacity and poses 
a high risk for sudden cardiac death [32, 74]. Here, we iden-
tify how alterations in cardiac substrate metabolism to some 
extent compensate for these mitochondrial defects (Fig. 1). 
First, we reveal reduced FA uptake and β-oxidation in hearts 
of Taz-deficient mice in vivo and trace this to downregula-
tion of CPT2 and ACADVL. Second, we report increased 
glucose uptake into Taz-KD hearts in vivo, with increased 
funneling of glycolytic intermediates into the serine bio-
synthetic pathway and 1C metabolism. Third, we discover 
a strong concerted upregulation of cardiac glutamate trans-
porters and the system xCT, which exchanges glutamate for 
cysteine towards glutathione synthesis, whereas glutamate 
is also channeled into anaplerotic pathways towards ATP 

production in mitochondria. And fourth, this well-concerted 
metabolic rewiring is coordinated by ATF4.

Impaired cardiac fatty acid uptake and oxidation 
and metabolic remodeling

Fatty acids (FA) are the major source for ATP in the human 
heart [62]. In patients with BTHS, reduced myocardial FA 
extraction at rest and exercise-induced FA oxidation rates 
correlate with lower PCr/ATP ratios and cardiac dysfunc-
tion [12, 13]. In contrast, a recent study revealed increased 
myocardial FA oxidation rates in isolated ex vivo hearts 
from Taz-KD mice [38]. To resolve this contradiction, we 
used the novel radiotracer 18F-FTOa in vivo and observed 
substantially reduced FA oxidation. We identified reduced 
protein levels and lower gene expression of CPT2 as poten-
tial limiting factors for cardiac FA transport and oxidation 
in the Taz-KD mouse model. Lower protein levels of CPT2 
result either from transcriptional regulation, or from a defect 
in the integration of proteins into the inner mitochondrial 
membrane as a consequence of changes in the lipid bilayer. 
Reduced levels of CPT2 correspond with reduced palmi-
toylcarnitine-driven respiration, confirming other studies 
in Taz-KD mice [49, 50, 54, 67] and a recently developed 
mouse model carrying the patient  TAZG197 mutation [19]. 
Accumulation of long-chain acylcarnitines as a result of a 
FAO block was found in patient-derived iPSC-CM, carry-
ing the TAZ517delG mutation [31]. Reduced fatty acid oxi-
dation was recently linked to reduced levels of coenzyme 
A (CoA) due to reduced levels of acyl-CoA synthase. We 
are able to support this finding in the transcriptomic data 
set (log2(FC) =  – 0,54; p = 1,37E-07) and by qPCR (Sup-
plementary Fig. 1 J) [54]. Interestingly, CoA deficiency 
might contribute to reduced fatty acid oxidation, while the 
involvement of CoA in other metabolic processes, includ-
ing glutamate metabolism, remains unaltered in BTHS [19, 
31]. Since deficiencies of either ACADVL [8, 77] or CPT2 
[59] can cause cardiomyopathy and arrhythmias in newborns 
and early infancy, the substantial reduction of FA uptake 
and oxidation in BTHS hearts likely contributes to the car-
diomyopathy phenotype. However, it needs to be discussed 
that respiratory defects are not constrained to fatty acids in 
Barth syndrome, as evidence for reduced succinate and ADP 
driven respiration has been provided by multiple studies in 
all age groups [27, 47, 71]. Succinate-driven respiration 
was ameliorated by administration of SS-31 (elamipretide), 
a mitochondria-targeted tetrapeptide, tested in clinical trials, 
which was shown not only to interact with CL but also to 
metabolic enzymes in the Krebs cycle [16, 78, 79]. Pyruvate/
malate-driven respiration was reduced in 7–8-month- [47] 
and in 4–5-month-old mice [54], whereas no difference was 
found in 2-month-old mice [49]. Mitochondrial fractiona-
tion revealed that pyruvate/malate driven respiration was 
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particularly reduced in subsarcolemmal (SSM), but not in 
interfibrillar mitochondria (IFM) [50]. Reduced levels of 
succinate-, pyruvate- and palmitate-driven respiration were 
also confirmed in mice carrying cardiac myocyte-specific 
Taz gene ablation [93]. A compensating upregulation of glu-
tamate metabolism corresponds with observations in studies 
analyzing isolated mitochondria from Taz-KD hearts [49, 
54] and iPSC-CM [31], whereas other studies observed only 
moderate changes in glutamate metabolism [50].

Metabolic alterations are associated with increased  H2O2 
emission and increased oxidative damage in some studies 
[54, 85], in contrast to other studies [35] and our previ-
ous experience [7]. We addressed the hypothesis that the 
increase in myocardial glucose uptake observed in BTHS 
patients [13] and in the Taz-KD mouse model compensated 
for impaired FA oxidation. While glucose uptake was clearly 
upregulated in Taz-KD mouse heart (Fig. 2C), regulation of 
glucose transporter followed a more complex pattern (Sup-
plementary Figs. 1E and 7G). Increased glucose uptake 
bears the risk of rerouting glucose also into the hexosa-
mine pathway, which would result in an increased level of 
O-GlcNAcylation of proteins, which has been associated 
with heart failure before [81]. However, we did not detect 
any increase in O-GlcNAcylation in Taz-KD hearts (Sup-
plementary Fig. 1 K) or in TazKO MEFs (Supplementary 
Fig. 7H). In agreement with this, expression of the GlcNAc 
transferase OGT was almost unchanged in the mouse cardiac 
transcriptome (log2(FC) = 0,18; p = 0,0279).

The activity of the PDH complex is reduced in BTHS, as 
found in Taz-KO C2C12 myoblast cell models [38, 56] and 
in Taz-KD hearts ([38] and own data not shown). Activity of 
the PDH complex is inhibited by phosphorylation, which is 
relieved by the  Ca2+-activated PDH phosphatase. We specu-
late that defective mitochondrial  Ca2+ uptake contributes to 
the decrease in PDH activity and aggravates the redox and 
bioenergetic deficit [7, 53]. This regulatory mechanism is 
lost when mitochondria are removed from their intracellu-
lar context, explaining the unchanged respiration of Taz-KD 
cardiac mitochondria on pyruvate/malate (Fig. 2D).

CL deficiency activates the integrated stress 
response (ISR)

Several stressors trigger ISR activation in the heart, includ-
ing ischemia/reperfusion injury [91], pressure overload [88], 
and defects in FA oxidation [69]. A role for the activation 
of the stress sensor kinase HRI in context of mitochon-
drial dysfunction was discussed recently, however, our data 
rather argue for a role of PERK in BTHS [33, 39, 94]. The 
mechanistic link between cardiac stressors and ISR activa-
tion remains poorly understood [88, 91]. Oxidative stress 
is a potent inducer of the ISR and might explain its activa-
tion in the context of cardiac pressure overload. There is 

a considerable number of studies that observed increased 
propensity to produce ROS in different experimental models 
of BTHS [37, 47, 54, 85]. However, we [6] and others [36] 
did not observe an increase in mitochondrial ROS forma-
tion in Taz-KD vs. WT hearts in vitro or in vivo. While 
some studies found increased ROS levels in Taz-deficient 
iPSC-CMs [85] and Taz knock out (Taz-KO) hearts [58], our 
data agree with a recent study that observed no increase in 
ROS formation at 11 different sites within cardiac and skel-
etal muscle mitochondria of Taz-KD mice [35]. In mouse 
models of defective FA oxidation, the inciting event might 
be a shortage of amino acids, which is a known inducer of 
the ER-resident stress-induced kinase GCN2 [69]. However, 
direct evidence of GCN2 activation in the latter models is 
lacking, and we could not detect GCN2 phosphorylation in 
mouse hearts with commercially available antibodies.

The extensive metabolic reprogramming induced by 
ATF4 reroutes the glycolytic intermediates toward serine 
synthesis and 1C metabolism, but no evidence was found 
that ATF4 regulates glucose uptake (Fig. 1). Buttressing our 
results in the Taz-KD mouse model, elevated PHGDH pro-
tein levels were observed in myocardial tissue from BTHS 
patients [15]. Our experiments in the iPSC-CM and TazKO 
MEF models of BTHS identify the eIF2α/ATF4 branch 
of the ISR as the driver of these transcriptional changes, 
which could be completely reverted by ISR inhibition with 
ISRIB or ATF4 silencing. Furthermore, we confirmed that 
flux through these pathways is enhanced in vivo in the Taz-
KD model of BTHS. In addition, although Ppara is not a 
known target gene for ATF4, the observation that Ppara 
gene expression is partly rescued upon ISR inhibition with 
ISRIB in the iPSC-CM model of BTHS suggests that ATF4 
signaling also to a certain extent contributes to transcrip-
tional suppression of FA oxidation (Fig. 6L).

Experimental evidence indicates that the primary func-
tion of ATF4-induced serine biosynthesis and 1C metabo-
lism is to support glutathione biosynthesis and the produc-
tion of reducing equivalents for ROS elimination, conferring 
additional protection to the heart against oxidative stress [65, 
88]. Interestingly, a particular bias of the cytosolic (SHMT1) 
vs. mitochondrial (SHMT2) isoform of the serine to glycine 
converting enzymes indicates that serine is preferentially 
fluxed into mitochondria (Fig. 3E, G). Increased PHGDH 
and SHMT2 proteins and decreased serine and glycine levels 
were detected in myocardial tissue from patients with end-
stage heart failure who responded to left ventricular assist 
device (LVAD)-induced mechanical unloading compared 
with those that did not benefit from LVAD, suggesting that 
increased flux through these pathways is associated with car-
diac recovery [3]. In fact, glutathione has a well-documented 
protective role in heart failure [63, 89]. Patients with a poly-
morphism in the glutamate–cysteine ligase have a higher 
risk for myocardial infarction and dilated cardiomyopathy 
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(DCM) [63]. Mice with a defect in glutathione biosynthesis 
show exaggerated phenotype to pressure overload-induced 
hypertrophy, similar to glutathione peroxidase deficient mice 
[2, 89]. Although glutathione levels were unchanged in Taz-
KD vs. WT hearts, we previously reported that GPX1 pro-
tein levels are twofold higher in Taz-KD hearts [6]. Here, we 
demonstrate that Gpx1 upregulation is mediated by the ISR 
in TazKO MEFs (Supplementary Fig. 9F). The absence of 
oxidative stress in spite of the shortage of reducing equiva-
lents provided by the Krebs cycle [6] could be explained, 
at least in part, by an increased supply of reduced NADPH 
from NADP-coupled reactions in 1C metabolism [29]. 
Altogether, our results suggest that ATF4-induced serine 
biosynthesis and 1C metabolism may support glutathione 
biosynthesis and prevent ROS emission from mitochondria.

The role of glutamate metabolism in Barth 
syndrome

While cysteine is the rate-limiting substrate for glutathione 
biosynthesis, the role of system xCT in the heart has not 
been investigated so far [55]. Glutathione production 
requires uptake of extracellular cystine (the oxidized form 
of cysteine) via the cystine/glutamate antiporter system xCT 
[76]. In a mouse model of cardiac iron overload obtained 
by cardiac myocyte-specific deletion of the ferritin H gene, 
cardiac overexpression of Slc7a11 prevented ferroptosis by 
increasing glutathione levels [30]. Here, we show that acti-
vation of the ISR induces Slc7a11 upregulation in BTHS, 
and demonstrate that the activity of the system xCT is 
increased in the Taz-KD mouse heart in vivo, revealing a 
role for this transporter in human cardiomyopathy.

In cancer cells, activation of the system xCT is accom-
panied by extensive remodeling of glutamate metabolism, 
because it operates as a cystine/glutamate antiporter. xCT 
overexpression renders cancer cells highly dependent on glu-
tamine, which is also used for replenishing the Krebs cycle 
via anaplerosis [52]. Increased anaplerotic flux in Taz-KD 
hearts in vivo and mitochondrial respirometry in vitro indi-
cate a similar rewiring of glutamate metabolism in BTHS. 
Of note, in patients with BTHS, amino acid turnover is 
increased [14, 82], and protein supplementation in combi-
nation with resistance exercise training improved skeletal 
muscle strength and quality of life in patients with BTHS 
[10]. While in particular, plasma glycine and glutamic acid 
concentrations tended to increase by this protein cocktail, 
the effects appeared to be related largely to improvement 
of skeletal muscle function [10]. However, whether the 
blunted increase of cardiac function during exercise [74] or 
in response to β-adrenergic stimulation [6] is improved by 
this treatment is currently unresolved.

In conclusion, we identified activation of the ISR 
as the key driver of metabolic remodeling in BTHS 

cardiomyopathy. Transcriptional reprogramming induced 
by the eIF2α-ATF4 signaling axis activates de novo serine 
biosynthesis, 1C metabolism and the system xCT to sustain 
glutathione synthesis and production of reducing equiva-
lents for ROS elimination. This is accompanied by a rewir-
ing of glutamate handling, which is exploited to sustain both 
cystine uptake for glutathione synthesis and Krebs cycle 
anaplerosis.

Methods

Mice

Maintenance and animal experiments were performed 
according to the guidelines from the German Animal Wel-
fare Act and approved by the Bayerisches Landesamt für 
Gesundheit und Lebensmittelsicherheit, Germany (AZ: 
55.2.2–2535-804). Doxycycline (625 mg/kg) was adminis-
tered as part of the standard rodent chow to WT C57BL/6N 
mice and transgenic (ROSA26H1/tetO-shRNA:TAZ) ani-
mals [1, 6, 73]. Doxycycline was withdrawn from female 
mice for 1 week before mating and during the mating period 
to avoid male infertility. Doxycycline treatment was resumed 
upon successful mating (copulatory plugs) and continued 
until the end of experiment at an age of 30- 50 weeks, 
unless indicated otherwise. The genotype of the pups was 
assessed by PCR, as described previously [1]. Mouse line 
and transgene induction were identical to our previous 
studies [6]. For analysis of in vivo metabolism, animals 
were fasted for 12 h. Radiotracers were administered via 
intraperitoneal (i.p.) injection of 7–15 MBq 18F-FDG, or 
via intravenous (i.v.) injection of 7–15 MBq 18F-FTOa, or 
7–15 MBq 18F-FASu. 5 min prior analysis, anaesthesia was 
started, using 2% isoflurane. Static 30-min PET imaging 
(60–90 min) followed by postmortem organ tissue count-
ing was performed using a Inveon PET System, Siemens 
Medical Solutions (Erlangen, Germany) and Wizard Gamma 
Counter, PerkinElmer (Waltham, MA).

Mouse in vivo metabolomics

[U-13C] glucose (200 mM in 0.9% NaCl solution, catalog # 
Cambridge CLM-1396), [2,3,3-2H]serine (100 mM in 0.9% 
NaCl solution, catalog # Cambridge DLM-582) or [U-13C, 
15N]glutamine (100 mM in 0.9% NaCl solution, catalog# 
Cambridge CNLM-1275) was infused via jugular vein at a 
rate of 0.1µL/min/g for 2.5 h (glucose and serine infusion) or 
4 h (glutamine infusion). Mice were able to move freely in a 
tethering apparatus (Instech Laboratories) with no access to 
food during the course of the experiment. To assess venous 
tracer enrichment, blood was sampled from jugular vein at 
the end of the experiment. Blood samples were cooled on 



 Basic Research in Cardiology (2023) 118:47

1 3

47 Page 18 of 25

ice to coagulate and then serum was collected following cen-
trifugation at 16,000 × g for 10 min at 4 °C. Tissues samples 
were collected by clamping in aluminum foil with a pre-
cooled Wollenberger like clamp and immediately transferred 
into liquid nitrogen. All serum and tissues samples were 
stored at -80 °C until further analysis.

Mitochondria isolation from mouse heart tissue

All steps for the mitochondria isolation were performed 
on ice and the centrifuge was precooled to 4 °C. Frozen 
heart tissue was cryo-grinded with a ceramic mortar and 
pistil and transferred to a manual homogenizer. The tissue 
was homogenized in 2 mL isolation buffer (20 mM Hepes 
pH7.6, 220 mM mannitol, 70 mM sucrose, 1 mM EDTA) 
with freshly added 0.5 mM PMSF, complete protease inhibi-
tors (Roche) and phosphatase inhibitors (Roche). Homog-
enized sample was transferred to a 2 ml tube and centrifuged 
15 min at 800 g. The supernatant was transferred to a new 
2 ml tube and kept on ice until further usage. The homog-
enization and centrifugation steps were repeated another two 
times with the pellet after the centrifugation. After the third 
homogenization and centrifugation, the pellet was discarded 
and the collected supernatant was centrifuged at 10,000 g 
for 10 min. Supernatant was transferred into a new reaction 
tube and stored at -80 °C until further usage. Mitochondria 
were washed and resuspended in 100 µL isolation buffer 
and protein amount was determined using the DC protein 
assay from BioRad. Mitochondria were used directly for 
respiration measurements or stored at  – 80 °C. Heart tis-
sue for respiration measurements was homogenized in iso-
tonic isolation solution (225 mM mannitol, 75 mM sucrose, 
2 mM HEPES, 1 mM EGTA; pH 7.4) and mitochondria 
were isolated and washed in suspension solution (225 mM 
mannitol, 75 mM sucrose, 2 mM HEPES, 1 mM EGTA; pH 
7.4). For isolation of mitochondria from skeletal muscle, 
tissue was homogenized in basic medium (140 mM KCl, 
20 mM HEPES, 5 mM  MgCl2, 1 mM EGTA; pH 7.0) sup-
plemented with 1 mM ATP, 1% BSA and 1 U substilisin A. 
Mitochondrial isolation from mouse embryonal fibroblasts 
were performed in THE buffer (300 mM Trehalose, 10 mM 
KCl, 10 mM HEPES, 1 mM EDTA, 1 mM EDTA, 10 mg/
ml BSA) with freshly added 0.5 mM PMSF, complete pro-
tease inhibitors (Roche) and phosphatase inhibitors (Roche). 
Mitochondria pellets were washed and resuspended in THE 
buffer without BSA.

Oxygen consumption of 400 µg isolated mitochondria 
was measured in 2  mL volume of standard respiration 
buffer (137  mM KCl, 2  mM  KH2PO4, 0.5  mM EGTA, 
2.5 mM  MgCl2, 20 mM HEPES, pH 7.2) at 37 °C (Orob-
oros instruments). State 2 was measured in presence of 
5 mM sodium pyruvate and 5 mM sodium malate. Alterna-
tively, 5 mM Malate + 50 µM Palmitoyl-carnitine or 5 mM 

Malate + 200 µM Octanoyl-carnitine was used for FAO. 
Respiration (State 3) was stimulated by adding 1 mM ADP. 
Finally,  O2 consumption linked to ADP phosphorylation 
was inhibited by adding the  F1-Fo ATP synthase blocker 
oligomycin (1.25 µM) and subsequently respiration was 
uncoupled by titrating DNP in 10 µM steps until complete 
uncoupling was achieved.

Whole tissue lysates

Samples were mechanically homogenized in RIPA buffer 
(50 mM Tris–HCl pH 7.4, 1% NP-40, 0.5% Na-deoxycho-
late, 0.1% SDS, 150 mM NaCl, 2 mM EDTA, 50 mM NaF) 
freshly supplemented with 0.5 mM PMSF, complete pro-
tease inhibitors (Roche) and phosphatase inhibitors (Roche) 
using a manual homogenizer. Samples were incubated on ice 
for 5 min and vortexed at maximum speed for 30 s. After 
centrifugation for 10 min at 3000 rpm and 4 °C the superna-
tant was used for further analyses. Protein amount was deter-
mined using DC protein assay from BioRad. Mitochondria 
were stored at  – 80 °C.

Isolation of cardiac myocytes from mouse hearts

Ventricular myocytes were isolated using a modified Lan-
gendorff perfusion system. For anesthesia 5% isoflurane 
(Abbott GmbH & Co. KG) was used in combination with 
250 I.U. unfractionated heparin and 0.33 mg carprofen. 
After loss of pedal reflexes, the heart was excised with 
the aortic arch, which was cannulated and perfused with 
prewarmed solutions at 37 °C. To remove blood from the 
coronary vessels, the heart was first perfused with solution 
A (113 mM NaCl, 4.7 mM KCl, 0.6 mM  KH2PO4, 0.6 mM 
 Na2HPO4, 1.2  mM  MgSO4, 12  mM  NaHCO3, 10  mM 
 KHCO3, 10 mM HEPES, 32 µM Phenol red, 10 mM BDM, 
30 mM Taurine, 5.5 mM Glucose) for 4 min. Next, the heart 
tissue was digested by perfusion with solution B (Solution 
A + 12.5 µM  CaCl2, 0.08 mg/ml Liberase TH, 0.14 mg/ml 
Trypsin) for 5 to 8 min. To terminate the digestion the heart 
was removed from the Langendorff system, ventricles were 
opened and washed at room temperature with a 1:1 mixture 
of solution A and solution C (Solution A + 12.5 µM  CaCl2, 
10% FCS). To release intact cardiac myocytes, the heart was 
cautiously rinsed for 2–3 min with the mixture of solution 
A and C. The solution containing the cells was transferred 
to a 15 ml reaction tube and the cell pellet was obtained 
by sedimentation. The cells were resuspended in 5–10 mL 
solution D (Solution A + 12.5 µM  CaCl2, 5% FCS) and trans-
ferred to a Petri dish. To restore the physiological concen-
tration of extracellular  Ca2+, five steps of 4 min each were 
performed with different  CaCl2 concentrations (50 µM→ 
100 µM→200 µM→500 µM→1 mM). Afterwards, the cells 
were transferred again to a 15 mL reaction tube again and 
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the cell pellet was obtained by sedimentation for 8–10 min. 
The cells were finally resuspended in 10 mL culture medium 
(M199, 5% FCS, 1% penicillin and streptomycin, 10 mM 
HEPES) and kept at 37 °C.

Analysis of gene expression

RNA was isolated from tissue with TRIzol™ Reagent 
(Thermo Fisher Scientific) or with the Monarch™ Total 
RNA Miniprep Kit (New England BioLabs) according to 
the manufacturers’ protocols. If genomic DNA digestion was 
not included in the RNA purification, the isolated RNA was 
further treated with RNase-free DNAse I (Thermo Fisher 
Scientific) according to the manufacturers’ protocol. RNA 
was transcribed in cDNA using the First Strand cDNA Syn-
thesis Kit (Thermo Fisher Scientific) according to the manu-
facturers’ protocol. RT-qPCR was performed using the Sen-
siMix SYBR Lo-ROX Kit (Bioline) and analyzed with the 
CXF96™ Real Time System (C1000 Touch Thermal Cycler, 
Bio rad). Used primers are indicated in the resources table.

RNAseq analyses

Total RNA was isolated using RNAeasy mini kit (Qiagen) 
from frozen mouse heart and femur muscle. The library 
preparation and whole transcriptome sequencing were per-
formed using Illumina platform by Novogene UK. Raw 
Fastq of 150 bp pair-end reads were mapped to mouse refer-
ence genome (mm10 GRCm38) using RNA STAR [24] with 
default settings. Raw Read counts were derived using tool 
FeatureCounts [57] v1.6.4. Differential expression analysis 
were then performed by DESeq2 [60] v2.11.40.6. DAVID 
tools v6.8 [44] was applied for gene functional enrichment 
analysis.

Cell culture

WT and TazKO MEF cells, described in Chowdhury et al.
[18], were cultivated in high-glucose DMEM (Gibco) sup-
plemented with 100 U/mL penicillin/streptomycin (Gibco), 
2 mM glutamine (Gibco) and 10% fetal calf serum (Sigma). 
Cells were kept at 37 °C and 5%  CO2 in an incubator with 
constant air humidity. Cells were passaged every 2–3 days at 
80–100% confluence. Cell number was determined by using 
the automated cell counter from BioRad. For knockdown 
experiments, transfection with siRNA was performed using 
Lipofectamine RNAiMAX transfection reagent (Invitrogen) 
according to manufacturer’s protocol. Confluent grown cells 
were incubated with the siRNA for 2 days. As a control, 
scrambled RNA was transfected the same way. Used siRNA 
sequences are listed in the resources table. To block the 
ISR pathway, cells were seeded to reach confluence after 
1–2 days and incubated with 200 nM ISRIB overnight. For 

3H-glutamine labeling, 20 kBq 3H-glutamine was added to 
 Na+ free HBSS medium and 3H uptake was measured by 
scintillation counting. 18F-FASu uptake was measured in 
MEFs at different time points until 30 min. after adminis-
tration of 100 kBq 18F-FASu to MEFs.

Development of iPSC from patient fibroblasts and char-
acterization of differentiated cardiac myocytes has been 
described before [27]. iPSCs were cultured in mTeSRTM1 
medium (BasalM + Supplement, STEMCELL) on pre-
warmed Matrigel (Corning) coated cell culture dishes at 
37 °C, 5%  CO2 supply and constant air humidity. Medium 
was changed every day. Upon reaching 100% confluence, 
cells were passaged using Accutase®-solution (Sigma) 
for detaching the cells. To stop Accutase®, DMEM/F12 
medium (Gibco) was added. After each passaging step, 
the culture medium was supplemented with 10 µM ROCK 
inhibitor (Miltenyi Biotec). For differentiation, cells were 
seeded in 12-well plates with Matrigel coating and differ-
entiation was induced at 80–90% confluence by changing 
the medium to RPMI 1640 (HEPES/ GlutaMax) medium 
(Gibco) supplemented with B27 without insulin (Gibco). 
12 µM of CHIR99021 (GSK-3 Inhibitor XVI, Merk) was 
added to the cells for 24 h. After 48 h, 12 µM IWP2 (Wnt 
antagonist II, Merk) was added to the cells for 2 days. At 
day 7, the medium was changed to RPMI 1640 (HEPES/ 
GlutaMax) medium supplemented with B27 with insulin 
(Gibco) and medium was changed every other day from 
there on. For selection and enrichment of cardiac myocytes 
glucose within the medium was substituted with 4 mM lac-
tate (Sigma) for 7 days.

Oxygen consumption rate (OCR) was measured using 
a Seahorse Extracellular flux Analyzer (Seahorse Biosci-
ence, Billerica, MA, USA). Measurements were performed 
at basal levels, after the administration of 3 µM oligomy-
cin, 1 µM FCCP, and 2 µM rotenone plus 1 µM antimycin 
A. Measurements of FAO using BSA coupled palmitate 
(167 µM final concentration for palmitate) were carried out 
in assay medium (111 mM NaCl, 4.7 mM KCl, 1.25 mM 
CaCl2, 2 mM MgSO4, 1.2 mM NaH2PO4) supplemented 
with 2.5 mM glucose, 0.5 mM carnitine, and 5 mM HEPES 
after starvation of cells in minimal medium (DMEM, 
0.5 mM glucose, 1 mM glutamate, 1% FCS, 1 mM carnitine 
for 2 h). Measurements of glutamine metabolism in MEFs 
(20.000 cells/well) was performed in media supplemented 
with 1 mM pyruvate, 10 mM Glucose and 2 mM glutamine. 
Measurements were performed in at least eight technical 
replicates and repeated in independent experiments.

Immunofluorescence staining

iPSC-derived cardiac myocytes were seeded 2 days before 
the experiment with a cell number of  105 cells per well in 
six-well plates on cover slips with a diameter of 15 mm. 
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Prior to the immunofluorescence staining, the cells were 
starved in HBSS solution for 24 h. Cells were incubated 
with 1 µM Bodipy (invitrogen) for 1 h at 37 °C. After-
wards, cells were washed once with PBS and incubated 
with 200 nM Mitotracker deep red (invitrogen) for 15 min 
at 37 °C. After two subsequently washing steps, cells were 
fixed with 4% PFA for 10 min and nuclei were stained with 
DAPI 500 ng/ml for 10 min. The cover slides were finally 
fixed on objective slides with Mowiol and cured for 30 min. 
Pictures were taken with the Leica DMi8 microscope at 
63,000 × magnification.

Enzymatic formate assay

To evaluate the formate production in mouse embryonal 
fibroblasts, the formate assay kit from Sigma Aldrich was 
used according to the manufacturer’s protocol. An additional 
protein determination of the sample lysates was performed 
using the DC protein assay from BioRad.

Analysis of water‑soluble metabolites in cell 
extracts

RP18 SPE-column (Phenomenex Strata C18-E, 55 µm, 
50 mg / 1 ml) was activated by elution of 1 ml a  CH3CN 
and afterwards equilibrated by elution of 1 ml MeOH/H2O 
(80/20, v/v). 490 µl 1 µM Lamivudine (Merck) dissolved 
MeOH/H2O (80/20, v/v) was added to dry cell pellet. Mixed 
samples were sonicated and after an additional mixing step 
they were centrifuged at maximum speed for 2 min. Super-
natant was transferred to equilibrated RP18 SPE-column 
and the eluate was collected in a reaction tube. The residual 
metabolites were eluted using 150 µl MeOH/H2O (80/20 
v/v) and the eluate was evaporated using a speed vacuum 
concentrator.

For liquid chromatography and mass spectrometry, 
the samples were dissolved again in 50 µl  CH3CN/5 mM 
 NH4OAc (25/75, v/v). For measurement, 3  µl sample 
was added to the ZIC-HILIC column (3.5 μm particles, 
100 × 2.1 mm, Merck) combined with a SeQuant ZIC-HILIC 
pre-column (5 μm particles, 20 × 2 mm, Merck) and a Javelin 
particle Filter for 2.1 mm ID (Thermo Fisher Scientific). 
Column temperature was set to 30 °C and the LC gradient 
program started with 100% solvent B for 2 min, followed 
by a linear decrease to 40% solvent B within 16 min. Then, 
maintaining 40% B for 19 min and returning to 100% B in 
2 min. before each injection column was equilibrated for 
7 min with 100% solvent B. Two measurements were per-
formed with mobile phase A consisting of 5 mM  NH4OAc 
in  CH3CN/H2O (5/95, v/v) and mobile phase B consisting 
of 5 mM  NH4OAc in  CH3CN/H2O (95/5, v/v) for the first 
measurement. In the second measurement, the mobile phase 
A consisted of MeOH/H2O/Formic Acid (5/94.9/0.1, v/v/v) 

and mobile phase B consisted of MeOH/H2O/Formic Acid 
(95/4.9/0.1, v/v/v). The flow rate was maintained at 200 μL/
min and the eluent was directed to the ESI source of the 
QE-MS from 1.85 min to 20.0 min after sample injection. 
Measurements were performed with the Thermo Scientific 
Dionex Ultimate 3000 UHPLC system hyphenated with a Q 
Exactive mass spectrometer (QE-MS) equipped with a HESI 
probe (Thermo Fisher scientific). Peaks corresponding to 
the calculated amino acid masses (MIM + H +  ± 2 mMU) 
were integrated using TraceFinder software (Thermo Fisher 
Scientific).

Analysis of water‑soluble metabolites in heart tissue 
from in vivo isotope tracing

Tissue samples were pulverized using a Cryomill (Retsch). 
10–20 mg of the resulting tissue powder was weighed and 
water-soluble metabolites were extracted with 40:40:20 
methanol:acetonitrile:water with 0.5% formic acid pre-
cooled to  – 20 °C. The ratio of extraction buffer volume 
to weighed tissue powder/volume of serum is 40:1. After 
vortexing for 10 s and keeping samples in ice for 10 min, 
samples were neutralized by adding 15% ammonium bicar-
bonate  (NH4HCO3) aqueous solution (8.75% v/v of extrac-
tion buffer). Samples were then again mixed by vortexing for 
10 s, centrifuged at 16,000 × g for 30 min at 4 °C, and then 
supernatant was transferred to LC–MS vials for analysis. 
Water-soluble metabolite measurements were obtained by 
running samples on the Q Exactive PLUS hybrid quadru-
pole-orbitrap mass spectrometer (Thermo Scientific) cou-
pled with hydrophilic interaction chromatography (HILIC). 
We use XBridge BEH Amide column (150 mm × 2.1 mm, 
2.5 μM particle size, Waters, Milford, MA). Solvent A 
(95%:5%  H2O:acetonitrile with 20 mM ammonium acetate, 
20 mM ammonium hydroxide, pH 9.4) and solvent B (100% 
acetonitrile) is running with gradient: 0 min, 90% B; 2 min, 
90% B; 3 min, 75%; 7 min, 75% B; 8 min, 70%, 9 min, 70% 
B; 10 min, 50% B; 12 min, 50% B; 13 min, 25% B; 14 min, 
25% B; 16 min, 0% B, 20.5 min, 0% B; 21 min, 90% B; 
25 min, 90% B. The injection volume is 5 μL, the flow rate 
was 150 μL/min with a column temperature of 25 °C. The 
MS scans were in negative ion mode with a resolution of 
140,000 at m/z 200. All data from isotope labeling experi-
ments were analyzed by El-MAVEN with natural abundance 
correction.

Statistics

If not indicated otherwise non-paired Student´s t-test was 
performed for statistical analysis using the Graph Pad 7.05 
Software. Results are displayed as mean and SEM if not 
indicated otherwise.
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Miscellaneous

For SDS-Page and western blot, standard protocols were 
applied. In short, whole tissue lysates or isolated mito-
chondria were loaded onto acrylamide gels. Acrylamide 
concentrations were chosen between 10% and 12.5% 
depending on the desired protein size. Proteins were trans-
ferred onto a PVDF membrane (Immobilon-P 0.45 µM 
pore size, Merck Millipore) via semi-dry blot technique. 
The membrane was incubated in 5% non-fat dry milk dis-
solved in TBST (200 mM Tris/HCl pH 7.4, 1.25 M NaCl, 
0.1% Tween 20) for 1 h at room temperature or at 4 °C 
over night. The incubation in the primary antibody was 
performed over night at 4 °C or at room temperature for 
at least 1 h. Used primary and secondary antibodies are 
indicated in resources table. Secondary antibodies were 
directed against rabbit or mouse and conjugated with 
horseradish peroxidase. Protein signals were visualized 
with ECL™ Western Blotting Detection Reagents (GE 
Healthcare Amersham™) using the ChemiDocTM Imager 
(BioRad). Quantification of the western blot signals was 
done using the software Image Lab 6.0 (Bio Rad).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00395- 023- 01017-x.

Acknowledgements We thank Michelle Gulentz, Annette Berbner, 
Angelika Pfanne and Mehrnoush Gabriel for technical assistance.

Author contributions IK, EB, CW, KX, LY, XC, YO, WS, MF, BA, 
ME, KE, DG, CM and JD designed and conducted the experiments. 
JD, EB and IK drafted the manuscript. PR, TT, TH, JR, and CM gave 
important input to the manuscript and provided funding.

Funding Open Access funding enabled and organized by Projekt 
DEAL. JD is supported by the German Research Foundation (DFG; 
DU1839/2–1, SFB 1525, project # 453989101), the BMBF and the 
Barth Syndrome Foundation. CM was supported by the German 
Heart Foundation (Margret Elisabeth Strauß-Projektförderung), the 
Barth Syndrome Foundation, and is or was supported by the DFG 
(Ma 2528/7–1, Ma 2528/8–1, SFB 894, TRR-219, SFB 1525, pro-
ject # 453989101) and the German Federal Agency for Education 
and Research (BMBF; 01EO1504). We acknowledge Funding of the 
ERC Advanced Grant REVERSE (to TT) and the DFG (SFB1470; to 
TT). KSB is funded by the Deutsche Forschungsgemeinschaft (DFG) 
(project number: 471241922; RTG 2824) and the German Center for 
Cardiovascular Research (DZHK) (81X2800216). PR is funded by the 
European Research Council (ERC) Advanced Grant (ERCAdG No. 
339580), DFG (SFB 1002, project A06), and the DFG under Ger-
many’s Excellence Strategy—EXC 2067/1- 390729940.

Data availability Raw transcriptomic data are available upon request.

Declarations 

Conflict of interest CM received speaker and consultancy honoraria 
from Boehringer Ingelheim, AstraZeneca and Novo Nordisk. TT is 
founder and shareholder of Cardior Pharmaceuticals (outside of this 
study). TT filed and licensed patents about the use of noncoding RNAs 
(outside of the paper).

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Acehan D, Vaz F, Houtkooper RH, James J, Moore V, Tokunaga 
C, Kulik W, Wansapura J, Toth MJ, Strauss A, Khuchua Z (2011) 
Cardiac and skeletal muscle defects in a mouse model of human 
Barth syndrome. J Biol Chem 286:899–908. https:// doi. org/ 10. 
1074/ jbc. M110. 171439

 2. Ardanaz N, Yang XP, Cifuentes ME, Haurani MJ, Jackson KW, 
Liao TD, Carretero OA, Pagano PJ (2010) Lack of glutathione 
peroxidase 1 accelerates cardiac-specific hypertrophy and dys-
function in angiotensin II hypertension. Hypertension 55:116–
123. https:// doi. org/ 10. 1161/ HYPER TENSI ONAHA. 109. 135715

 3. Badolia R, Ramadurai DKA, Abel ED, Ferrin P, Taleb I, Shankar 
TS, Krokidi AT, Navankasattusas S, McKellar SH, Yin M, Kfoury 
AG, Wever-Pinzon O, Fang JC, Selzman CH, Chaudhuri D, Rutter 
J, Drakos SG (2020) The role of nonglycolytic glucose metabo-
lism in myocardial recovery upon mechanical unloading and 
circulatory support in chronic heart failure. Circulation 142:259–
274. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 119. 044452

 4. Barth P, Scholte H, Berden J, Van der Klei-Van MJ, Luyt-Houwen 
I et al (1983) An X-linked mitochondrial disease affecting cardiac 
muscle, skeletal muscle and neutrophil leucocytes. J Neurol Sci 
62:327–355. https:// doi. org/ 10. 1016/ 0022- 510x(83) 90209-5

 5. Bertero E, Maack C (2018) Calcium signaling and reactive oxygen 
species in mitochondria. Circ Res 122:1460–1478. https:// doi. org/ 
10. 1161/ CIRCR ESAHA. 118. 310082

 6. Bertero E, Nickel A, Kohlhaas M, Hohl M, Sequeira V, Brune 
C, Schwemmlein J, Abesser M, Schuh K, Kutschka I, Carlein 
C, Munker K, Atighetchi S, Muller A, Kazakov A, Kappl R, von 
der Malsburg K, van der Laan M, Schiuma AF, Bohm M, Laufs 
U, Hoth M, Rehling P, Kuhn M, Dudek J, von der Malsburg A, 
Prates Roma L, Maack C (2021) Loss of mitochondrial Ca(2+) 
uniporter limits inotropic reserve and provides trigger and sub-
strate for arrhythmias in Barth syndrome cardiomyopathy. Cir-
culation 144:1694–1713. https:// doi. org/ 10. 1161/ CIRCU LATIO 
NAHA. 121. 053755

 7. Bertero E, Nickel A, Kohlhaas M, Hohl M, Sequeira V, Brune 
C, Schwemmlein J, Abesser M, Schuh K, Kutschka I, Carlein 
C, Munker K, Atighetchi S, Muller A, Kazakov A, Kappl R, von 
der Malsburg K, van der Laan M, Schiuma AF, Bohm M, Laufs 
U, Hoth M, Rehling P, Kuhn M, Dudek J, von der Malsburg A, 
Prates Roma L, Maack C (2021) Loss of mitochondrial Ca(2+) 
uniporter limits inotropic reserve and provides trigger and sub-
strate for arrhythmias in barth syndrome cardiomyopathy. Circula-
tion. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 121. 053755

 8. Bertrand C, Largillière C, Zabot MT, Mathieu M, Vianey-Saban 
C (1993) Very long chain acyl-CoA dehydrogenase deficiency: 
identification of a new inborn error of mitochondrial fatty acid 
oxidation in fibroblasts. Biochim Biophys Acta 1180:327–329. 
https:// doi. org/ 10. 1016/ 0925- 4439(93) 90058-9

https://doi.org/10.1007/s00395-023-01017-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1074/jbc.M110.171439
https://doi.org/10.1074/jbc.M110.171439
https://doi.org/10.1161/HYPERTENSIONAHA.109.135715
https://doi.org/10.1161/CIRCULATIONAHA.119.044452
https://doi.org/10.1016/0022-510x(83)90209-5
https://doi.org/10.1161/CIRCRESAHA.118.310082
https://doi.org/10.1161/CIRCRESAHA.118.310082
https://doi.org/10.1161/CIRCULATIONAHA.121.053755
https://doi.org/10.1161/CIRCULATIONAHA.121.053755
https://doi.org/10.1161/CIRCULATIONAHA.121.053755
https://doi.org/10.1016/0925-4439(93)90058-9


 Basic Research in Cardiology (2023) 118:47

1 3

47 Page 22 of 25

 9. Bione S, D’Adamo P, Maestrini E, Gedeon A, Bolhuis P, Ton-
iolo D (1996) A novel X-linked gene, G4.5. is responsible for 
Barth syndrome. Nat Genet 12:385–389. https:// doi. org/ 10. 1038/ 
ng0496- 385

 10. Bohnert KL, Ditzenberger G, Bittel AJ, de Las FL, Corti M, Pacak 
CA, Taylor C, Byrne BJ, Reeds DN, Cade WT (2021) Resistance 
exercise training with protein supplementation improves skeletal 
muscle strength and improves quality of life in late adolescents 
and young adults with Barth syndrome: a pilot study. JIMD Rep 
62:74–84. https:// doi. org/ 10. 1002/ jmd2. 12244

 11. Brosnan ME, Brosnan JT (2016) Formate: the neglected member 
of one-carbon metabolism. Annu Rev Nutr 36:369–388. https:// 
doi. org/ 10. 1146/ annur ev- nutr- 071715- 050738

 12. Cade WT, Bohnert KL, Peterson LR, Patterson BW, Bittel AJ, 
Okunade AL, de Las FL, Steger-May K, Bashir A, Schweitzer 
GG, Chacko SK, Wanders RJ, Pacak CA, Byrne BJ, Reeds DN 
(2019) Blunted fat oxidation upon submaximal exercise is par-
tially compensated by enhanced glucose metabolism in children, 
adolescents, and young adults with Barth syndrome. J Inherit 
Metab Dis 42:480–493. https:// doi. org/ 10. 1002/ jimd. 12094

 13. Cade WT, Laforest R, Bohnert KL, Reeds DN, Bittel AJ, de Las 
FL, Bashir A, Woodard PK, Pacak CA, Byrne BJ, Gropler RJ, 
Peterson LR (2021) Myocardial glucose and fatty acid metabolism 
is altered and associated with lower cardiac function in young 
adults with Barth syndrome. J Nucl Cardiol 28:1649–1659. 
https:// doi. org/ 10. 1007/ s12350- 019- 01933-3

 14. Cade WT, Spencer CT, Reeds DN, Waggoner AD, O’Connor R, 
Maisenbacher M, Crowley JR, Byrne BJ, Peterson LR (2013) Sub-
strate metabolism during basal and hyperinsulinemic conditions 
in adolescents and young-adults with Barth syndrome. J Inherit 
Metab Dis 36:91–101. https:// doi. org/ 10. 1007/ s10545- 012- 9486-x

 15. Chatfield KC, Sparagna GC, Specht KS, Whitcomb LA, Omar 
AK, Miyamoto SD, Wolfe LM, Chicco AJ (2022) Long-chain 
fatty acid oxidation and respiratory complex I deficiencies distin-
guish Barth Syndrome from idiopathic pediatric cardiomyopathy. 
J Inherit Metab Dis 45:111–124. https:// doi. org/ 10. 1002/ jimd. 
12459

 16. Chavez JD, Tang X, Campbell MD, Reyes G, Kramer PA, Stup-
pard R, Keller A, Zhang H, Rabinovitch PS, Marcinek DJ, Bruce 
JE (2020) Mitochondrial protein interaction landscape of SS-31. 
Proc Natl Acad Sci U S A 117:15363–15373. https:// doi. org/ 10. 
1073/ pnas. 20022 50117

 17. Chen D, Fan Z, Rauh M, Buchfelder M, Eyupoglu IY, Savaskan 
N (2017) ATF4 promotes angiogenesis and neuronal cell death 
and confers ferroptosis in a xCT-dependent manner. Oncogene 
36:5593–5608. https:// doi. org/ 10. 1038/ onc. 2017. 146

 18. Chowdhury A, Aich A, Jain G, Wozny K, Luchtenborg C, Hart-
mann M, Bernhard O, Balleiniger M, Alfar EA, Zieseniss A, Tois-
cher K, Guan K, Rizzoli SO, Brugger B, Fischer A, Katschinski 
DM, Rehling P, Dudek J (2018) Defective mitochondrial cardi-
olipin remodeling dampens HIF-1alpha expression in hypoxia. 
Cell Rep 25(561–570):e566. https:// doi. org/ 10. 1016/j. celrep. 2018. 
09. 057

 19. Chowdhury A, Boshnakovska A, Aich A, Methi A, Vergel Leon 
AM, Silbern I, Luchtenborg C, Cyganek L, Prochazka J, Sed-
lacek R, Lindovsky J, Wachs D, Nichtova Z, Zudova D, Koubkova 
G, Fischer A, Urlaub H, Brugger B, Katschinski DM, Dudek J, 
Rehling P (2023) Metabolic switch from fatty acid oxidation to 
glycolysis in knock-in mouse model of Barth syndrome. EMBO 
Mol Med https:// doi. org/ 10. 15252/ emmm. 20231 7399

 20. Chowdhury S, Jackson L, Byrne BJ, Bryant RM, Cade WT, 
Churchill TL, Buchanan J, Taylor C (2022) Longitudinal observa-
tional study of cardiac outcome risk factor prediction in children, 
adolescents, and adults with Barth syndrome. Pediatr Cardiol 
43:1251–1263. https:// doi. org/ 10. 1007/ s00246- 022- 02846-8

 21. Costa-Mattioli M, Walter P (2020) The integrated stress response: 
From mechanism to disease. Science. https:// doi. org/ 10. 1126/ 
scien ce. aat53 14

 22. de Hoon MJ, Imoto S, Nolan J, Miyano S (2004) Open source 
clustering software. Bioinformatics 20:1453–1454. https:// doi. org/ 
10. 1093/ bioin forma tics/ bth078

 23. Dever TE, Feng L, Wek RC, Cigan AM, Donahue TF, Hinne-
busch AG (1992) Phosphorylation of initiation factor 2 alpha by 
protein kinase GCN2 mediates gene-specific translational control 
of GCN4 in yeast. Cell 68:585–596. https:// doi. org/ 10. 1016/ 0092- 
8674(92) 90193-g

 24. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, 
Batut P, Chaisson M, Gingeras TR (2013) STAR: ultrafast univer-
sal RNA-seq aligner. Bioinformatics 29:15–21. https:// doi. org/ 10. 
1093/ bioin forma tics/ bts635

 25. Ducker GS, Rabinowitz JD (2017) One-carbon metabolism in 
health and disease. Cell Metab 25:27–42. https:// doi. org/ 10. 
1016/j. cmet. 2016. 08. 009

 26. Dudek J, Cheng IF, Balleininger M, Vaz FM, Streckfuss-Bömeke 
K, Hübscher D, Vukotic M, Wanders RJA, Rehling P, Guan K 
(2013) Cardiolipin deficiency affects respiratory chain function 
and organization in an induced pluripotent stem cell model of 
Barth syndrome. Stem Cell Res 11:806–819. https:// doi. org/ 10. 
1016/j. scr. 2013. 05. 005

 27. Dudek J, Cheng IF, Chowdhury A, Wozny K, Balleininger M, 
Reinhold R, Grunau S, Callegari S, Toischer K, Wanders RJA, 
Hasenfuss G, Brügger B, Guan K, Rehling P (2015) Cardiac-
specific succinate dehydrogenase deficiency in Barth syndrome. 
EMBO Mol Med 8:139–154. https:// doi. org/ 10. 15252/ emmm. 
20150 5644

 28. Elgadi KM, Meguid RA, Qian M, Souba WW, Abcouwer SF 
(1999) Cloning and analysis of unique human glutaminase iso-
forms generated by tissue-specific alternative splicing. Physiol 
Genom 1:51–62. https:// doi. org/ 10. 1152/ physi olgen omics. 1999.1. 
2. 51

 29. Fan J, Ye J, Kamphorst JJ, Shlomi T, Thompson CB, Rabinow-
itz JD (2014) Quantitative flux analysis reveals folate-dependent 
NADPH production. Nature 510:298–302. https:// doi. org/ 10. 
1038/ natur e13236

 30. Fang X, Cai Z, Wang H, Han D, Cheng Q, Zhang P, Gao F, Yu Y, 
Song Z, Wu Q, An P, Huang S, Pan J, Chen HZ, Chen J, Linker-
mann A, Min J, Wang F (2020) Loss of cardiac ferritin H facili-
tates cardiomyopathy via Slc7a11-mediated ferroptosis. Circ Res 
127:486–501. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 120. 316509

 31. Fatica EM, DeLeonibus GA, House A, Kodger JV, Pearce RW, 
Shah RR, Levi L, Sandlers Y (2019) Barth syndrome: exploring 
cardiac metabolism with induced pluripotent stem cell-derived 
cardiomyocytes. Metabolites. https:// doi. org/ 10. 3390/ metab o9120 
306

 32. Ferreira C, Thompson R, Vernon H (2014) Barth Syndrome. In: 
Adam MP, Ardinger HH, Pagon RA, Wallace SE, Bean LJH, Ste-
phens K, Amemiya A (eds) GeneReviews((R)). Seattle (WA)

 33. Fessler E, Eckl EM, Schmitt S, Mancilla IA, Meyer-Bender MF, 
Hanf M, Philippou-Massier J, Krebs S, Zischka H, Jae LT (2020) 
A pathway coordinated by DELE1 relays mitochondrial stress 
to the cytosol. Nature 579:433–437. https:// doi. org/ 10. 1038/ 
s41586- 020- 2076-4

 34. Ghosh S, Basu Ball W, Madaris TR, Srikantan S, Madesh M, 
Mootha VK, Gohil VM (2020) An essential role for cardiolipin in 
the stability and function of the mitochondrial calcium uniporter. 
Proc Natl Acad Sci USA 117:16383–16390. https:// doi. org/ 10. 
1073/ pnas. 20006 40117

 35. Goncalves RLS, Schlame M, Bartelt A, Brand MD, Hotamisligil 
GS (2020) Cardiolipin deficiency in Barth syndrome is not asso-
ciated with increased superoxide/H2 O2 production in heart and 

https://doi.org/10.1038/ng0496-385
https://doi.org/10.1038/ng0496-385
https://doi.org/10.1002/jmd2.12244
https://doi.org/10.1146/annurev-nutr-071715-050738
https://doi.org/10.1146/annurev-nutr-071715-050738
https://doi.org/10.1002/jimd.12094
https://doi.org/10.1007/s12350-019-01933-3
https://doi.org/10.1007/s10545-012-9486-x
https://doi.org/10.1002/jimd.12459
https://doi.org/10.1002/jimd.12459
https://doi.org/10.1073/pnas.2002250117
https://doi.org/10.1073/pnas.2002250117
https://doi.org/10.1038/onc.2017.146
https://doi.org/10.1016/j.celrep.2018.09.057
https://doi.org/10.1016/j.celrep.2018.09.057
https://doi.org/10.15252/emmm.202317399
https://doi.org/10.1007/s00246-022-02846-8
https://doi.org/10.1126/science.aat5314
https://doi.org/10.1126/science.aat5314
https://doi.org/10.1093/bioinformatics/bth078
https://doi.org/10.1093/bioinformatics/bth078
https://doi.org/10.1016/0092-8674(92)90193-g
https://doi.org/10.1016/0092-8674(92)90193-g
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1016/j.scr.2013.05.005
https://doi.org/10.1016/j.scr.2013.05.005
https://doi.org/10.15252/emmm.201505644
https://doi.org/10.15252/emmm.201505644
https://doi.org/10.1152/physiolgenomics.1999.1.2.51
https://doi.org/10.1152/physiolgenomics.1999.1.2.51
https://doi.org/10.1038/nature13236
https://doi.org/10.1038/nature13236
https://doi.org/10.1161/CIRCRESAHA.120.316509
https://doi.org/10.3390/metabo9120306
https://doi.org/10.3390/metabo9120306
https://doi.org/10.1038/s41586-020-2076-4
https://doi.org/10.1038/s41586-020-2076-4
https://doi.org/10.1073/pnas.2000640117
https://doi.org/10.1073/pnas.2000640117


Basic Research in Cardiology (2023) 118:47 

1 3

Page 23 of 25 47

skeletal muscle mitochondria. FEBS Lett. https:// doi. org/ 10. 1002/ 
1873- 3468. 13973

 36. Goncalves RLS, Schlame M, Bartelt A, Brand MD, Hotamışlıgil 
GS (2020) Cardiolipin deficiency in Barth syndrome is not associ-
ated with increased superoxide/H(2) O(2) production in heart and 
skeletal muscle mitochondria. FEBS Lett. https:// doi. org/ 10. 1002/ 
1873- 3468. 13973

 37. Gonzalvez F, D’Aurelio M, Boutant M, Moustapha A, Puech J-P, 
Landes T, Arnauné-Pelloquin L, Vial G, Taleux N, Slomianny C, 
Wanders RJ, Houtkooper RH, Bellenguer P, Møller IM, Gottlieb 
E, Vaz FM, Manfredi G, Petit PX (2013) Barth syndrome: cellular 
compensation of mitochondrial dysfunction and apoptosis inhibi-
tion due to changes in cardiolipin remodeling linked to tafazzin 
(TAZ) gene mutation. Biochim Biophys Acta 1832:1194–1206. 
https:// doi. org/ 10. 1016/j. bbadis. 2013. 03. 005

 38. Greenwell AA, Gopal K, Altamimi TR, Saed CT, Wang F, 
Tabatabaei Dakhili SA, Ho KL, Zhang L, Eaton F, Kruger J, Al 
Batran R, Lopaschuk GD, Oudit GY, Ussher JR (2021) Barth 
syndrome-related cardiomyopathy is associated with a reduction 
in myocardial glucose oxidation. Am J Physiol Heart Circ Physiol 
320:H2255–H2269. https:// doi. org/ 10. 1152/ ajphe art. 00873. 2020

 39. Guo X, Aviles G, Liu Y, Tian R, Unger BA, Lin YT, Wiita AP, 
Xu K, Correia MA, Kampmann M (2020) Mitochondrial stress is 
relayed to the cytosol by an OMA1-DELE1-HRI pathway. Nature 
579:427–432. https:// doi. org/ 10. 1038/ s41586- 020- 2078-2

 40. Harding HP, Novoa I, Zhang Y, Zeng H, Wek R, Schapira M, Ron 
D (2000) Regulated translation initiation controls stress-induced 
gene expression in mammalian cells. Mol Cell 6:1099–1108. 
https:// doi. org/ 10. 1016/ s1097- 2765(00) 00108-8

 41. Harding HP, Zhang Y, Ron D (1999) Protein translation and fold-
ing are coupled by an endoplasmic-reticulum-resident kinase. 
Nature 397:271–274. https:// doi. org/ 10. 1038/ 16729

 42. Harding HP, Zhang Y, Zeng H, Novoa I, Lu PD, Calfon M, Sadri 
N, Yun C, Popko B, Paules R, Stojdl DF, Bell JC, Hettmann T, 
Leiden JM, Ron D (2003) An integrated stress response regulates 
amino acid metabolism and resistance to oxidative stress. Mol 
Cell 11:619–633. https:// doi. org/ 10. 1016/ s1097- 2765(03) 00105-9

 43. Houtkooper RH, Rodenburg RJ, Thiels C, van Lenthe H, Stet F, 
Poll-The BT, Stone JE, Steward CG, Wanders RJ, Smeitink J, 
Kulik W, Vaz FM (2009) Cardiolipin and monolysocardiolipin 
analysis in fibroblasts, lymphocytes, and tissues using high-perfor-
mance liquid chromatography-mass spectrometry as a diagnostic 
test for Barth syndrome. Anal Biochem 387:230–237. https:// doi. 
org/ 10. 1016/j. ab. 2009. 01. 032

 44. da Huang W, Sherman BT, Lempicki RA (2009) Systematic and 
integrative analysis of large gene lists using DAVID bioinformat-
ics resources. Nat Protoc 4:44–57. https:// doi. org/ 10. 1038/ nprot. 
2008. 211

 45. Hui S, Ghergurovich JM, Morscher RJ, Jang C, Teng X, Lu W, 
Esparza LA, Reya T, Le Z, Yanxiang Guo J, White E, Rabinowitz 
JD (2017) Glucose feeds the TCA cycle via circulating lactate. 
Nature 551:115–118. https:// doi. org/ 10. 1038/ natur e24057

 46. Jin HO, Seo SK, Woo SH, Choe TB, Hong SI, Kim JI, Park IC 
(2009) Nuclear protein 1 induced by ATF4 in response to various 
stressors acts as a positive regulator on the transcriptional acti-
vation of ATF4. IUBMB Life 61:1153–1158. https:// doi. org/ 10. 
1002/ iub. 271

 47. Johnson JM, Ferrara PJ, Verkerke ARP, Coleman CB, Wentzler 
EJ, Neufer PD, Kew KA, de Castro Bras LE, Funai K (2018) Tar-
geted overexpression of catalase to mitochondria does not prevent 
cardioskeletal myopathy in Barth syndrome. J Mol Cell Cardiol 
121:94–102. https:// doi. org/ 10. 1016/j. yjmcc. 2018. 07. 001

 48. Khan NA, Nikkanen J, Yatsuga S, Jackson C, Wang L, Pradhan 
S, Kivelä R, Pessia A, Velagapudi V, Suomalainen A (2017) 
mTORC1 regulates mitochondrial integrated stress response and 

mitochondrial myopathy progression. Cell Metab 26:419-428.
e415. https:// doi. org/ 10. 1016/j. cmet. 2017. 07. 007

 49. Kiebish MA, Yang K, Liu X, Mancuso DJ, Guan S, Zhao Z, Sims 
HF, Cerqua R, Cade WT, Han X, Gross RW (2013) Dysfunctional 
cardiac mitochondrial bioenergetic, lipidomic, and signaling in 
a murine model of Barth syndrome. J Lipid Res 54:1312–1325. 
https:// doi. org/ 10. 1194/ jlr. M0347 28

 50. Kim J, Lee K, Fujioka H, Tandler B, Hoppel CL (2018) Cardiac 
mitochondrial structure and function in tafazzin-knockdown mice. 
Mitochondrion 43:53–62. https:// doi. org/ 10. 1016/j. mito. 2018. 10. 
005

 51. Kohlhaas M, Liu T, Knopp A, Zeller T, Ong MF, Bohm M, 
O’Rourke B, Maack C (2010) Elevated cytosolic Na+ increases 
mitochondrial formation of reactive oxygen species in failing 
cardiac myocytes. Circulation 121:1606–1613. https:// doi. org/ 
10. 1161/ CIRCU LATIO NAHA. 109. 914911

 52. Koppula P, Zhuang L, Gan B (2021) Cystine transporter 
SLC7A11/xCT in cancer: ferroptosis, nutrient dependency, and 
cancer therapy. Protein Cell 12:599–620. https:// doi. org/ 10. 1007/ 
s13238- 020- 00789-5

 53. Kovacs-Bogdan E, Sancak Y, Kamer KJ, Plovanich M, Jambhekar 
A, Huber RJ, Myre MA, Blower MD, Mootha VK (2014) Recon-
stitution of the mitochondrial calcium uniporter in yeast. Proc Natl 
Acad Sci U S A 111:8985–8990. https:// doi. org/ 10. 1073/ pnas. 
14005 14111

 54. Le CH, Benage LG, Specht KS, Li Puma LC, Mulligan CM, Heu-
berger AL, Prenni JE, Claypool SM, Chatfield KC, Sparagna GC, 
Chicco AJ (2020) Tafazzin deficiency impairs CoA-dependent 
oxidative metabolism in cardiac mitochondria. J Biol Chem 
295:12485–12497. https:// doi. org/ 10. 1074/ jbc. RA119. 011229

 55. Lewerenz J, Hewett SJ, Huang Y, Lambros M, Gout PW, Kalivas 
PW, Massie A, Smolders I, Methner A, Pergande M, Smith SB, 
Ganapathy V, Maher P (2013) The cystine/glutamate antiporter 
system x(c)(-) in health and disease: from molecular mechanisms 
to novel therapeutic opportunities. Antioxid Redox Signal 18:522–
555. https:// doi. org/ 10. 1089/ ars. 2011. 4391

 56. Li Y, Lou W, Raja V, Denis S, Yu W, Schmidtke MW, Reynolds 
CA, Schlame M, Houtkooper RH, Greenberg ML (2019) Cardi-
olipin-induced activation of pyruvate dehydrogenase links mito-
chondrial lipid biosynthesis to TCA cycle function. J Biol Chem 
294:11568–11578. https:// doi. org/ 10. 1074/ jbc. RA119. 009037

 57. Liao Y, Smyth GK, Shi W (2014) featureCounts: an efficient gen-
eral purpose program for assigning sequence reads to genomic 
features. Bioinformatics 30:923–930. https:// doi. org/ 10. 1093/ 
bioin forma tics/ btt656

 58. Liu X, Wang S, Guo X, Li Y, Ogurlu R, Lu F, Prondzynski M, 
de la Serna BS, Ma Q, Zhang D, Wang G, Cotton J, Guo Y, Xiao 
L, Milan DJ, Xu Y, Schlame M, Bezzerides VJ, Pu WT (2021) 
Increased reactive oxygen species-mediated Ca(2+)/calmodulin-
dependent protein kinase II activation contributes to calcium han-
dling abnormalities and impaired contraction in Barth syndrome. 
Circulation 143:1894–1911. https:// doi. org/ 10. 1161/ CIRCU 
LATIO NAHA. 120. 048698

 59. Longo N, di San A, Filippo C, Pasquali M (2006) Disorders of 
carnitine transport and the carnitine cycle. Am J Med Genet C 
Semin Med Genet 142C:77–85. https:// doi. org/ 10. 1002/ ajmg.c. 
30087

 60. Love MI, Huber W, Anders S (2014) Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome 
Biol. https:// doi. org/ 10. 1186/ s13059- 014- 0550-8

 61. Ma H, Yu S, Liu X, Zhang Y, Fakadej T, Liu Z, Yin C, Shen W, 
Locasale JW, Taylor JM, Qian L, Liu J (2019) Lin28a regulates 
pathological cardiac hypertrophic growth through Pck2-mediated 
enhancement of anabolic synthesis. Circulation 139:1725–1740. 
https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 118. 037803

https://doi.org/10.1002/1873-3468.13973
https://doi.org/10.1002/1873-3468.13973
https://doi.org/10.1002/1873-3468.13973
https://doi.org/10.1002/1873-3468.13973
https://doi.org/10.1016/j.bbadis.2013.03.005
https://doi.org/10.1152/ajpheart.00873.2020
https://doi.org/10.1038/s41586-020-2078-2
https://doi.org/10.1016/s1097-2765(00)00108-8
https://doi.org/10.1038/16729
https://doi.org/10.1016/s1097-2765(03)00105-9
https://doi.org/10.1016/j.ab.2009.01.032
https://doi.org/10.1016/j.ab.2009.01.032
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1038/nature24057
https://doi.org/10.1002/iub.271
https://doi.org/10.1002/iub.271
https://doi.org/10.1016/j.yjmcc.2018.07.001
https://doi.org/10.1016/j.cmet.2017.07.007
https://doi.org/10.1194/jlr.M034728
https://doi.org/10.1016/j.mito.2018.10.005
https://doi.org/10.1016/j.mito.2018.10.005
https://doi.org/10.1161/CIRCULATIONAHA.109.914911
https://doi.org/10.1161/CIRCULATIONAHA.109.914911
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.1073/pnas.1400514111
https://doi.org/10.1073/pnas.1400514111
https://doi.org/10.1074/jbc.RA119.011229
https://doi.org/10.1089/ars.2011.4391
https://doi.org/10.1074/jbc.RA119.009037
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1161/CIRCULATIONAHA.120.048698
https://doi.org/10.1161/CIRCULATIONAHA.120.048698
https://doi.org/10.1002/ajmg.c.30087
https://doi.org/10.1002/ajmg.c.30087
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1161/CIRCULATIONAHA.118.037803


 Basic Research in Cardiology (2023) 118:47

1 3

47 Page 24 of 25

 62. Murashige D, Jang C, Neinast M, Edwards JJ, Cowan A, Hyman 
MC, Rabinowitz JD, Frankel DS, Arany Z (2020) Comprehensive 
quantification of fuel use by the failing and nonfailing human 
heart. Science 370:364–368. https:// doi. org/ 10. 1126/ scien ce. 
abc88 61

 63. Nakamura S, Kugiyama K, Sugiyama S, Miyamoto S, Koide S, 
Fukushima H, Honda O, Yoshimura M, Ogawa H (2002) Poly-
morphism in the 5’-flanking region of human glutamate-cysteine 
ligase modifier subunit gene is associated with myocardial infarc-
tion. Circulation 105:2968–2973. https:// doi. org/ 10. 1161/ 01. cir. 
00000 19739. 66514. 1e

 64. Nikkanen J, Forsström S, Euro L, Paetau I, Kohnz RA, Wang L, 
Chilov D, Viinamäki J, Roivainen A, Marjamäki P, Liljenbäck 
H, Ahola S, Buzkova J, Terzioglu M, Khan NA, Pirnes-Karhu 
S, Paetau A, Lönnqvist T, Sajantila A, Isohanni P, Tyynismaa H, 
Nomura DK, Battersby BJ, Velagapudi V, Carroll CJ, Suoma-
lainen A (2016) Mitochondrial DNA replication defects disturb 
cellular dNTP pools and remodel one-carbon metabolism. Cell 
Metab 23:635–648. https:// doi. org/ 10. 1016/j. cmet. 2016. 01. 019

 65. Padron-Barthe L, Villalba-Orero M, Gomez-Salinero JM, Acin-
Perez R, Cogliati S, Lopez-Olaneta M, Ortiz-Sanchez P, Bonzon-
Kulichenko E, Vazquez J, Garcia-Pavia P, Rosenthal N, Enriquez 
JA, Lara-Pezzi E (2018) Activation of serine one-carbon metabo-
lism by calcineurin abeta1 reduces myocardial hypertrophy and 
improves ventricular function. J Am Coll Cardiol 71:654–667. 
https:// doi. org/ 10. 1016/j. jacc. 2017. 11. 067

 66. Pandey MK, Belanger AP, Wang S, DeGrado TR (2012) Structure 
dependence of long-chain [18F]fluorothia fatty acids as myocar-
dial fatty acid oxidation probes. J Med Chem 55:10674–10684. 
https:// doi. org/ 10. 1021/ jm301 345v

 67. Pang J, Bao Y, Mitchell-Silbaugh K, Veevers J, Fang X (2022) 
Barth syndrome cardiomyopathy: an update. Genes (Basel). 
https:// doi. org/ 10. 3390/ genes 13040 656

 68. Pietzke M, Meiser J, Vazquez A (2020) Formate metabolism 
in health and disease. Mol Metab 33:23–37. https:// doi. org/ 10. 
1016/j. molmet. 2019. 05. 012

 69. Ranea-Robles P, Pavlova NN, Bender A, Pereyra AS, Ellis JM, 
Stauffer B, Yu C, Thompson CB, Argmann C, Puchowicz M, 
Houten SM (2022) A mitochondrial long-chain fatty acid oxida-
tion defect leads to tRNA uncharging and activation of the inte-
grated stress response in the mouse heart. Cardiovasc Res. https:// 
doi. org/ 10. 1093/ cvr/ cvac0 50

 70. Ron D (2002) Translational control in the endoplasmic reticulum 
stress response. J Clin Invest 110:1383–1388. https:// doi. org/ 10. 
1172/ JCI16 784

 71. Russo S, De Rasmo D, Signorile A, Corcelli A, Lobasso S (2022) 
Beneficial effects of SS-31 peptide on cardiac mitochondrial dys-
function in tafazzin knockdown mice. Sci Rep 12:19847. https:// 
doi. org/ 10. 1038/ s41598- 022- 24231-4

 72. Sidrauski C, Acosta-Alvear D, Khoutorsky A, Vedantham P, 
Hearn BR, Li H, Gamache K, Gallagher CM, Ang KKH, Wil-
son C, Okreglak V, Ashkenazi A, Hann B, Nader K, Arkin MR, 
Renslo AR, Sonenberg N, Walter P (2013) Pharmacological 
brake-release of mRNA translation enhances cognitive memory. 
Elife 2:e00498. https:// doi. org/ 10. 7554/ eLife. 00498

 73. Soustek MS, Falk DJ, Mah CS, Toth MJ, Schlame M, Lewin AS, 
Byrne BJ (2011) Characterization of a transgenic short hairpin 
RNA-induced murine model of Tafazzin deficiency. Hum Gene 
Ther 22:865–871. https:// doi. org/ 10. 1089/ hum. 2010. 199

 74. Spencer CT, Byrne BJ, Bryant RM, Margossian R, Maisenbacher 
M, Breitenger P, Benni PB, Redfearn S, Marcus E, Cade WT 
(2011) Impaired cardiac reserve and severely diminished skeletal 
muscle O(2) utilization mediate exercise intolerance in Barth syn-
drome. Am J Physiol Heart Circ Physiol 301:H2122-2129. https:// 
doi. org/ 10. 1152/ ajphe art. 00479. 2010

 75. Spencer CT, Byrne BJ, Gewitz MH, Wechsler SB, Kao AC, 
Gerstenfeld EP, Merliss AD, Carboni MP, Bryant RM (2005) 
Ventricular arrhythmia in the X-linked cardiomyopathy Barth 
syndrome. Pediatr Cardiol 26:632–637. https:// doi. org/ 10. 1007/ 
s00246- 005- 0873-z

 76. Stipanuk MH (2004) Sulfur amino acid metabolism: pathways for 
production and removal of homocysteine and cysteine. Annu Rev 
Nutr 24:539–577. https:// doi. org/ 10. 1146/ annur ev. nutr. 24. 012003. 
132418

 77. Strauss AW, Powell CK, Hale DE, Anderson MM, Ahuja A, 
Brackett JC, Sims HF (1995) Molecular basis of human mitochon-
drial very-long-chain acyl-CoA dehydrogenase deficiency causing 
cardiomyopathy and sudden death in childhood. Proc Natl Acad 
Sci U S A 92:10496–10500. https:// doi. org/ 10. 1073/ pnas. 92. 23. 
10496

 78. Szeto HH (2014) First-in-class cardiolipin-protective compound 
as a therapeutic agent to restore mitochondrial bioenergetics. Br 
J Pharmacol 171:2029–2050. https:// doi. org/ 10. 1111/ bph. 12461

 79. Thompson R, Jefferies J, Wang S, Pu WT, Takemoto C, Hornby 
B, Heyman A, Chin MT, Vernon HJ (2022) Current and future 
treatment approaches for Barth syndrome. J Inherit Metab Dis 
45:17–28. https:// doi. org/ 10. 1002/ jimd. 12453

 80. Tyynismaa H, Carroll CJ, Raimundo N, Ahola-Erkkilä S, 
Wenz T, Ruhanen H, Guse K, Hemminki A, Peltola-Mjøsund 
KE, Tulkki V, Oresic M, Moraes CT, Pietiläinen K, Hovatta I, 
Suomalainen A (2010) Mitochondrial myopathy induces a star-
vation-like response. Hum Mol Genet 19:3948–3958. https:// 
doi. org/ 10. 1093/ hmg/ ddq310

 81. Umapathi P, Mesubi OO, Banerjee PS, Abrol N, Wang Q, Luc-
zak ED, Wu Y, Granger JM, Wei AC, Reyes Gaido OE, Florea 
L, Talbot CC Jr, Hart GW, Zachara NE, Anderson ME (2021) 
Excessive O-GlcNAcylation causes heart failure and sudden 
death. Circulation 143:1687–1703. https:// doi. org/ 10. 1161/ 
CIRCU LATIO NAHA. 120. 051911

 82. Vernon HJ, Sandlers Y, McClellan R, Kelley RI (2014) Clini-
cal laboratory studies in Barth Syndrome. Mol Genet Metab 
112:143–147. https:// doi. org/ 10. 1016/j. ymgme. 2014. 03. 007

 83. Wang C, Huang Z, Du Y, Cheng Y, Chen S, Guo F (2010) 
ATF4 regulates lipid metabolism and thermogenesis. Cell Res 
20:174–184. https:// doi. org/ 10. 1038/ cr. 2010.4

 84. Wang C, Xia T, Du Y, Meng Q, Li H, Liu B, Chen S, Guo F 
(2013) Effects of ATF4 on PGC1alpha expression in brown adi-
pose tissue and metabolic responses to cold stress. Metabolism 
62:282–289. https:// doi. org/ 10. 1016/j. metab ol. 2012. 07. 017

 85. Wang G, McCain ML, Yang L, He A, Pasqualini FS, Agarwal 
A, Yuan H, Jiang D, Zhang D, Zangi L, Geva J, Roberts AE, 
Ma Q, Ding J, Chen J, Wang D-Z, Li K, Wang J, Wanders RJA, 
Kulik W, Vaz FM, Laflamme MA, Murry CE, Chien KR, Kel-
ley RI, Church GM, Parker KK, Pu WT (2014) Modeling the 
mitochondrial cardiomyopathy of Barth syndrome with induced 
pluripotent stem cell and heart-on-chip technologies. Nat Med 
20:616–623. https:// doi. org/ 10. 1038/ nm. 3545

 86. Wang S, Li Y, Xu Y, Ma Q, Lin Z, Schlame M, Bezzerides 
VJ, Strathdee D, Pu WT (2020) AAV gene therapy prevents 
and reverses heart failure in a murine knockout model of Barth 
syndrome. Circ Res 126:1024–1039. https:// doi. org/ 10. 1161/ 
CIRCR ESAHA. 119. 315956

 87. Wang S, Yazawa E, Keating EM, Mazumdar N, Hauschild A, 
Ma Q, Wu H, Xu Y, Shi X, Strathdee D, Gerszten RE, Schlame 
M, Pu WT (2023) Genetic modifiers modulate phenotypic 
expression of tafazzin deficiency in a mouse model of Barth 
syndrome. Hum Mol Genet 32:2055–2067. https:// doi. org/ 10. 
1093/ hmg/ ddad0 41

 88. Wang X, Zhang G, Dasgupta S, Niewold EL, Li C, Li Q, Luo 
X, Tan L, Ferdous A, Lorenzi PL, Rothermel BA, Gillette TG, 
Adams CM, Scherer PE, Hill JA, Wang ZV (2022) ATF4 protects 

https://doi.org/10.1126/science.abc8861
https://doi.org/10.1126/science.abc8861
https://doi.org/10.1161/01.cir.0000019739.66514.1e
https://doi.org/10.1161/01.cir.0000019739.66514.1e
https://doi.org/10.1016/j.cmet.2016.01.019
https://doi.org/10.1016/j.jacc.2017.11.067
https://doi.org/10.1021/jm301345v
https://doi.org/10.3390/genes13040656
https://doi.org/10.1016/j.molmet.2019.05.012
https://doi.org/10.1016/j.molmet.2019.05.012
https://doi.org/10.1093/cvr/cvac050
https://doi.org/10.1093/cvr/cvac050
https://doi.org/10.1172/JCI16784
https://doi.org/10.1172/JCI16784
https://doi.org/10.1038/s41598-022-24231-4
https://doi.org/10.1038/s41598-022-24231-4
https://doi.org/10.7554/eLife.00498
https://doi.org/10.1089/hum.2010.199
https://doi.org/10.1152/ajpheart.00479.2010
https://doi.org/10.1152/ajpheart.00479.2010
https://doi.org/10.1007/s00246-005-0873-z
https://doi.org/10.1007/s00246-005-0873-z
https://doi.org/10.1146/annurev.nutr.24.012003.132418
https://doi.org/10.1146/annurev.nutr.24.012003.132418
https://doi.org/10.1073/pnas.92.23.10496
https://doi.org/10.1073/pnas.92.23.10496
https://doi.org/10.1111/bph.12461
https://doi.org/10.1002/jimd.12453
https://doi.org/10.1093/hmg/ddq310
https://doi.org/10.1093/hmg/ddq310
https://doi.org/10.1161/CIRCULATIONAHA.120.051911
https://doi.org/10.1161/CIRCULATIONAHA.120.051911
https://doi.org/10.1016/j.ymgme.2014.03.007
https://doi.org/10.1038/cr.2010.4
https://doi.org/10.1016/j.metabol.2012.07.017
https://doi.org/10.1038/nm.3545
https://doi.org/10.1161/CIRCRESAHA.119.315956
https://doi.org/10.1161/CIRCRESAHA.119.315956
https://doi.org/10.1093/hmg/ddad041
https://doi.org/10.1093/hmg/ddad041


Basic Research in Cardiology (2023) 118:47 

1 3

Page 25 of 25 47

the heart from failure by antagonizing oxidative stress. Circ Res. 
https:// doi. org/ 10. 1161/ CIRCR ESAHA. 122. 321050

 89. Watanabe Y, Watanabe K, Kobayashi T, Saito Y, Fujioka D, Naka-
mura T, Obata JE, Kawabata K, Mishina H, Kugiyama K (2013) 
Chronic depletion of glutathione exacerbates ventricular remodel-
ling and dysfunction in the pressure-overloaded heart. Cardiovasc 
Res 97:282–292. https:// doi. org/ 10. 1093/ cvr/ cvs333

 90. Yang L, Garcia Canaveras JC, Chen Z, Wang L, Liang L, Jang 
C, Mayr JA, Zhang Z, Ghergurovich JM, Zhan L, Joshi S, Hu 
Z, McReynolds MR, Su X, White E, Morscher RJ, Rabinowitz 
JD (2020) Serine catabolism feeds NADH when respiration is 
impaired. Cell Metab 31(809–821):e806. https:// doi. org/ 10. 
1016/j. cmet. 2020. 02. 017

 91. Zhang G, Wang X, Li C, Li Q, An YA, Luo X, Deng Y, Gillette 
TG, Scherer PE, Wang ZV (2021) Integrated stress response cou-
ples mitochondrial protein translation with oxidative stress con-
trol. Circulation 144:1500–1515. https:// doi. org/ 10. 1161/ CIRCU 
LATIO NAHA. 120. 053125

 92. Zhang J, Liu X, Nie J, Shi Y (2022) Restoration of mitophagy 
ameliorates cardiomyopathy in Barth syndrome. Autophagy 
18:2134–2149. https:// doi. org/ 10. 1080/ 15548 627. 2021. 20209 79

 93. Zhu S, Chen Z, Zhu M, Shen Y, Leon LJ, Chi L, Spinozzi S, 
Tan C, Gu Y, Nguyen A, Zhou Y, Feng W, Vaz FM, Wang X, 
Gustafsson AB, Evans SM, Kunfu O, Fang X (2021) Cardiolipin 
remodeling defects impair mitochondrial architecture and function 
in a murine model of Barth syndrome cardiomyopathy. Circ Heart 
Fail 14:e008289. https:// doi. org/ 10. 1161/ CIRCH EARTF AILURE. 
121. 008289

 94. Zhu S, Nguyen A, Pang J, Zhao J, Chen Z, Liang Z, Gu Y, Huynh 
H, Bao Y, Lee S, Kluger Y, Ouyang K, Evans SM, Fang X (2022) 
Mitochondrial stress induces an HRI-eIF2alpha pathway protec-
tive for cardiomyopathy. Circulation 146:1028–1031. https:// doi. 
org/ 10. 1161/ CIRCU LATIO NAHA. 122. 059594

Authors and Affiliations

Ilona Kutschka1 · Edoardo Bertero1,2,3 · Christina Wasmus1 · Ke Xiao4,5 · Lifeng Yang6 · Xinyu Chen7 · 
Yasuhiro Oshima7 · Marcus Fischer8 · Manuela Erk1 · Berkan Arslan1 · Lin Alhasan1 · Daria Grosser1 · 
Katharina J. Ermer1 · Alexander Nickel1 · Michael Kohlhaas1 · Hanna Eberl9 · Sabine Rebs9 · 
Katrin Streckfuss‑Bömeke9,10 · Werner Schmitz11 · Peter Rehling12,13 · Thomas Thum4,5,14 · Takahiro Higuchi7 · 
Joshua Rabinowitz15 · Christoph Maack1,16 · Jan Dudek1

 * Jan Dudek 
 Dudek_J@ukw.de

1 Department of Translational Research, Comprehensive Heart 
Failure Center (CHFC), University Clinic Würzburg, Am 
Schwarzenberg 15, Haus A15, 97078 Würzburg, Germany

2 Department of Internal Medicine, University of Genova, 
Genoa, Italy

3 Cardiovascular Disease Unit, IRCCS Ospedale Policlinico 
San Martino – Italian IRCCS Cardiology Network, Genoa, 
Italy

4 Institute of Molecular and Translational Therapeutic 
Strategies, Hannover Medical School, Carl-Neuberg-Str. 1, 
30625 Hannover, Germany

5 Fraunhofer Institute for Toxicology and Experimental 
Medicine (ITEM), Nikolai-Fuchs-Straße 1, 30625 Hannover, 
Germany

6 Shanghai Institute of Nutrition and Health, Chinese Academy 
of Sciences, 320 Yueyang Rd, Shanghai 200031, China

7 Department of Nuclear Medicine, University Clinic 
Würzburg, Oberdürrbacher Strasse 6, 97080 Würzburg, 
Germany

8 Division of Pediatric Cardiology and Intensive Care, 
University Hospital LMU Munich, Marchioninistr. 15, 
81377 Munich, Germany

9 Department for Pharmacology and Toxicology, University 
of Würzburg, Versbacher Strasse 9, 97078 Würzburg, 
Germany

10 Clinic for Cardiology and Pneumology, Georg-August 
University Göttingen and DZHK (German Center 
for Cardiovascular Research), Partner Site, Göttingen, 
Germany

11 Department of Biochemistry and Molecular Biology, 
University of Würzburg, Am Hubland, 97074 Würzburg, 
Germany

12 University Göttingen, Institute of Biochemistry 
and Molecular Cell Biology, Humboldtallee 23, 
37072 Göttingen, Germany

13 Cluster of Excellence “Multiscale Bioimaging: From 
Molecular Machines to Networks of Excitable Cells” 
(MBExC), University of Göttingen, Göttingen, Germany

14 Rebirth Center for Translational Regenerative Medicine, 
Hannover Medical School, Carl-Neuberg-Str. 1, 
30625 Hannover, Germany

15 Lewis-Sigler Institute for Integrative Genomics, Princeton 
University, Princeton, NJ 08544, USA

16 Medical Clinic I, University Clinic Würzburg, Würzburg, 
Germany

https://doi.org/10.1161/CIRCRESAHA.122.321050
https://doi.org/10.1093/cvr/cvs333
https://doi.org/10.1016/j.cmet.2020.02.017
https://doi.org/10.1016/j.cmet.2020.02.017
https://doi.org/10.1161/CIRCULATIONAHA.120.053125
https://doi.org/10.1161/CIRCULATIONAHA.120.053125
https://doi.org/10.1080/15548627.2021.2020979
https://doi.org/10.1161/CIRCHEARTFAILURE.121.008289
https://doi.org/10.1161/CIRCHEARTFAILURE.121.008289
https://doi.org/10.1161/CIRCULATIONAHA.122.059594
https://doi.org/10.1161/CIRCULATIONAHA.122.059594

	Activation of the integrated stress response rewires cardiac metabolism in Barth syndrome
	Abstract
	Introduction
	Results
	Uptake and utilization of fatty acids is impaired in tafazzin-deficient hearts and iPSC-derived cardiac myocytes
	Serine and 1C metabolism is activated in Taz-KD hearts
	The ISR is activated in heart and skeletal muscle of Taz-KD mice
	ATF4 induces upregulation of 1C metabolism genes in Taz-deficient MEFs and iPSC-CM
	Glutamate metabolism is rewired in Taz-KD hearts
	ATF4 induces cysteine uptake via the xCT system to support glutathione biosynthesis

	Discussion
	Impaired cardiac fatty acid uptake and oxidation and metabolic remodeling
	CL deficiency activates the integrated stress response (ISR)
	The role of glutamate metabolism in Barth syndrome

	Methods
	Mice
	Mouse in vivo metabolomics
	Mitochondria isolation from mouse heart tissue
	Whole tissue lysates
	Isolation of cardiac myocytes from mouse hearts
	Analysis of gene expression
	RNAseq analyses
	Cell culture
	Immunofluorescence staining
	Enzymatic formate assay
	Analysis of water-soluble metabolites in cell extracts
	Analysis of water-soluble metabolites in heart tissue from in vivo isotope tracing
	Statistics
	Miscellaneous

	Anchor 30
	Acknowledgements 
	References




