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Abstract

This review critically examines the question posed by Brault JF, Simon J, and Conway SJ in Journal of Translational
Genetics and Genomics earlier this year: "What can ATP content tell us about Barth syndrome muscle phenotypes?”.
It also offers an alternative perspective on the topic. Our answer is straightforward but warrants a detailed
explanation. In the early stages of Barth syndrome, measuring adenosine triphosphate (ATP) content alone is
insufficient to accurately characterize the bioenergetic profile of cells or tissues. Nevertheless, such measurements
continue to attract interest - even from researchers equipped with advanced techniques - including adenosine
diphosphate (ADP) and ATP assays, adenosine monophosphate (AMP) quantification, and assessments of
nicotinamide adenine dinucleotide phosphate (NADPH) and nicotinamide Adenine dinucleotide (NADH) [i.e.,
nicotinamide adenine dinucleotide phosphate oxidized (NADP") or nicotinamide adenine dinucleotide oxidized
(NAD")]. Assessing the rate of ATP production is a more informative and complementary approach, offering
greater insight than ATP measurements alone. However, adopting a bioenergetic framework for studying Barth
syndrome remains challenging. This difficulty arises largely from the profound structural and functional changes
occurring within the mitochondrial compartment, which affect not only transmembrane ion transport but also the
import and maturation of cytoplasmic precursors of mitochondrial proteins. Future research on Barth syndrome
(BTHS) is expected to shift focus toward the central role of immature cardiolipin and monolysocardiolipin in
mitochondrial membranes and their complex interactions, rather than concentrating solely on disruptions in
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cellular bioenergetics.
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INTRODUCTION

It may be surprising, but measuring cellular adenosine triphosphate (ATP) is not an effective means of
assessing mitochondrial function', nor of identifying mitochondrial dysfunction associated with
pathological conditions that disrupt bioenergetic homeostasis. A more accurate approach involves tracking
metabolic intermediates of glycolysis and fatty acid oxidation, as well as markers of oxidative stress, which
may be more relevant drivers of pathology than changes in ATP levels™.

ATP is the main adenine nucleotide in cells, yet enhancing a cell’s bioenergetic function does not necessarily
result in an increase in total ATP content. Interestingly, a rise in cellular ATP levels, which is occasionally
observed, does not always reflect a corresponding expansion in the overall adenine nucleotide pool and may
not accurately indicate the cell’s bioenergetic status. However, changes in the size of the adenine nucleotide
pool can be indirectly linked to cellular bioenergetics through a slow cycle involving adenosine
monophosphate (AMP) deaminase. This enzyme converts AMP to inosine monophosphate (IMP), thereby
depleting the adenine nucleotide pool and triggering its resynthesis. When ATP/adenosine diphosphate
(ADP) levels decline, adenylate kinase catalyzes the conversion of ADP to AMP. Continued energy
depletion activates AMP deaminase, which degrades AMP to IMP, reducing the nucleotide pool.
Conversely, when ATP/ADP levels are elevated, AMP deamination slows, allowing the pool to expand.
Without further experimental investigation, it is impossible to determine whether changes in ATP levels
reflect altered mitochondrial function or independent changes in adenine nucleotide metabolism.
Therefore, total cellular ATP content is a poor indicator of mitochondrial dysfunction. This observation
directly addresses a recent question posed by Brault J] and Conway SJ in Journal of Translational Genetics
and Genomics, “What can ATP content tell us about Barth Syndrome muscle phenotypes?”*. ATP
quantification is subject to several limitations, most of which are technical and reduce its reliability. These
include: (1) Bioluminescence assays, though highly sensitive, are vulnerable to ATP degradation if samples
are not rapidly quenched"); (2) Colorimetric assays can be influenced by pH, salts, and other metabolites,
compromising accuracy'; (3) Total ATP measurements cannot distinguish between mitochondrial and
cytosolic pools.

It is puzzling that more accurate techniques, such as high-performance liquid chromatography (HPLC), the
Seahorse XF Analyzer, or the Oroboros O2k respirometer, have not been more widely and properly applied.
These methods only require careful calibration - easily achievable with modern HPLC and ultra-
performance liquid chromatography (UPLC) systems - and the necessary equipment is available in most
contemporary laboratories. Nonetheless, it must be acknowledged that while HPLC and mass spectrometry
(MS) are highly accurate, they are labor-intensive and have low throughput”. Moreover, ATP
quantification provides a static snapshot and lacks information on metabolic flux. It cannot distinguish
between high- and low-turnover states or offer insights into ATP synthesis rates”. In contrast, dynamic
parameters such as oxygen consumption rate (OCR), extracellular acidification rate (ECAR), and
mitochondrial membrane potential (A¥m) provide more informative assessments of mitochondrial
function®.

We recognize that many cell and molecular biologists have distanced themselves from traditional
biochemistry. However, this trend - marked by an aversion to time-consuming and technically demanding
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experiments - hampers the advancement of scientific knowledge.

MITOCHONDRIAL ENERGY METABOLISM: A SIMPLIFIED OVERVIEW

Mitochondrial oxidative phosphorylation - and to a lesser extent, glycolysis - supplies the large amount of
ATP required to maintain proper thermogenic function. Given the constantly fluctuating energy demands
of cardiomyocytes, a complex network of enzymatic and signaling pathways is required to regulate the flow
of metabolic substrates into the mitochondria for oxidation and ATP production. Remarkably, the human
heart synthesizes approximately 6 kg of ATP per day'. Energy is stored in various substrates, including fatty
acids, lactate, glucose, ketone bodies, and amino acids, and is ultimately converted into mechanical work. In
the heart, oxidative phosphorylation accounts for up to 95% of the total energy supply. Oxidative fuel
metabolism, particularly the mitochondrial Krebs cycle, generates nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide reduced form (FADH,) which feed electrons into the respiratory
chain. The five complexes of the electron transport chain (ETC) transfer these electrons to molecular
oxygen (O,). Complexes I, ITI, and IV also pump protons across the inner mitochondrial membrane (IMM),
creating a proton gradient (ApH) and an electrochemical potential (A¥m). Together, these form the proton
motive force (AuH'), which drives ATP synthesis via the F,F -ATP synthase complex. Mitochondrial
creatine kinase (MCK) then uses ATP to generate phosphocreatine (PCr), which supports myofilament
contractility.

Beyond energy conversion, mitochondria are central to numerous metabolic processes, including the urea
cycle, amino acid and lipid metabolism, and the biogenesis of heme and iron-sulfur clusters - all of which
are energy-dependent. More recently, mitochondria have also been recognized as key players in several
signaling pathways, including apoptosis, autophagy, and cellular aging.

THE LANDSCAPE OF BARTH SYNDROME

Barth et al. first described a family with an “X-linked syndrome involving the myocardium, skeletal muscle,
and neutrophils””. A Dutch family with cardiomyopathy and high infant mortality due to infection or heart
failure has also been reported, likely exhibiting the same pathology associated with Barth syndrome (BTHS).
BTHS is a rare X-linked genetic disease characterized by cardiomyopathy, skeletal myopathy, growth
retardation, neutropenia, and elevated urinary excretion of 3-methylglutaconic acid”'". Some authors”
have proposed that the syndrome described by Neustein et al."” as “X-linked recessive cardiomyopathy with
abnormal mitochondria” may represent the same condition. Neustein et al."” reported that endomyocardial
biopsy from an infant with chronic congestive heart failure revealed abnormal mitochondria under electron
microscopy. Similar abnormalities were found in skeletal muscle, liver, and kidney tissue at autopsy.
Electron microscopy of cells and tissues from BTHS patients, or cellular models thereof, has firmly
established that BTHS is a mitochondrial disease'.

Barth syndrome is linked to structural and functional mitochondrial defects that weaken muscle tissue,
resulting in skeletal myopathy and cardiomyopathy. The TAFAZZIN gene encodes a mitochondrial
transacylase essential for the remodeling and maturation of cardiolipin (CL), a phospholipid enriched in the
IMM and at contact sites between the IMM and outer mitochondrial membrane (OMM). CL is not only a
crucial structural component of the IMM but can also redistribute to the OMM, where it interacts with
numerous proteins, including respiratory chain components™®. Cytoplasmic proteins that bind to the
OMM also play roles in broader cellular signaling pathways'?.
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Despite significant recent advances, the mechanisms that link impaired CL biogenesis to cardiomyopathy
remain incompletely understood"”. CL is critically important because of its extensive interactions with key
mitochondrial and cytoplasmic proteins'*, particularly those localized at or near the OMM">'>°),

TAFAZZIN AND CARDIOLIPIN

The presence of immature cardiolipin species - resulting from defective transacylation - is a hallmark of
cardiac dysfunction and is also implicated in ischemic heart disease and aging"”'¥. Changes in CL
composition can disrupt multiple mitochondrial functions, including membrane architecture>*”, protein
import”*), oxidative phosphorylation"*'**, mitochondrial fusion and fission®”", iron-sulfur cluster
biogenesis"””, regulation of apoptosis'>'****?, autophagy"**”, and the transport of protein precursors and
metabolites across mitochondrial membranes® >,

13,14,23

[19,32]

Ultrastructural abnormalities of mitochondria were noted in early reports of BTHS" [Figure 1] and have
been linked to defective mitochondrial complex IIT function", although without alteration in complex III

4 while

binding"". In yeast, early studies suggested defects in energy coupling and membrane stability
research using patient-derived lymphoblasts revealed abnormal proliferation, altered membrane potential,
and normal ATP production, indicating partial uncoupling and compensatory expansion of the
mitochondrial compartment™. The extent of ultrastructural changes varies depending on the model system
and organ examined and may be more pronounced in differentiated tissues than in embryonic ones. It has
been hypothesized that this effect is more significant in mitochondria with a higher density of stacked
cristae!”. Notably, cardiac mitochondria have twice the diameter and a higher proportion of lamellar cristae
compared to those in other organs. Cristae increase the inner membrane surface area, facilitating cardiolipin

assembly, which may explain the predominance of cardiovascular defects in BTHS patients'*”..

The discovery of TAFAZZIN followed the identification of genetic mutations in patients with BTHS™.
Bioinformatic analyses identified TAFAZZIN as encoding an acyltransferase, and Xu et al. demonstrated
that Tafazzin specifically affects mitochondrial lipids™*!. This discovery confirmed the central role of
mitochondria in Barth syndrome, a conclusion that had already been suggested through human biopsy
analysis", and highlighted the critical importance of lipid metabolism in the disease. CL is the most
severely affected lipid in Barth syndrome. Not only is the total amount of CL reduced™"*"***!, but its
molecular species composition is also profoundly altered*. Furthermore, a CL derivative,
monolysocardiolipin (MLCL), accumulates, although it is typically undetectable in healthy tissues. An
abnormal CL profile, characterized by increased MLCL and phosphatidylglycerol (PG) content, can impair
the activity of several mitochondrial proteins, including components of the ETC and oxidative
phosphorylation (OXPHOS) complexes, thereby disrupting ATP production. The MLCL/cytochrome ¢
complex has been shown to exhibit peroxidase activity, which damages polyunsaturated fatty acids in
phospholipids and ATP-generating enzymes.

TAFAZZIN mutations result in abnormal CL remodeling, which destabilizes mitochondrial inner
membrane complexes in yeast®, disrupts respiratory supercomplex formation in patient-derived
lymphoblasts'*”, and interferes with supercomplex formation in other models*”. Despite these cardiolipin-
related changes and respiratory supercomplex destabilization, metabolic flux through the tricarboxylic acid
(TCA) cycle appears largely unaffected in patient-derived skin fibroblasts'**. In a Drosophila flight muscle
model of BTHS, a reduction in F F; ATP synthase dimer density within the IMM was observed. This was
due to a decrease in high-curvature regions of the membrane, resulting in less elongated and more scattered
dimer rows". In TAFAZZIN knockdown mice, a broad spectrum of mitochondrial abnormalities was
observed"”*!,
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Figure 1. Electron microscopy of BTHS lymphoblastic mitochondria. M: mitochondria; scale bars for all four panels represent 0.25 um.
Reproduced from Ref.15" with permission from Biochimica et Biophysica Acta. BTHS: Barth syndrome.

These morphological defects include a mixture of swollen, honeycomb-like, and expanded, collapsed, or
absent cristae [Figure 1], with variability in mitochondrial network size. A comprehensive bioenergetic and
lipidomic analysis of these mice revealed altered substrate utilization and reduced activities of complexes III
and V" Independent evaluations of mitochondrial function in the same mouse model* and in induced
pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) from BTHS patients identified tissue-specific
reductions in complex II (succinate dehydrogenase) activity™. Another study using BTHS iPSC-CMs
demonstrated reduced F1Fo ATP synthase activity and overall ATP levels when cells were cultured in
galactose, which inhibits glycolytic ATP generation™. Interestingly, basal oxygen consumption is elevated
in BTHS iPSC-CMs, likely due to compensatory mechanisms, although overall respiratory capacity is
reduced™. TAFAZZIN-deficient mitochondria also exhibit increased reactive oxygen species (ROS)
production in yeast””, TAFAZZIN knockdown mice®, and human iPSC-CMs™". Collectively, these
findings form a detailed picture of the complex bioenergetic landscape of Barth syndrome, highlighting the
departure from normal mitochondrial homeostasis [Figure 2],

WHAT ABOUT THE PHOSPHORYLATED ADENOSINE NUCLEOTIDES?

The levels of ATP, ADP, and AMP reflect the energy status of living cells and are closely tied to
mitochondrial function®*, with some ATP also produced via glycolysis. These phosphorylated adenosine
nucleotides are essential molecules that provide immediate chemical energy, support signal transduction,
and serve as metabolic precursors”. However, measuring ATP alone is insufficient to fully assess the energy
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Figure 2. TAFAZZIN knockdown in neonatal cardiac fibroblasts. Knockdown of the TAFAZZIN gene disrupts mitochondrial homeostasis
and alters mitochondrial membrane structure, leading to slightly reduced ATP levels and increased AMP concentrations. This schematic
is adapted primarily from the work of He et al.”™” and reproduced with permission from American Journal of Physiology, Heart and
Circulatory Physiology,courtesy of the American Physiological Society, USA. Elements have also been adapted from Ref.9"”, with
permission from Frontiers in Genetics. ATP: adenosine triphosphate; AMP: adenosine monophosphate.

status of cells and tissues in Barth syndrome.

A more accurate approach is to calculate the total cellular ATP production rate, rather than relying solely on
ATP concentration.

Newly developed systems that simultaneously measure oxygen consumption (i.e., changes in O, over time
in absolute terms) and extracellular acidification (i.e., changes in pH over time) enable accurate calculation
of ATP production rates. For example, the Agilent Seahorse XF Analyzer™ simultaneously quantifies
extracellular acidification and oxygen consumption, enabling estimation of total ATP production*”.. The
Oroboros instrument can also be adapted for such analyses™ and may include pH measurements. To
further improve accuracy, the Real-Time ATP Rate Assay Report Generator software enables offline analysis
by automatically converting experimental OCR and ECAR into total ATP production rates. It can also
calculate pathway-specific ATP production - ATP derived from oxidative phosphorylation (OxPhos ATP)
and ATP derived from glycolysis (Glyco ATP). This system provides a clear and efficient means of

[52,55]

visualizing ATP production dynamics"***.

Adenine nucleotides (ATP, ADP, and AMP) are key organic molecules that supply immediate energy,
mediate signaling, and serve as metabolic intermediates™. In the context of Barth syndrome, TAFAZZIN
gene mutations result in defective CL maturation and, notably, a partial reduction in total CL levels. CL
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deficiency affects multiple aspects of cellular signal transduction, particularly those occurring at the
mitochondrial membrane, where CL plays a crucial role.

For example, a cell that primarily generates ATP through OxPhos may be described as having a
“preference” for OxPhos-derived ATP over glycolysis-derived ATP. In cardiac tissue, this ratio may be as
high as 95:5, suggesting a metabolic hierarchy. However, this simplification may overlook the complexity of
metabolic network homeostasis. If an OxPhos-dominant cell shifts toward glycolysis, can it still be said to
“prefer” OxPhos ATP? This line of reasoning becomes problematic when such “preferences” are interpreted
as drivers of biological processes. These conceptual issues can be resolved by reframing ATP production
observations in terms of network homeostasis. In systems where glycolysis and OxPhos operate
simultaneously, quantifying ATP output from each pathway is essential for understanding overall metabolic
behavior [Figure 3].

At this point, it is important to consider Crabtree’s hypothesis'**, which posits that the introduction of
glycolytic ATP into a system that normally relies on OxPhos triggers a homeostatic response. The well-
documented Crabtree effect describes how the addition of sugar to glycolysis-competent cells increases
glycolytic flux while reducing respiration. The glycolytically produced ATP supplements the total ATP
supply, reducing ADP levels and increasing the ATP/ADP ratio. This, in turn, decreases the cellular demand
for ATP from respiration, resulting in a slowdown of mitochondrial respiration-a direct kinetic response to
elevated ATP/ADP ratios*”. Metabolic reprogramming and mitochondrial bioenergetic defects play critical
roles in various physiological and pathological processes®, including Barth syndrome. While cell culture is
a widely used method for investigating cellular metabolism and disease mechanisms, standard culture
protocols often interfere with the Crabtree effect. Therefore, this phenomenon cannot be overlooked when
studying cellular energetics in Barth syndrome.

ATP MEASUREMENTS: NECESSARY BUT NOT SUFFICIENT

ATP levels are most commonly measured using assay kits based on bioluminescence or fluorescence
detection. However, kits for measuring ADP and AMP are less widely available and can become
prohibitively expensive for routine use. As noted in Section 5, Seahorse analyzers are a relatively new and
increasingly popular technology"”. They enable real-time measurement of ATP flux in living cells, offering
valuable insights into cellular bioenergetics, including mitochondrial respiration and glycolysis.
Nonetheless, Seahorse analyzers are costly and cannot quantify ADP and AMP.

Several analytical techniques can be used to quantify ADP and AMP, including chromatographic methods
such as ion exchange chromatography, thin-layer chromatography, and HPLC, all of which offer high
sensitivity and efficiency'***”.. Moving forward, efforts must be directed toward developing more advanced
and sensitive methodologies capable of simultaneously measuring ATP, ADP, and AMP, as well as redox-
related metabolites like NADPH, NADH, NADP’, and NAD"*.. We concur with our colleagues that
quantifying the energy status of cells or tissues is challenging. However, this challenge does not stem from a
lack of available techniques. Rather, the difficulty lies in ensuring scientific and technical rigor throughout
the experimental process. ATP is a labile molecule that degrades rapidly during sample collection and
preparation”'’.

Although difficult to assess, it is likely that many existing ATP measurements are unreliable because they
lack quantitative accuracy. Various methods have been used to measure ATP in muscle tissue, including
magnetic resonance spectroscopy (MRS)'”, fluorescent reporters®, luciferase-based assays'***”, and HPLC
or UPLC on tissue samples™*. However, only HPLC, when used with a solid calibration system, enables
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Figure 3. Extracellular Flux Measurements and ATP production. (A) Schematic representation of the pathways leading to ATP
production. Created in BioRender.com; (B) Glucose is metabolized to lactic acid, CO, and H,0. Glycolysis produces electrons (e’),
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Oxid: oxidized. Created in BioRender.com. ATP: adenosine triphosphate;

the accurate quantification of ATP in cells or tissues'”. Importantly, measuring ATP alone is insufficient. A
meaningful assessment of a cell or tissue’s energy status requires quantification of both ATP and ADP to
calculate the ADP/ATP ratio. The focus should be on the absolute quantification of all three adenine
nucleotides-ATP, ADP, and AMP-expressed in absolute units (e.g., nmol/mg of protein).

WHAT ELSE COULD IT BE IF ATP PRODUCTION IS NOT THE MAIN PROBLEM?

We have discussed the cellular energetic disturbances resulting from defective cardiolipin maturation due to
impaired transacylase activity. However, could the primary issue in Barth syndrome be the broader
consequences of TAFAZZIN mutations and altered cardiolipin levels, rather than impaired ATP production
per se? Under normal conditions, cardiolipin interacts with various mitochondrial proteins to optimize
numerous mitochondrial processes (see above). Surprisingly, in a recent publication””, we demonstrated
that modulated inhibition of cytosolic protein synthesis - either by cycloheximide at picomolar
concentrations or by specific gene mutations - can restore functional oxidative phosphorylation in
TAFAZZINIA yeast and TAFAZZIN-deficient human cells. This downregulation of cytosolic protein
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translation appears to alleviate the cytoplasmic accumulation of misfolded or excess mitochondrial
precursor proteins, which may otherwise be toxic to the cell. Such treatments, which reduce mitochondrial
protein precursor overload, are beneficial for cells affected by BTHS. This effect was previously described in
a yeast model of autosomal dominant progressive external ophthalmoplegia (adPEO), linked to mutations
in the adenine nucleotide translocator (ANT). That model revealed a condition termed “mitochondrial
precursor over-accumulation stress (mPOS)”, a form of protein stress. mPOS activates the unfolded protein
response triggered by mitochondrial precursor misfolding (UPRam), leading to reduced cytosolic protein
synthesis and enhanced proteasome activity, thereby promoting increased clearance of proteins by the
proteasome'*”.

Extending from these observations, it is plausible that immature cardiolipin and the accumulation of MLCL
alter mitochondrial membrane properties'”. Membrane proteins bind less efficiently to MLCL and
immature CLs, which negatively impacts their function”. Conversely, disruptions in the respiratory chain
can enhance MLCL accumulation, creating a feedback loop in which a high MLCL/CL ratio destabilizes
mitochondrial membranes - particularly by impairing the tight packing of respiratory supercomplexes.
Moreover, MLCL accumulation has been shown to inhibit translation of mitochondrial protein precursors
via effects on the mitochondrial membranes””. Interestingly, the downstream consequences of this
inhibition parallel the effects of reduced cytosolic protein synthesis: both lead to mitochondrial benefits that
extend beyond considerations of ATP levels.

Another important aspect is the increased ROS production associated with mitochondrial dysfunction in
Barth syndrome. Beyond bioenergetics, cardiolipin deficiency also impacts mitochondrial ROS generation,
calcium handling, and sensitivity to apoptosis””. These dysfunctions have profound physiological
consequences that occur independently of measured ATP levels.

CONCLUSION

Barth syndrome is a severe disorder caused by mutations in the TAFAZZIN gene, leading to defects in
mitochondrial structure and function. Alterations in the biosynthesis and remodeling of CL particularly
affect tissues with high energy demands, such as the heart and skeletal muscle, though other tissues can also
be involved. In this context, a clearer understanding of mitochondrial bioenergetics is highly desirable.
However, as clearly demonstrated, measuring cellular ATP levels alone does not reliably reflect
mitochondrial function or dysfunction. At this stage, it is important to consider the likelihood that

[7,13]

compensatory mechanisms are at play”™**.

This hypothesis presents one of the key challenges for researchers, especially given that such mechanisms
are not permanent. Another major issue requiring detailed investigation is the complex impact of CL non-
maturation and MLCL accumulation. It is worth noting that the addition of a small amount of
cycloheximide, in the context of non-mature CL and MLCL accumulation, alters the translation of
mitochondria-targeted pre-proteins and extends cell survival®’. This raises the possibility that reduced
protein synthesis may, in fact, lower overall energy requirements. A more comprehensive understanding
necessitates precise quantification of all adenine nucleotides (ATP, ADP, and AMP), as well as redox
cofactors such as NADPH/NADP" and NADH/NAD". These measurements are essential for constructing a
detailed bioenergetic profile that can inform how signal transduction networks are modulated.
Furthermore, the ability to assess ATP production rates using systems that simultaneously measure absolute
values of oxygen consumption and acidification should become standard practice.
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