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Abstract
Barth syndrome is a rare and potentially fatal X-linked disease characterized by cardiomyopathy, skeletal muscle weakness, 
growth delays, and cyclic neutropenia. Patients with Barth syndrome are prone to high risk of mortality in infancy and the 
development of cardiomyopathy with severe weakening of the immune system. Elamipretide is a water-soluble, aromatic-
cationic, mitochondria-targeting tetrapeptide that readily penetrates and transiently localizes to the inner mitochondrial mem-
brane. Therapy with elamipretide facilitates cell health by improving energy production and inhibiting excessive formation 
of reactive oxygen species, thus alleviating oxidative stress. Elamipretide crosses the outer membrane of the mitochondrion 
and becomes associated with cardiolipin, a constituent phospholipid of the inner membrane. Elamipretide improves mito-
chondrial bioenergetics and morphology rapidly in induced pluripotent stem cells from patients with Barth syndrome and 
other genetically related diseases characterized by pediatric cardiomyopathy. Data with elamipretide across multiple models 
of disease are especially promising, with results from several studies supporting the use of elamipretide as potential therapy 
for patients with Barth syndrome, particularly where there is a confirmed diagnosis of cardiomyopathy. This review high-
lights the challenges and opportunities presented in treating Barth syndrome cardiomyopathy patients with elamipretide and 
addresses evidence supporting the durability of effect of elamipretide as a therapeutic agent for Barth syndrome, especially 
its likely durable effects on progression of cardiomyopathy following the cessation of drug treatment and the capability of 
elamipretide to structurally reverse remodel the failing left ventricle at the global, cellular, and molecular level in a gradual 
manner through specific targeting of the mitochondrial inner membrane.
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Introduction

Barth syndrome is a rare and potentially fatal X-linked 
disease characterized by cardiomyopathy, skeletal muscle 
weakness, growth delay, and cyclic neutropenia [1]. It is 
caused by defects in TAZ, a gene whose product, tafaz-
zin, is an enzyme essential for cardiolipin biosynthesis 
and remodeling—cardiolipin is an integral component of 
normal mitochondrial function [2–4]. Patients with Barth 
syndrome are at high risk of death during infancy related to 
the development of cardiomyopathy and severe weakening 
of the immune system [5]. The estimated incidence of Barth 

syndrome is 1:300,000–400,000 births with 111 patients 
in the USA and 230–250 globally, although the disease is 
accepted as being underdiagnosed [5]. There is an unmet 
need for the development of an effective therapy for patients 
with Barth syndrome.

Elamipretide is a water-soluble, aromatic-cationic, mito-
chondria-targeting tetrapeptide that readily penetrates and 
transiently localizes to the inner mitochondrial membrane 
[6]. Elamipretide therapy facilitates cell health by improv-
ing energy production and inhibiting oxidative stress caused 
by excessive reactive oxygen species (ROS) formation and, 
as such, is a promising agent for the treatment of patients 
with Barth syndrome. It targets mitochondrial dysfunction 
in energy-starved myocytes, crossing the outer mitochon-
drial membrane and associating with cardiolipin, a key phos-
pholipid of the inner mitochondrial membrane [7]. Elami-
pretide improves left ventricular ejection fraction (LVEF), 
lowers left ventricular end-diastolic pressure, reduces  
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cardiomyocyte and ventricular hypertrophy, limits myocar-
dial fibrosis, and improves mitochondrial ATP-generating 
capacity in animal models [8–10]. These attributes of elami-
pretide help position the compound as a potential therapeutic 
agent targeting numerous metabolic cardiomyopathies, nota-
bly that associated with Barth syndrome.

This review highlights the challenges and opportuni-
ties presented in treating Barth syndrome and the potential 
role of elamipretide. It will address the experimental evi-
dence supporting the durability of effect of elamipretide as 
a potential therapeutic agent for Barth syndrome, especially 
its likely durable effects on disease progression following 
the cessation of drug treatment. Finally, the review will also 
address the capability of elamipretide to structurally reverse 
remodel the failing left ventricle at the global, cellular, and 
molecular level in a gradual temporal manner through its 
specific and selective effect on the mitochondrial network.

Barth syndrome cardiomyopathy

Cardiomyopathies comprise a group of diseases that affect 
the heart muscle. They are either confined to the heart or 
are part of a generalized systemic myopathy disorder, both 
of which often lead to cardiovascular death or progressive 
heart failure-related disabilities [11]. Cardiomyopathy is 
the single most frequent sign of Barth syndrome, occur-
ring in approximately 90% of males with Barth syndrome, 
although its manifestation and severity varies among indi-
viduals [12, 13]. Several cardiomyopathic phenotypes have 
been described with Barth syndrome. Dilated cardiomyopa-
thy is common and is characterized by decreased left ven-
tricular systolic function, increased left ventricular mass, 
and increased left ventricular end-diastolic and end-systolic 
dimensions [12, 14, 15]. The dilated left ventricular phe-
notype in Barth syndrome may depend on the time course 
of the disease and may emerge as a late manifestation of 
disease progression. Data from the TAZPOWER trial [16] 
suggest that Barth syndrome is characterized by a small left 
ventricular volume consistent with restrictive cardiomyo-
pathies and heart failure similar to that seen in young males 
with Duchenne muscular dystrophy before progression to 
dilation. A small left ventricular volume along with poor left 
ventricular filling leading to reduced stroke volume is also 
seen in patients with heart failure and preserved left ventric-
ular ejection fraction (HFpEF). Consequently, any therapy 
that targets HFpEF may also elicit improvement in patients 
with Barth syndrome cardiomyopathy [16]. Left ventricular 
non-compaction is also commonly seen in Barth syndrome 
patients either alone or in conjunction with other cardiomyo-
pathic phenotypes and is characterized by left ventricular 
trabeculations with associated left ventricular wall motion 
abnormalities [14]. Endocardial fibroelastosis may be seen, 

although less commonly [17]. Hypertrophic cardiomyopa-
thy [18], as well as an apical form of hypertrophic cardio-
myopathy [19], often characterized by small left ventricular 
volumes and poor left ventricular relaxation, is also reported 
to occur in Barth syndrome. A hypertrophic-dilated cardiac 
phenotype, characterized by thickening of the left ventricular 
walls combined with increased left ventricular mass and left 
ventricular end-diastolic dimension as well as depressed left 
ventricular systolic function, has also been reported [20]. 
Transition between distinct cardiomyopathy phenotypes 
has also been described in the setting of left ventricular 
non-compaction, which has been termed as an “undulating 
phenotype” [21]. No current mechanism has been proposed 
that explains the presence of the different cardiomyopathic 
phenotypes that have been observed in Barth syndrome. 
Evidence of different cardiomyopathy phenotypes is well 
documented in families with recognized sarcomeric muta-
tions, suggesting a shared molecular etiology for the differ-
ent forms of cardiomyopathy [22]. Additionally, there is an 
increased risk of cardiac arrhythmias in Barth syndrome, 
some of which may be life-threatening. The arrhythmias 
may be a direct result of abnormal mitochondrial function 
[23] and/or a function of the associated cardiac phenotype, 
as ventricular arrhythmias are well reported in dilated and 
hypertrophic cardiomyopathies [24].

Because mitochondrial dysfunction characterized by poor 
ATP production is integral to Barth syndrome and the car-
diomyopathy phenotypes associated with Barth syndrome 
typically manifest poor left ventricular relaxation, the rela-
tionship between ATP and left ventricular relaxation is criti-
cal in understanding the disease process. For this reason, the 
importance of ATP for proper left ventricular relaxation and 
filling cannot be overemphasized. It is well documented that 
myocardial relaxation is an active, energy-dependent pro-
cess [25]. Relaxation is typically described as having two 
phases: early active relaxation and late passive relaxation. 
The active relaxation during early diastole is energy (ATP) 
dependent; any depletion of ATP for whatever reason will 
therefore cause a slowdown in relaxation and hence poor 
left ventricular filling. Passive relaxation happens late in the 
diastolic phase during left atrial contraction and is dependent 
on the strength of atrial contraction but, more importantly, 
on compliance of left ventricular muscle. If left ventricular 
wall stiffness is increased, as in the presence of myocardial 
fibrosis, this phase of relaxation will not contribute to or 
will contribute very little to overall left ventricular filling. 
The obvious consequence of poor left ventricular filling is 
reduced forward stroke output or stroke volume, a hallmark 
of heart (pump) failure. It is important to note that many car-
diomyopathies that occur in children and young adults can 
result in left ventricular dilation. In Barth syndrome, how-
ever, it appears that the left ventricle does not dilate much 
and LVEF is near normal, making most patients with this 
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disease align within the defined boundaries of the HFpEF 
type of left ventricular failure rather than heart failure with 
reduced ejection fraction (HFrEF). In this scenario, increase 
of left ventricular end-diastolic volume (EDV), as was evi-
dent after treatment with elamipretide in Barth syndrome 
patients, should be viewed as a manifestation of improved 
left ventricular filling and a foundation for a higher stroke 
volume [25].

Left ventricular diastolic dysfunction caused by inad-
equate myocardial energy production occurs during myo-
cardial ischemia at rest or following episodes of increased 
energy demand states such as during exercise (Fig. 1). 
There is growing and compelling evidence that most forms 
of heart failure such as HFrEF or HFpEF are accompanied 
by a state of energy starvation (reduced energy supply). 

Abnormalities in mitochondrial ultrastructure, dynamics, 
and enzymatic activities of key complexes of the electron 
transfer chain (ETC) are common in the failing myocar-
dium and are responsible, in large part, for the reduction 
in ATP production [9, 26–28]. A mismatch between capil-
lary density and cardiomyocyte hypertrophy and impaired 
subendocardial perfusion due to increased left ventricular 
wall stress can also contribute to an imbalance between 
energy production and utilization in the failing heart. 
Because myocardial contraction and relaxation are both 
ATP-dependent processes, and because ATP availability is 
integral to cardiomyocyte calcium-reuptake, impaired left 
ventricular active relaxation and reduced left ventricular 
compliance are universal features of chronic heart failure 
[25].

Fig. 1   Factors affecting cardiac energy supply and demand [26]. 
In heart failure, the balance between cardiac demands and supply 
for energy is tipped such that the supply does not meet the demand. 
Inadequate myocardial energy production occurs during myocar-
dial ischemia either at rest or following episodes of increased energy 
demand, causing left ventricular diastolic dysfunction. Reduced 
energy supply also accompanies HFrEF or HFpEF. Abnormalities in 
mitochondrial ultrastructure, dynamics, and enzymatic activities of 
key complexes of the electron transfer chain are common in the fail-

ing myocardium and are responsible, in large part, for the reduction 
in ATP production. Next-generation therapies can improve on exist-
ing standard-of-care therapies by bolstering mitochondrial energy 
production Adapted with permission from [26]. Abbreviations: ACEi 
angiotensin-converting enzyme inhibitor, ARB angiotensin II receptor 
blocker, ETC electron transport chain, HFpEF heart failure with pre-
served ejection fraction, HFrEF heart failure with reduced ejection 
fraction, ROS reactive oxygen species
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Mitochondrial dysfunction in heart failure

Mitochondria are double-membraned organelles that form 
the energy source or the “power grid” found in nearly all 
eukaryotic cells. Mitochondria function primarily to pro-
duce ATP from adenosine diphosphate (ADP), using mac-
romolecular protein complexes that form the ETC [29]. 
Oxidative phosphorylation takes place along the inner 
mitochondrial membrane, during which reducing equiva-
lents, e.g., nicotinamide-adenine dinucleotide (NADH) 
and reduced flavin adenine dinucleotide, are transferred 
from the carrier molecules to the ETC, while protons are 
pumped to the intermembrane space. Because the inner 
mitochondrial membrane is impermeable to most ions and 
small molecules, proton pumping generates a membrane 
potential that uses ATP synthase and inorganic phosphate 
to convert ADP to ATP [30, 31].

The protein complexes fixed along the mitochondrial 
inner membrane include NADH dehydrogenase (complex 
I), succinate dehydrogenase (complex II), cytochrome bc1 
(complex III), and cytochrome c oxidase (complex IV) 
[29]. The heart possesses the highest content of mitochon-
dria of any tissue in the body [26]. It comprises about 25% 
of cell volume in the human myocardium and approxi-
mately 35% of cardiomyocyte volume [29, 32, 33]. It has 
been shown that mitochondria-initiated programmed cell 
death or apoptosis is an important mechanism in heart 
failure [34]. Mitochondrial DNA and/or ROS are triggers 
of an inflammatory response in cardiac muscle [35–38]. 
Regulation of innate immunity by mitochondria has been 
increasingly recognized in both cardiac and non-cardiac 
diseases [35–39]. As sterile inflammation is common 
in heart failure, mitochondria have also emerged as an 
important pathogenic component. Collectively, these 
observations depict molecular mechanisms promoting the 
transition of mitochondria from having a purely energy-
producing function to central hubs that influence cellular 
survival and death.

Cellular models for Barth syndrome including patient-
derived fibroblasts, lymphoblasts, neutrophils, neonatal 
ventricular fibroblasts, and cardiomyocytes have been 
studied to reveal the morphological changes of mitochon-
dria, the structural rebuilding of the respiratory chain, the 
decreasing respiratory capacity, and the increasing pro-
duction of ROS [40–43]. In order to generate a human 
cellular model of Barth syndrome, somatic cells from 
Barth syndrome patients were used to generate induced 
pluripotent stem cells (iPSCs) with the capacity for self-
renewal and differentiation. These cell models show a 
shift in the cardiolipin pool that recapitulates conditions 
observed in Barth syndrome patients. Further investigation 
of the iPSCs revealed that remodeling of the respiratory 

chain supercomplexes causes decreased mitochondrial 
respiration and increased ROS generation [44, 45]. These 
defects were also observed in cardiomyocytes generated by 
directed differentiation of pluripotent stem cells [45]. The 
data showed that induced stem cell-derived cardiomyo-
cytes also recapitulated myopathic phenotypes.

Current treatment for Barth syndrome 
cardiomyopathy

Treatment of cardiomyopathy in patients with Barth syn-
drome generally follows that for heart failure patients, 
including angiotensin-converting enzyme (ACE) inhibi-
tors, angiotensin II receptor blockers, beta-blockers, and/or 
diuretics according to the particular heart failure phenotype 
[19]. Oral anticoagulation should be considered if appropri-
ate [1]. Prostaglandin E1 may be beneficial with right ven-
tricular failure [46]. Heart transplantation can be considered 
if heart failure treatment is ineffective [47–50] and bridging 
mechanical circulatory support can be used until transplanta-
tion becomes available [51].

Elamipretide

A more logical approach to the treatment of Barth syndrome 
cardiomyopathy is to target the underlying mitochondrial 
pathology of Barth syndrome that precipitates the cardio-
myopathy. Elamipretide is being investigated as such an 
approach.

Elamipretide is a water-soluble, aromatic-cationic, mito-
chondria-targeting tetrapeptide that readily penetrates and 
transiently localizes to the inner mitochondrial membrane 
where it associates with cardiolipin. Elamipretide improves 
inner membrane stability, protein–protein interactions, and 
ATP production, and reduces pathogenic ROS production. 
Cardiolipin plays an integral role in cristae formation, mito-
chondrial fusion, mitochondrial DNA stability and segre-
gation, and organization of the respiratory complexes into 
supercomplexes for oxidative phosphorylation [52–56]. 
Elamipretide has been shown to enhance ATP synthesis 
in multiple organs and tissues, including the heart, kidney, 
neurons, and skeletal muscle [9, 52–55, 57]. High-resolu-
tion respirometry of ETC complexes in permeabilized ven-
tricular fibers from ischemia–reperfusion rats showed that 
ischemia–reperfusion-induced decrements in mitochondrial 
complexes I, II, and IV were significantly alleviated with 
elamipretide [58]. Furthermore, studies in serial block-face 
scanning electron microscopy used to create high-resolu-
tion 3-dimensional reconstructions of cristae ultrastructure 
showed that disease-induced fragmentation of cristae net-
works was improved with elamipretide [58]. Studies using 
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biomimetic membranes modeling of the inner mitochondrial 
membranes also showed that elamipretide improved mito-
chondrial inner membrane biophysical properties by aggre-
gating cardiolipin [58]. Importantly, the elamipretide effect 
of improving membrane integrity was even observed when 
cardiolipin levels in the in vitro system were lowered to lev-
els consistent with those seen in Barth syndrome [58]. Fur-
thermore, the elamipretide-mediated effects on membranes 
were observed across independent model systems where car-
diolipin was oxidized or enriched with monolysocardiolipin, 
the immature form of cardiolipin found in Barth syndrome 
[57, 59]. These studies suggest that mitochondrial structure 
and function are, as expected, interdependent and demon-
strate that elamipretide targets mitochondrial membranes to 
stabilize cristae networks and improves bioenergetic func-
tion [58].

Elamipretide has been shown to improve mitochon-
drial bioenergetics and morphology rapidly (within hours 
or days) in iPSCs from Barth syndrome and other closely 
related pediatric cardiomyopathies [60, 61]. Re-establishing 
appropriate energy supply–demand balance (Fig. 1) leads to 
a restoration of healthy gene expression (within days) and 
improved cardiac and mitochondrial protein turnover (within 
weeks) [26, 62]. Many mitochondrial functions, including 
oxidative phosphorylation, are strongly associated with the 
inner mitochondrial membrane [59]. The abnormal struc-
ture and function of the mitochondrial network is reflected 
by impaired mitochondrial cristae structure and loss of 
mitochondrial network connectivity. Elamipretide has been 
shown by electron and fluorescence microscopy to restore 
this architecture in compromised mitochondria, resulting in 
improved cellular bioenergetics [58]. Studies using Barth 

syndrome patient-derived cell lines and iPSC-derived, beat-
ing cardiomyocytes from pediatric patients with cardiomyo-
pathy showed that elamipretide also restores this architecture 
in compromised mitochondria, leading to improvements in 
overall cellular function [59]. Furthermore, in cells engi-
neered using CRISPR to have a TAZ mutation, the decline 
seen in several different ETC subunits and altered mitochon-
drial quality control was attenuated after 7 days of elami-
pretide treatment in vitro [63].

Preclinical studies of elamipretide on cardiac 
function in heart failure

A murine model of Barth syndrome has been developed [6]; 
however, the effects of elamipretide on cardiac function in 
heart failure in this model have not been reported. Elami-
pretide has been studied extensively in models of experimen-
tal left ventricular dysfunction and heart failure (Table 1). 
These studies in animal models of experimental heart failure 
provide much of the knowledge base available to date that 
supports the potential use of elamipretide for the treatment 
of patients with cardiomyopathies as in Barth syndrome.

Elamipretide reverses SERCA2a maladaptations 
and ameliorates inflammatory markers in heart failure

Abnormal sarcoplasmic reticulum calcium cycling is a 
key characteristic of the failing heart along with a sus-
tained increase of circulating levels of pro-inflammatory 
cytokines. These maladaptations can be viewed as result-
ing from biochemical alterations to cellular and molecular 
signaling pathways that result from the chronic heart failure 

Table 1   Summary of key preclinical studies of elamipretide in heart failure

ADP adenosine diphosphate, CRP C-reactive protein, DAMP DNA damage-associated molecular patterns, Ea/Aa early-to-late diastolic mitral 
annulus velocities, HF heart failure, HFpEF heart failure with preserved ejection fraction, LV left ventricle, LVEF left ventricular ejection frac-
tion, nt-pro-BNP n-terminal pro-brain natriuretic peptide, ROS reactive oxygen species, SERCA2a sarco-/endoplasmic reticulum Ca2+ ATPase, 
TNF-a tumor necrosis factor-a, ∆φm membrane potential

Reference Model Results

Sabbah et al. [9] Canine model of 
microembolization-
induced advanced HF

Elamipretide (3 months) improved LVEF and indices of LV diastolic function, normalized plasma 
biomarkers (nt-proBNP, TNF-a, and CRP), SERCA2a activity, COX1 and ND1 DAMPs, and 
reversed mitochondrial abnormalities (respiration, ∆φm, maximum ATP synthesis rate, and ATP/
ADP ratio) in LV myocardium compared to placebo

Eirin et al. [8] Porcine model of reno-
vascular hypertension 
manifesting HFpEF

Elamipretide (3 months) normalized mitochondrial respiration, mitochondrial calcium tolerance and 
permeability pore opening, mitochondrial membrane potential, SERCA2a activity, maximum of 
ATP synthesis rate, and mitochondrial complex I and IV activities, reduced ROS formation and 
cytochrome c release into the cytosolic compartment. Left ventricular relaxation was improved and 
cardiomyocyte hypertrophy reduced

Chiao et al. [64] Old mice Elamipretide (8 weeks) normalized diastolic functional deficit, increased Ea/Aa, and improved exer-
cise tolerance with regression of cardiac hypertrophy accompanied by normalization of mitochon-
drial proton leak and ROS
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state. Reversal of these abnormalities often requires long-
term therapy capable of restoring aberranul cellular and 
molecular signaling. In a murine model of Barth syndrome, 
myocardial sarco-/endoplasmic reticulum Ca2+ ATPase 
(SERCA2a) activity was impaired and SERCA2a tyrosine 
nitration increased compared to wild-type mice [6]. A reduc-
tion in SERCA2a activity and expression often leads to poor 
left ventricular active relaxation and overall left ventricular 
diastolic dysfunction. In Barth syndrome patients with SER-
CA2a, expression is often reduced [4] and patients nearly 
always manifest left ventricular diastolic dysfunction [10]. 
These findings suggest that SERCA2a abnormalities may be 
overcome by therapies that target cardiolipin deficiency typi-
cally observed in patients with Barth syndrome, particularly 
those manifesting HFpEF.

In a canine model of HFrEF, SERCA2a activity and 
protein levels were shown to be significantly decreased in 
the left ventricular myocardium compared to normal dogs 
but were normalized after long-term treatment with elami-
pretide [9]. The improvement in SERCA2a was accompa-
nied by improved indexes of left ventricular diastolic func-
tion. Plasma levels of cytokines (tumor necrosis factor-α 
and interleukin-6) and C-reactive protein are significantly 
elevated compared to normal baseline levels in dogs with 
microembolization-induced heart failure [9]. Long-term 
(3  months) treatment with elamipretide normalized all 
three of these elevated factors in this heart failure model 
[9]. Plasma mitochondrial DNA damage-associated molec-
ular patterns (DAMPs), specifically within the COX1 and 
ND1 genes, are markedly elevated in dogs with heart failure 
compared to normal. Long-term treatment with elamipretide 
normalized plasma levels of both COX1 and ND1 DAMPs 
in this model [4]. These observations of long-term therapy 
suggest that elamipretide is capable of reversing abnormal 
cellular and molecular signaling that gradually develops dur-
ing the development of the heart failure state.

The effects of elamipretide on diastolic left ventricular 
function have also been examined in a porcine model of 
renovascular hypertension that manifests HFpEF, as evi-
denced by preserved LVEF, left ventricular hypertrophy, 
poor left ventricular relaxation, reduced SERCA2a activity 
and expression, and reduced phospholamban phosphoryla-
tion at serine 16 [8]. Long-term (3 months) therapy with 
elamipretide normalized mitochondrial respiration; mito-
chondrial calcium tolerance and permeability pore opening; 
mitochondrial membrane potential; calcium ATPase activity 
(SERCA2a); maximum rate of ATP synthesis; mitochondrial 
complex I and IV activities; reduced cytochrome c release 
into the cytosolic compartment; and reduced ROS forma-
tion. Left ventricular relaxation was improved and cardio-
myocyte hypertrophy reduced. These results support the use 
of elamipretide as a potential therapy for patients with Barth 
syndrome that manifest a HFpEF phenotype.

Durability of action of elamipretide

Therapeutic compounds such as beta-blockers or ACE 
inhibitors are considered to have “durable effects” in heart 
failure if the elicited benefits remain evident and dissipate 
only gradually, within days or weeks, after the withdrawal 
of therapy. Stated differently, durability reflects sustained 
pharmacodynamic functional benefits that outlast the phar-
macokinetic elimination of the compound. This is in con-
trast to therapeutic compounds such as the beta1-receptor 
agonist, dobutamine, whereby the elicited benefits dissipate 
rapidly, often within minutes of withdrawal of therapy. This 
therapeutic durability on the heart and circulation is often 
ascribed to a compound the property, during its chronic use, 
that actively elicits structural, functional, and biochemical 
benefits which could potentially alter disease trajectory.

In a canine model of chronic heart failure, a single dose of 
elamipretide resulted in favorable changes in left ventricular 
fractional shortening that took nearly 7 days to dissipate fol-
lowing dosing, i.e., beyond the 4-h half-life of elamipretide 
(Fig. 2) [Sabbah, personal observation]. Furthermore, in 
old (24 months of age) mice with left ventricular diastolic 
dysfunction as evidenced by a reduced ratio of early-to-late 
diastolic mitral annulus velocities (Ea/Aa) and an increased 
(poorer) myocardial performance index, an 8-week treat-
ment with elamipretide normalized the diastolic functional 
deficit with an increase in Ea/Aa [64]. The improvement 
of diastolic function was associated with normalization of 
mitochondrial proton leak, reduced mitochondrial ROS, and 
reduced protein oxidation overall as well as at the cellular 
level. In these old mice, exercise tolerance on a treadmill 
running test was also improved with elamipretide, and a 
regression of age-related cardiac hypertrophy was observed 
at necropsy. To evaluate the durability of the elamipretide-
induced cardiac benefit, cardiac function was monitored for 
4 weeks after the end of treatment. An improvement of Ea/
Aa was maintained for up to 2 weeks after withdrawal of 
elamipretide but dropped by approximately 50% 4 weeks 
after treatment was stopped (Fig. 3) [64].

Whereas drug withdrawal–type studies, such as those 
described above, are very helpful in addressing issues related 
to the “durable effects” of a given cardioactive drug, they 
are not always possible or appropriate as part of translational 
preclinical studies or clinical trials. Nonetheless, supportive 
evidence for establishing the potential of “durable effects” 
of a cardioactive drug can be ascertained through under-
standing the mechanism of action of the drug in question. 
Elamipretide, for instance, selectively targets the mitochon-
dria and directly impacts function of the inner mitochondrial 
membrane through its association with cardiolipin. This 
action of elamipretide directly improves myocardial ener-
getics but does not have any direct effects on left ventricular 
remodeling at the global or cellular levels. Nevertheless, 
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it has been previously shown that long-term monotherapy 
with elamipretide in a canine model of chronic heart failure, 
through its action on mitochondria, also leads to improved 
left ventricular systolic and diastolic function and preven-
tion of progressive left ventricular enlargement [9]. The 
magnitude of improvement was similar to that observed in 
the same canine heart failure model after long-term therapy 
with ACE inhibitors and/or beta-blockers [65]. These ben-
efits occurred alongside normalization of mitochondrial 

function as evidenced by an improved rate of ATP synthe-
sis and reduced ROS formation. These improvements in 
histomorphometric measures of left ventricular structural 
remodeling observed after treatment with elamipretide are 
similar in magnitude to those seen in this canine heart failure 
model after monotherapy with ACE inhibitors, angioten-
sin II receptor blockers, and beta-blockers [65–68] and are 
not likely to immediately subside if elamipretide therapy is 
withdrawn.

Fig. 2   Durability of left ventric-
ular function following a single 
dose of elamipretide in failing 
canine hearts [Sabbah personal 
observation]. In a canine model 
of chronic heart failure, a single 
dose of elamipretide resulted 
in favorable changes in left 
ventricular fractional area of 
shortening, the effect of which 
took 7 days to completely 
disappear (i.e., beyond the 
4-h half-life of elamipretide). 
Abbreviation: FAS, fractional 
area of shortening

Fig. 3   Durability of elami-
pretide-induced cardiac benefit 
in mice with diastolic dysfunc-
tion [62]. In old mice with LV 
diastolic dysfunction, treatment 
with elamipretide for 8 weeks 
normalized diastolic functional 
deficit, as evidenced by an 
increase in Ea/Aa. Improve-
ment in diastolic function was 
associated with normalization 
of mitochondrial proton leak, 
reduced mitochondrial ROS, 
and reduced protein oxidation 
overall as well as at the cellular 
level. Exercise tolerance also 
improved. Ea/Aa improve-
ment was maintained for up 
to 2 weeks after withdrawal of 
elamipretide. Used with permis-
sion from [62]. Abbreviations: 
Ea/Aa ratio of early-to-late dias-
tolic mitral annulus velocities, 
ROS reactive oxygen species
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Elamipretide has also been shown to elicit structural 
improvement to mitochondria and its constituents that are 
not likely to immediately dissipate upon withdrawal of 
elamipretide. The improvement in mitochondrial function 
following long-term therapy with elamipretide leads to nor-
malization of the mitochondrial inner membrane structure 
and function, including normalization of cardiolipin and the 
enzymes responsible for its synthesis and remodeling, and 
normalization of activities of the various ETC complexes 
[4, 9, 27]. Normalization of cardiolipin plays an important 
role in cristae formation, activity of respiratory complexes, 
organization of the respiratory complexes into supercom-
plexes for oxidative phosphorylation, mitochondria fusion, 
and mitochondria DNA stability and segregation [69–72]. 
Again, these beneficial corrections of mitochondrial struc-
tural and functional components are not likely to rapidly 
dissipate upon withdrawal of elamipretide therapy [71, 73].

Studies in non-cardiac models of disease also support the 
notion that chronic therapy with elamipretide has “durable 
organ structural effects.” In rats exposed to 45 min of bilat-
eral renal ischemia and followed for 1 month, glomerular 
and peritubular capillary rarefaction, macrophage infiltra-
tion, fibrosis, mitochondrial degeneration, mitophagy, and 
deformed foot processes in podocytes were observed. When 
rats were then treated with elamipretide for 6 weeks (i.e., 
starting 1 month after ischemia), elamipretide preserved 
mitochondrial integrity, restored glomerular capillaries and 
podocyte structure, and attenuated glomerulus sclerosis and 
interstitial fibrosis [74].

Sequence of biological events leading to amelioration 
of left ventricular remodeling

There is a good scientific basis for the rationale that 
chronic therapy with a drug, such as elamipretide, that 
selectively targets abnormal mitochondrial function of the 

failing heart can ultimately lead to durable functional and 
structural improvements of the left ventricle as a whole 
(Fig. 4) [58]. In the case of the failing or cardiomyopathic 
heart, improvement of mitochondrial function can occur 
within hours or days of initiating elamipretide therapy 
[60, 61]. This rapid improvement in myocardial energetics 
can, within days or weeks, lead to improved expression of 
key genes that trigger the synthesis of proteins essential to 
the recovery of mitochondria and cardiomyocyte toward a 
more normal phenotype.

Fig. 4   Time course of cardiac 
changes following treatment 
with elamipretide [56]. Chronic 
therapy with elamipretide, 
which selectively targets abnor-
mal mitochondrial function of 
the failing heart, can ultimately 
lead to durable functional and 
structural improvements of the 
left ventricle as a whole. Used 
with permission [56]

Table 2   Baseline demographic and clinical characteristics of Barth 
syndrome patients enrolled in the TAZPOWER Trial [16]

Used with permission from [Thompson et al. 16]
6MWT 6-min walk test, BTHS-SA Barth Syndrome Symptom Assess-
ment scale, BMI body-mass index, EF ejection fraction, LVEDV left 
ventricular end-diastolic volume, LVSV left ventricular stroke volume, 
SD standard deviation, y year

Characteristic Value

Mean age, y (range) 19.5 (12–35)
Male, n (%) 12 (100)
Race, n (%)
White 11 ()
Multiracial 1 ()
Ethnicity, n (%)
Not Hispanic or Latino 12 (100)
Hispanic or Latino 0
Mean height, cm (range) 167.3 (150.4–187.7)
Mean weight, kg (range) 50.8 (31.4–85.9)
BMI, kg/m2 (range) 17.6 (13.6–24.4)
6MWT, m 395.5
Mean BTHS-SA total fatigue score 8
Mean 3D LVEDV, Z-score (SD) –2 (1.34)
Mean 3D LVSV, Z-score (SD) –1.84 (1.53)
Mean EF, % (SD) 60.6 (4.0)
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In dogs with heart failure, for instance, chronic (3 months) 
treatment with elamipretide resulted in normalized expres-
sion of proteins involved in key pathways such as SERCA2a, 
peroxisome proliferator-activated receptor co-activator-1α, 
mitochondrial fission and fusion, cardiolipin synthesis and 
remodeling, and mitochondria cristae formation among 
others [9, 27]. Because proper protein turnover in mito-
chondria and cardiomyocytes requires weeks and possibly 
months [68], the expectation for restoration of near-normal 
mitochondria and cardiomyocyte structure and function will 
occur weeks or even months after initiating therapy. Only 
then can one expect a drug such as elamipretide to show ben-
efits in preventing or reversing left ventricular remodeling 
or in improving exercise tolerance in patients with chronic 
heart failure.

In dogs with chronic heart failure (3 months), therapy 
with elamipretide resulted in the prevention of progressive 
left ventricular remodeling evidenced by prevention of pro-
gressive left ventricular dilation globally, and by reduced 
cardiomyocyte hypertrophy and interstitial fibrosis and 
by increased capillary density at the cellular level [9]. As 

alluded to earlier, these structural changes of the left ven-
tricular chamber and left ventricular myocardium are similar 
to those seen in the same dog model of heart failure after 
chronic therapy with an ACE inhibitor, an angiotensin II 
receptor blocker, or a beta-blocker, and are part and parcel of 
the acknowledged durability of these drugs in heart failure.

Treating Barth syndrome with elamipretide: clinical 
insights from the TAZPOWER trial

TAZPOWER is a phase 2, randomized, double-blind, placebo-
controlled, crossover trial of elamipretide followed by a long-
term, open-label treatment extension of elamipretide in patients 
with genetically confirmed Barth syndrome [16]. The controlled 
part of the study is complete, while the long-term extension is 
ongoing. TAZPOWER was designed to evaluate the efficacy 
and safety of elamipretide in patients with Barth syndrome. 
Twelve patients (mean age 19.5 years, range 12–35 years) with 
genetically confirmed Barth syndrome were initially enrolled. 
The baseline demographic and clinical characteristics of this 
population are summarized in Table 2. The cardiac phenotype  

Fig. 5   Flow of Barth syndrome 
patients in the TAZPOWER 
(SPIBA-201) Trial [16]. Used 
with permission from [16]
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of these patients was hypertrophic cardiomyopathy character-
ized by lower-than-normal left ventricular end-diastolic and 
end-systolic volumes, and normal LVEF with reduced stroke 
volume. In the initial, controlled part of the trial, patients were 
randomized to once-daily subcutaneous injection of elamipretide 
40 mg or placebo for 12 weeks followed by crossover to the 
alternate treatment after a 4-week washout. In the second part 
of trial, ten of the 12 patients continued to receive subcutaneous 
elamipretide 40 mg once daily for up to an additional 168 weeks: 
eight of the ten patients have completed an additional 36 weeks’ 
treatment during the open-label extension. A flow chart for 
patient participation in the trial is shown in Fig. 5.

There were no statistically significant improvements in 
primary and secondary study endpoints after 12 weeks’ 
treatment with elamipretide compared to placebo. However, 
there were statistically significant improvements compared 
to baseline after completion of 36 weeks’ treatment with 
elamipretide during the open-label extension (i.e., a total 
of 48 weeks’ treatment). There was a significant (p = 0.020) 
increase of 95.9 m in 6-min walking time, which was equiva-
lent to a 25% improvement. Additional outcome measures 
showed improvement at week 36 of the open-label exten-
sion including Barth Syndrome Symptom Assessment 
total fatigue scale score (p = 0.030) and muscle strength by 
hand-held dynamometry (p = 0.001). Cardiac function was 
also determined by echocardiography. Cardiac dysfunction 
has been shown to be a primary cause of early mortality in 
patients with Barth syndrome and improvements in LVEDV 
and left ventricular stroke volume are major determinants of 
peak exercise capacity in patients with hypertrophic cardio-
myopathy. Elamipretide treatment provided a 16% improve-
ment in average left ventricular stroke volume indexed to 
body surface area from baseline (30.5 ml/m2) to the end of 
the open-label extension (35.3 ml/m2). There was a signifi-
cant (p < 0.01) trend of an increase in stroke volume over 
time using a slope model of individual regression lines for 
each patient to determine the consistent change in stroke vol-
ume index over the course of exposure. Mean stroke volume 
Z-scores increased from − 1.38 at baseline to − 5.6 at week 
36 of the open-label extension.

Elamipretide was generally well tolerated with the major-
ity of adverse events being mild to moderate in severity. 
The majority of adverse events were injection site reactions, 
including erythema, pain, and pruritus. Two patients discon-
tinued during the open-label extension because of injection 
site reactions.

Conclusions

Elamipretide has been shown to improve myocardial 
energetics through its direct action on the mitochondrial 
inner membrane through its association with cardiolipin. 

Multiple studies have shown that the improvement in myo-
cardial energetics as a result of therapy with elamipretide 
elicits long-term improvements of left ventricular systolic 
and diastolic function, and, importantly, a prevention or 
reversal of maladaptive global and cellular left ventricular 
chamber remodeling. Promising results with elamipretide 
across various animal models of heart disease are espe-
cially encouraging for heart failure and cardiomyopathies 
in general, including Barth syndrome. Long-term therapy 
with elamipretide not only normalizes mitochondrial ultra-
structure, dynamics (fission and fusion), and function but 
also appears to have a positive residual lasting footprint 
on the heart failure/cardiomyopathic phenotype that goes 
beyond myocardial energetics. Indeed, the benefits extend 
to improvements of myocardial structure and function that 
are durable and not likely to immediately dissipate upon 
withdrawal of therapy. The US Food and Drug Administra-
tion has granted Fast Track and Orphan Drug designations 
for elamipretide in the treatment of patients with Barth 
syndrome. The clinical results seen in patients with Barth 
syndrome treated with elamipretide support the potential 
use of this drug for the clinical management of this rare 
disease syndrome [16].

Acknowledgements  The author wishes to thank Francis Akenami, 
PhD, and James A. Shiffer, RPh, Write On Time Medical Commu-
nications, LLC, for their help in the preparation of this manuscript.

Author contribution  Not applicable.

Funding  This work is supported in part by Stealth BioTherapeutics, 
Inc.

Data availability  Not applicable.

Code availability  Not applicable.

Declarations 

Conflict of interest  Dr. Sabbah is a consultant to Stealth Biotherapeu-
tics, Inc. and member of their Scientific Advisory Board. Dr. Sabbah 
also serves as a consultant to Bayer AG and Arena Pharmaceuticals, 
Inc. and has received research grant funding from Bayer AG, Arena 
Pharmaceuticals, Novartis Corp., and Bristol-Myers Squibb Company.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, 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/.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1921Heart Failure Reviews (2022) 27:1911–1923	

1 3

References

	 1.	 Finsterer J (2019) Barth syndrome: mechanisms and manage-
ment. Appl Clin Genet 12:95–106. https://​doi.​org/​10.​2147/​
TACG.​S1714​81

	 2.	 Bissler JJ, Tsoras M, Goring HH, Hug P, Chuck G, Tombragel 
E, McGraw C, Schlotman J, Ralston MA, Hug G (2002) Infantile 
dilated X-linked cardiomyopathy, G4.5 mutations, altered lipids, 
and ultrastructural malformations of mitochondria in heart, liver, 
and skeletal muscle. Lab Invest 82(3):335–344. https://​doi.​org/​10.​
1038/​labin​vest.​37804​27

	 3.	 Xu Y, Kelley RI, Blanck TJ, Schlame M (2003) Remodeling 
of cardiolipin by phospholipid transacylation. J Biol Chem 
278(51):51380–51385. https://​doi.​org/​10.​1074/​jbc.​M3073​82200

	 4.	 Sabbah HN (2020) Barth syndrome cardiomyopathy: targeting the 
mitochondria with elamipretide. Heart Fail Rev 26(2):237–253. 
https://​doi.​org/​10.​1007/​s10741-​020-​10031-3.

	 5.	 Clarke SL, Bowron A, Gonzalez IL, Groves SJ, Newbury-Ecob 
R, Clayton N, Martin RP, Tsai-Goodman B, Garratt V, Ashworth 
M, Bowen VM, McCurdy KR, Damin MK, Spencer CT, Toth MJ, 
Kelley RI, Steward CG (2013) Barth syndrome. Orphanet J Rare 
Dis 8:23. https://​doi.​org/​10.​1186/​1750-​1172-8-​23

	 6.	 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(2):899–908. https://​doi.​org/​10.​
1074/​jbc.​M110.​171439

	 7.	 Joshi AS, Thompson MN, Fei N, Huttermann M, Greenberg ML 
(2012) Cardiolipin and mitochondrial phosphatidylathanolamine 
have overlapping in mitochondrial fusion in Saccharomices cer-
evisiae. J Biol Chem 287(21):17589–17597. https://​doi.​org/​10.​
1074/​jbc.​M111.​330167

	 8.	 Eirin A, Ebrahimi B, Kwon SH, Fiala JA, Williams BJ, Woollard JR, 
He Q, Gupta RC, Sabbah HN, Prakash YS, Textor SC, Lerman A, 
Lerman LO (2016) Restoration of mitochondrial cardiolipin attenu-
ates cardiac damage in swine renovascular hypertension. J Am Heart 
Assoc 5(6):e003118. https://​doi.​org/​10.​1161/​JAHA.​115.​003118

	 9.	 Sabbah HN, Gupta RC, Kohli S, Wang M, Hachem S, Zhang K 
(2016) Chronic therapy with elamipretide (MTP-131), a novel 
mitochondria-targeting peptide, improves left ventricular and mito-
chondrial function in dogs with advanced heart failure. Circ Heart 
Fail 9(2):e002206. https://​doi.​org/​10.​1161/​CIRCH​EARTF​AILURE.​
115.​002206

	10.	 Braun JL, Hamstra SI, Messner HN, Fajardo VA (2019) SERCA2a 
tyrosine nitration coincides with impairments in maximal SERCA 
activity in left ventricles from tafazzin-deficient mice. Phys Rep 
7(16):e14215. https://​doi.​org/​10.​14814/​phy2.​14215

	11.	 Lakdawala NK, Stevenson LW, Loscalzo J (2015) Cardiomyopa-
thy and myocarditis. In: Kasper DL, Fauci AS, Hauser SL, Longo 
DL, Jameson JL, Loscalzo J (eds) Harrison’s principles of internal 
medicine, 19th edn. McGraw-Hill, New York, pp 1–37

	12.	 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 skel-
etal muscle O2 utilization mediate exercise intolerance in Barth 
syndrome. Am J Physiol Heart Circ Physiol 301(5):H2122-2129. 
https://​doi.​org/​10.​1152/​ajphe​art.​00479.​2010

	13.	 Dudek J, Maack C (2017) Barth syndrome cardiomyopathy. Car-
diovasc Res 113(4):399–410. https://​doi.​org/​10.​1093/​cvr/​cvx014

	14.	 Spencer CT, Bryant RM, Day J, Gonzalez IL, Colan SD, Thompson 
WR, Berthy J, Redfearn SP, Byrne BJ (2006) Cardiac and clinical 
phenotype in Barth syndrome. Pediatrics 118(2):e337-346. https://​
doi.​org/​10.​1542/​peds.​2005-​2667

	15.	 Jefferies JL, Towbin JA (2010) Dilated cardiomyopathy. Lancet 
375(9716):752–762. https://​doi.​org/​10.​1016/​S0140-​6736(09)​62023-7

	16.	 Thompson RW, Hornby B, Manuel R, Bradley E, Laux J, Carr J, 
Vernon HJ (2021) A phase 2/3 randomized clinical trial followed 
by an open-label extension to evaluate the effectiveness of elami-
pretide in Barth syndrome, a genetic disorder of mitochondrial 
cardiolipin metabolism. Genet Med 23(3):471–478. https://​doi.​
org/​10.​1038/​s41436-​020-​01006-8

	17.	 Ades LC, Gedeon AK, Wilson MJ, Latham M, Partington MW, 
Mulley JC, Nelson J, Lui K, Sillence DO (1993) Barth syndrome: 
clinical features and confirmation of gene localisation to distal 
Xq28. Am J Med Genet 45(3):327–334. https://​doi.​org/​10.​1002/​
ajmg.​13204​50309

	18.	 Bleyl SB, Mumford BR, Thompson V, Carey JC, Pysher TJ, Chin 
TK, Ward K (1997) Neonatal, lethal noncompaction of the left 
ventricular myocardium is allelic with Barth syndrome. Am J 
Hum Genet 61(4):868–872. https://​doi.​org/​10.​1086/​514879

	19.	 Jefferies JL (2013) Barth syndrome. Am J Med Genet C Semin Med 
Genet 163C(3):198–205. https://​doi.​org/​10.​1002/​ajmg.c.​31372

	20.	 Towbin JA, Bowles NE (2002) The failing heart. Nature 
415(6868):227–233. https://​doi.​org/​10.​1038/​41522​7a

	21.	 Pignatelli RH, McMahon CJ, Dreyer WJ, Denfield SW, Price J, 
Belmont JW, Craigen WJ, Wu J, El Said H, Bezold LI, Clunie S, 
Fernbach S, Bowles NE, Towbin JA (2003) Clinical characteri-
zation of left ventricular noncompaction in children: a relatively 
common form of cardiomyopathy. Circulation 108(21):2672–
2678. https://​doi.​org/​10.​1161/​01.​CIR.​00001​00664.​10777.​B8

	22.	 Klaassen S, Probst S, Oechslin E, Gerull B, Krings G, Schuler 
P, Greutmann M, Hurlimann D, Yegitbasi M, Pons L, Gramlich 
M, Drenckhahn JD, Heuser A, Berger F, Jenni R, Thierfelder L 
(2008) Mutations in sarcomere protein genes in left ventricular 
noncompaction. Circulation 117(22):2893–2901. https://​doi.​org/​
10.​1161/​CIRCU​LATIO​NAHA.​107.​746164

	23.	 Brown DA, O’Rourke B (2010) Cardiac mitochondria and arrhyth-
mias. Cardiovasc Res 88(2):241–249. https://​doi.​org/​10.​1093/​cvr/​
cvq231

	24.	 Brescia ST, Rossano JW, Pignatelli R, Jefferies JL, Price JF, Decker 
JA, Denfield SW, Dreyer WJ, Smith O, Towbin JA, Kim JJ (2013) 
Mortality and sudden death in pediatric left ventricular noncom-
paction in a tertiary referral center. Circulation 127(22):2202–
2208. https://​doi.​org/​10.​1161/​CIRCU​LATIO​NAHA.​113.​002511

	25.	 Pouleur H (1990) Diastolic dysfunction and myocardial energetics. 
Euro Heart J 11 Suppl C:30–34. https://​doi.​org/​10.​1093/​eurhe​artj/​
11.​suppl_c.​30

	26.	 Brown DA, Perry JB, Allen ME, Sabbah HN, Stauffer BL, Shaikh 
SR, Cleland JG, Colucci WS, Butler J, Voors AA, Anker SD, 
Pitt B, Pieske B, Filippatos G, Greene SJ, Gheorghiade M (2017) 
Expert consensus document: mitochondrial function as a thera-
peutic target in heart failure. Nat Rev Cardiol 14(4):238–250. 
https://​doi.​org/​10.​1038/​nrcar​dio.​2016.​203

	27.	 Sabbah HN, Gupta RC, Singh-Gupta V, Zhang K (2018) Abnor-
malities of mitochondrial dynamics in the failing heart: nor-
malization following long-term therapy with elamipretide. 
Cardiovasc Drugs Ther 32:319–328. https://​doi.​org/​10.​1007/​
s10557-​018-​6805-y

	28.	 Sabbah HN (2020) Targeting the mitochondria in heart failure: 
a translational perspective. J Am Coll Cardiol Basic Trans Sci 
5(1):88–106. https://​doi.​org/​10.​1016/j.​jacbts.​2019.​07.​009

	29.	 Johannsen DL, Ravussin E (2009) The role of mitochondria in 
health and disease. Curr Opin Pharmacol 9(6):780–786. https://​
doi.​org/​10.​1016/j.​coph.​2009.​09.​002

	30.	 Liu M, Liu H, Dudley SC (2010) Reactive oxygen species originat-
ing from mitochondria regulate the cardiac sodium channel. Circ 
Res 107(8):967–974. https://​doi.​org/​10.​1161/​CIRCR​ESAHA.​110.​
220673

	31.	 Raimundo N (2014) Mitochondrial pathology: stress signals from 
the energy factory. Trends Mol Med 20(5):282–292. https://​doi.​
org/​10.​1016/j.​molmed.​2014.​01.​005

https://doi.org/10.2147/TACG.S171481
https://doi.org/10.2147/TACG.S171481
https://doi.org/10.1038/labinvest.3780427
https://doi.org/10.1038/labinvest.3780427
https://doi.org/10.1074/jbc.M307382200
https://doi.org/10.1007/s10741-020-10031-3
https://doi.org/10.1186/1750-1172-8-23
https://doi.org/10.1074/jbc.M110.171439
https://doi.org/10.1074/jbc.M110.171439
https://doi.org/10.1074/jbc.M111.330167
https://doi.org/10.1074/jbc.M111.330167
https://doi.org/10.1161/JAHA.115.003118
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002206
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002206
https://doi.org/10.14814/phy2.14215
https://doi.org/10.1152/ajpheart.00479.2010
https://doi.org/10.1093/cvr/cvx014
https://doi.org/10.1542/peds.2005-2667
https://doi.org/10.1542/peds.2005-2667
https://doi.org/10.1016/S0140-6736(09)62023-7
https://doi.org/10.1038/s41436-020-01006-8
https://doi.org/10.1038/s41436-020-01006-8
https://doi.org/10.1002/ajmg.1320450309
https://doi.org/10.1002/ajmg.1320450309
https://doi.org/10.1086/514879
https://doi.org/10.1002/ajmg.c.31372
https://doi.org/10.1038/415227a
https://doi.org/10.1161/01.CIR.0000100664.10777.B8
https://doi.org/10.1161/CIRCULATIONAHA.107.746164
https://doi.org/10.1161/CIRCULATIONAHA.107.746164
https://doi.org/10.1093/cvr/cvq231
https://doi.org/10.1093/cvr/cvq231
https://doi.org/10.1161/CIRCULATIONAHA.113.002511
https://doi.org/10.1093/eurheartj/11.suppl_c.30
https://doi.org/10.1093/eurheartj/11.suppl_c.30
https://doi.org/10.1038/nrcardio.2016.203
https://doi.org/10.1007/s10557-018-6805-y
https://doi.org/10.1007/s10557-018-6805-y
https://doi.org/10.1016/j.jacbts.2019.07.009
https://doi.org/10.1016/j.coph.2009.09.002
https://doi.org/10.1016/j.coph.2009.09.002
https://doi.org/10.1161/CIRCRESAHA.110.220673
https://doi.org/10.1161/CIRCRESAHA.110.220673
https://doi.org/10.1016/j.molmed.2014.01.005
https://doi.org/10.1016/j.molmed.2014.01.005


1922	 Heart Failure Reviews (2022) 27:1911–1923

1 3

	32.	 Schaper J, Meiser E, Stammler G (1985) Ultrastructural morpho-
metric analysis of myocardium from dogs, rats, hamsters, mice, 
and from human hearts. Circ Res 56(3):377–391. https://​doi.​org/​
10.​1161/​01.​res.​56.3.​377

	33.	 Barth E, Stammler G, Speiser B, Schaper J (1992) Ultrastructural 
quantitation of mitochondria and myofilaments in cardiac mus-
cle from 10 different animal species including man. J Mol Cell 
Cardiol 24(7):669–681. https://​doi.​org/​10.​1016/​0022-​2828(92)​
93381-s

	34.	 Nakayama H, Chen X, Baines CP, Klevitsky R, Zhang X, Zhang H, 
Jaleel N, Chua BH, Hewett TE, Robbins J, Houser SR, Molkentin JD 
(2007) Ca2+- and mitochondrial-dependent cardiomyocyte necrosis 
as a primary mediator of heart failure. J Clin Invest 117(9):2431–
2444. https://​doi.​org/​10.​1172/​JCI31​060

	35.	 Dostert C, Petrilli V, Van Bruggen R, Steele C, Mossman BT, 
Tschopp J (2008) Innate immune activation through Nalp3 inflam-
masome sensing of asbestos and silica. Science 320(5876):674–
677. https://​doi.​org/​10.​1126/​scien​ce.​11569​95

	36.	 Nakahira K, Haspel JA, Rathinam VAK, Lee SJ, Dolinay T, Lam 
HC, Englert JA, Rabinovitch M, Cernadas M, Kim HP, Fitzgerald 
KA, Ryter SW, Choi AM (2011) Autophagy proteins regulate innate 
immune responses by inhibiting the release of mitochondrial DNA 
mediated by the NALP3 inflammasome. Nat Immunol 12(3):222–
230. https://​doi.​org/​10.​1038/​ni.​1980

	37.	 Zhou R, Yazdi AS, Menu P, Tschopp J (2011) A role for mitochon-
dria in NLRP3 inflammasome activation. Nature 469(7329):221–
225. https://​doi.​org/​10.​1038/​natur​e09663

	38.	 Oka T, Hikoso S, Yamaguchi O, Taneike M, Takeda T, Tamai 
T, Oyabu J, Murakawa T, Nakayama H, Nishida K, Akira S, 
Yamamoto A, Komuro I, Otsu K (2012) Mitochondrial DNA that 
escapes from autophagy causes inflammation and heart failure. 
Nature 485(7397):251–255. https://​doi.​org/​10.​1038/​natur​e10992

	39.	 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(5):1312–1325. 
https://​doi.​org/​10.​1194/​jlr.​M0347​28

	40.	 Barth P, Van den Bogert C, Bolhuis P, Scholte HR, van Gennip 
AH, Schutgens RB, Ketel AG (1996) X-linked cardioskeletal myo-
pathy and neutropenia (Barth syndrome): respiratory-chain abnor-
malities in cultured fibroblasts. J Inherit Metab Dis 19(2):157–160. 
https://​doi.​org/​10.​1007/​BF017​99418

	41.	 Xu Y, Sutachan JJ, Plesken H, Kelley RI, Schlame M (2005) Char-
acterization of lymphoblast mitochondria from patients with Barth 
syndrome. Lab Invest 85(6):823–830. https://​doi.​org/​10.​1038/​
labin​vest.​37002​74

	42.	 He Q (2010) Tafazzin knockdown causes hypertrophy of neonatal 
ventricular myocytes. Am J Physiol 299(1):H210-216. https://​doi.​
org/​10.​1152/​ajphe​art.​00098.​2010

	43.	 He Q, Wang M, Harris N, Han X (2013) Tafazzin knockdown 
interrupts cell cycle progression in cultured neonatal ventricular 
fibroblasts. Am J Physiol 305(9):H1332-1343. https://​doi.​org/​10.​
1152/​ajphe​art.​00084.​2013

	44.	 Dudek J, Cheng I-F, Balleininger M, Vaz FM, Streckfuss-Bomeke 
K, Hubscher D, Vukotic M, Wanders RJ, 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(12):806–819. https://​doi.​org/​
10.​1016/j.​scr.​2013.​05.​005

	45.	 Dudek J, Cheng I-F, Chowdhury A, Vaz FM, Streckfuss-Bomeke 
K, Hubscher D, Vukotic M, Wanders RJ, Rehling P, Guan K 
(2015) Cardiac-specific succinate dehydrogenase deficiency in 
Barth syndrome. EMBO Mol Med 8(2):139–154. https://​doi.​org/​
10.​15252/​emmm.​20150​5644

	46.	 Imai-Okazaki A, Kishita Y, Kohda M, Yatsuka Y, Hirata T, 
Mizuno Y, Harashima H, Hirono K, Ichida F, Noguchi A, 

Yoshida M, Tokorodani C, Nishiuchi R, Takeda A, Nakaya A, 
Sakata Y, Murayama K, Ohtake A, Okazaki Y (2018) Barth 
syndrome: different approaches to diagnosis. J Pediatr 193:256–
260. https://​doi.​org/​10.​1016/j.​jpeds.​2017.​09.​075

	47.	 Adwani SS, Whitehead BF, Rees PG, Morris A, Turnball DM, 
Elliott MJ, de Leval MR. Heart transplantation for Barth syn-
drome (1997) Pediatr Cardiol 18(2):143–145. https://​doi.​org/​10.​
1007/​s0024​69900​135

	48.	 Mangat J, Lunnon-Wood T, Rees P, Elliott M, Burch M (2007) 
Successful cardiac transplantation in Barth syndrome: single-
centre experience of four patients. Pediatr Transplant 11(3):327–
331. https://​doi.​org/​10.​1111/j.​1399-​3046.​2006.​00629.x

	49.	 Roberts AE, Nixon C, Steward CG, Gauvreau K, Maisenbacher 
M, Fletcher M, Geva J, Byrne BJ, Spencer CT (2012 The Barth 
Syndrome Registry: distinguishing disease characteristics and 
growth data from a longitudinal study. Am J Med Genet A 
158A(11):2726–2732. https://​doi.​org/​10.​1002/​ajmg.a.​35609

	50.	 Kang SL, Forsey J, Dudley D, Steward CG, Tsai-Goodman B 
(2016) Clinical characteristics and outcomes of cardiomyopathy in 
Barth syndrome: the UK experience. Pediatr Cardiol 37(1):167–
176. https://​doi.​org/​10.​1007/​s00246-​015-​1260-z

	51.	 Hanke SP, Gardner AB, Lombardi JP, Manning PB, Nelson DP, 
Towbin JA, Jefferies JL, Lorts A (2012) Left ventricular non-
compaction cardiomyopathy in Barth syndrome: an example of 
an undulating cardiac phenotype necessitating mechanical cir-
culatory support as a bridge to transplantation. Pediatr Cardiol 
33(8):1430–1434. https://​doi.​org/​10.​1007/​s00246-​012-​0258-z

	52.	 Yang L, Zhao K, Calingasan NY, Luo G, Szeto HH, Beal ME 
(2009) Mitochondria targeted peptides protect against 1-methy1-
4-phenyl-1,2,3,6-tetrahydropyridine neurotoxicity. Antioxid Redox 
Signal 11(9):2095–2104. https://​doi.​org/​10.​1089/​ars.​2009.​2445

	53.	 Szeto HH, Liu S, Soong Y, Wu D, Darrah SF, Cheng FY, Zhao 
Z, Ganger M, Tow CY, Seshan SV (2011) Mitochondria-targeted 
peptide accelerates ATP recovery and reduces ischemic kidney 
injury. J Am Soc Nephrol 22(6):1041–1052. https://​doi.​org/​10.​
1681/​ASN.​20100​80808

	54.	 Dai D-F, Hsieh EJ, Chen T, Menendez LG, Basisty NB, Tsai L, 
Beyer RP, Crispin DA, Shulman NJ, Szeto HH, Tian R, MacCoss 
MJ, Rabinovitch PS (2013) Global proteomics and pathway analy-
sis of pressure overload-induced heart failure and its attenuation by 
mitochondrial-targeted peptides. Circ Heart Fail 6(5):1067–1076. 
https://​doi.​org/​10.​1161/​CIRCH​EARTF​AILURE.​113.​000406

	55.	 Talbert EE, Smuder AJ, Min K, Kwon OS, Szeto HH (1985) Powers 
SK (2013) Immobilization-induced activation of key proteolytic 
systems in skeletal muscles is prevented by a mitochondria-targeted 
antioxidant. J Appl Physiol 115(4):529–538. https://​doi.​org/​10.​
1152/​jappl​physi​ol.​00471.​2013

	56.	 Brown DA, Hale SL, Baines CP, del Rio CL, Hamlin RL, Yueyama 
Y, Kijtawornrat A, Yeh ST, Frasier CR, Stewart LM, Moukdar F, 
Shaikh SR, Fisher-Wellman KH, Neufer PD (2014) Kloner RA 
(2014) Reduction of early reperfusion injury with the mitochon-
dria-targeting peptide Bendavia. J Cardiovasc Pharmacol Ther 
19(1):121–132. https://​doi.​org/​10.​1177/​10742​48413​508003

	57.	 Sabbah HN, Gupta RC, Singh-Gupta V, Zhang K (2019) Effects 
of elamipretide on skeletal muscle in dogs with experimentally 
induced heart failure. ESC Heart Fail 6(2):328–335. https://​doi.​
org/​10.​1002/​ehf2.​12408

	58.	 Allen ME, Pennington ER, Perry JB, Dadoo S, Makrecka-Kuka 
M, Dambrova M, Moukdar F, Patel HD, Han X, Kidd GK, Benson 
EK, Raisch TB, Poelzing S, Brown DA, Shaikh SR (2020) The 
cardiolipin-binding peptide elamipretide mitigates fragmenta-
tion of cristae networks following cardiac ischemia reperfusion 
in rats. Nat Commun Biol 3(1):389. https://​doi.​org/​10.​1038/​
s42003-​020-​1101-3

	59.	 Mitchell W, Ng EA, Tamucci XJD, Boyd KJ, Sathappa M, Coscia 
A, Pan M, Han X, Eddy NA, May ER, Szeto HH, Alder NN (2020) 

https://doi.org/10.1161/01.res.56.3.377
https://doi.org/10.1161/01.res.56.3.377
https://doi.org/10.1016/0022-2828(92)93381-s
https://doi.org/10.1016/0022-2828(92)93381-s
https://doi.org/10.1172/JCI31060
https://doi.org/10.1126/science.1156995
https://doi.org/10.1038/ni.1980
https://doi.org/10.1038/nature09663
https://doi.org/10.1038/nature10992
https://doi.org/10.1194/jlr.M034728
https://doi.org/10.1007/BF01799418
https://doi.org/10.1038/labinvest.3700274
https://doi.org/10.1038/labinvest.3700274
https://doi.org/10.1152/ajpheart.00098.2010
https://doi.org/10.1152/ajpheart.00098.2010
https://doi.org/10.1152/ajpheart.00084.2013
https://doi.org/10.1152/ajpheart.00084.2013
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/10.1016/j.jpeds.2017.09.075
https://doi.org/10.1007/s002469900135
https://doi.org/10.1007/s002469900135
https://doi.org/10.1111/j.1399-3046.2006.00629.x
https://doi.org/10.1002/ajmg.a.35609
https://doi.org/10.1007/s00246-015-1260-z
https://doi.org/10.1007/s00246-012-0258-z
https://doi.org/10.1089/ars.2009.2445
https://doi.org/10.1681/ASN.2010080808
https://doi.org/10.1681/ASN.2010080808
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000406
https://doi.org/10.1152/japplphysiol.00471.2013
https://doi.org/10.1152/japplphysiol.00471.2013
https://doi.org/10.1177/1074248413508003
https://doi.org/10.1002/ehf2.12408
https://doi.org/10.1002/ehf2.12408
https://doi.org/10.1038/s42003-020-1101-3
https://doi.org/10.1038/s42003-020-1101-3


1923Heart Failure Reviews (2022) 27:1911–1923	

1 3

The mitochondria-targeted peptide SS-31 binds lipid bilayers and 
modulates surface electrostatics as a key component of its mecha-
nism of action. J Biol Chem 295(21):7452–7469. https://​doi.​org/​
10.​1074/​jbc.​RA119.​012094

	60.	 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 DZ, Li K, Wang J, Wanders RJ, Kulik 
W, Vaz FM, Laflamme MA, Murry CE, Chien KR, Kelley RI, 
Church GM, Parker KK, Pu WT (2014) Modeling the mitochon-
drial cardiomyopathy of Barth syndrome with induced pluripotent 
stem cell and heart-on-chip technologies. Nat Med 20(6):616–623. 
https://​doi.​org/​10.​1038/​nm.​3545

	61.	 Rohani L, Machiraju P, Sabouny R, Meng G, Liu S, Zhao T, Iqbal 
F, Wang X, Ravandi A, Wu JC, Khan A, Shutt T, Rancourt D, 
Greenway SC (2020) Reversible mitochondrial fragmentation in 
iPSC-derived cardiomyocytes from children with DCMA, a mito-
chondrial cardiomyopathy. Can J Cardiol 36(4):554–563. https://​
doi.​org/​10.​1016/j.​cjca.​2019.​09.​021

	62.	 Oates PJ, Brown DA, Vernon HJ, Gangoiti JA, Barshop BA (2020) 
Metabolomic biomarkers from patients with Barth syndrome 
treated with elamipretide: insights from the TAZPOWER study. 
MedRxiv 11(20):20235580. https://​doi.​org/​10.​1101/​2020.​11.​20.​
20235​580

	63.	 Anzmann AF, Sniezek OL, Pado A, Busa V, Vaz FM, Kreimer 
SD, DeVine LR, Cole RN, Le A, Kirsch BJ, Claypool SM, Vernon 
HJ (2021) Diverse mitochondrial abnormalities in a new cellular 
model of TAFFAZZIN deficiency are remediated by cardiolipin-
interacting small molecules. J Biol Chem 297(3):101005. https://​
doi.​org/​10.​1016/j.​jbc.​2021.​101005

	64.	 Chiao YA, Zhang H, Sweetwyne M, Whitson J, Ting YS, Basisty 
N, Pino LK, Quarles E, Nguyen NH, Campbell MD, Zhang T, 
Gaffrey MJ, Merrihew G, Wang L, Yue Y, Duan D, Granzier HL, 
Szeto HH, Qian WJ, Marcinek D, MacCoss MJ, Rabinovitch P 
(2020) Late-life restoration of mitochondrial function reverses 
cardiac dysfunction in old mice. Elife 9:e55513. https://​doi.​org/​
10.​7554/​eLife.​55513

	65.	 Sabbah HN, Shimoyama H, Kono T, Gupta RC, Sharov VG, Scicli 
G, Levine TB, Goldstein S (1994) Effects of long-term mono-
therapy with enalapril, metoprolol and digoxin on the progression 
of left ventricular dysfunction and dilation in dogs with reduced 
ejection fraction. Circulation 89(6):2852–2859. https://​doi.​org/​10.​
1161/​01.​cir.​89.6.​2852

	66.	 Liu YH, Yang XP, Sharov VG, Nass O, Sabbah HN, Peterson E, 
Carretero OA (1997) Effects of angiotensin-converting enzyme 

inhibitors and angiotensin II type 1 receptor antagonists in rats with 
heart failure: role of kinins and angiotensin II type 2 receptors. J 
Clin Invest 99(8):1926–1935. https://​doi.​org/​10.​1172/​JCI11​9360

	67.	 Tanimura M, Sharov VG, Shimoyama H, Mishima T, Levine TB, 
Goldstein S, Sabbah HN (1999) Effects of AT1 receptor blockade 
on the progression of left ventricular dysfunction in dogs with 
heart failure. Am J Physiol 276(4):H1385-1392. https://​doi.​org/​
10.​1152/​ajphe​art.​1999.​276.4.​H1385

	68.	 Zaca V, Rastogi S, Mishra S, Wang M, Sharov VG, Gupta RC, 
Goldstein S, Sabbah HN (2009) Atenolol is inferior to metoprolol 
in improving left ventricular function and preventing ventricular 
remodeling in dogs with heart failure. Cardiology 112(4):294–
302. https://​doi.​org/​10.​1159/​00015​9123

	69.	 Rosca MG, Vazquez EJ, Kerner J, Parland W, Chandler MP, Stanley 
W, Sabbah HN, Hoppel CL (2008) Cardiac mitochondria in heart 
failure: decrease in respirasomes and oxidative phosphorylation. 
Cardiovasc Res 80(1):30–39. https://​doi.​org/​10.​1093/​cvr/​cvn184

	70.	 DeVay RM, Dominguez-Ramirez L, Lackner LL, Hoppins S, 
Stahlberg H, Nunnari J (2009) Coassembly of Mgm1 isoforms 
requires cardiolipin and mediates mitochondrial inner membrane 
fusion. J Cell Biol 186(6):793–803. https://​doi.​org/​10.​1083/​jcb.​
20090​6098

	71.	 Birk AV, Liu S, Soong Y, Mills W, Singh P, Warren JD, Seshan 
SV, Pardee JD, Szeto HH (2013) The mitochondrial-targeted com-
pound SS-31 re-energizes ischemic mitochondria by interacting 
with cardiolipin. J Am Soc Nephrol 24(8):1250–1261. https://​doi.​
org/​10.​1681/​ASN.​20121​21216

	72.	 Luevano-Martinez LA, Forni MF (1847) Tiago dios Santios V, 
Souza-Pinto NC, Kowaltowski AJ (2015) Cardiolipin is a key 
determinant for mtDNA stability and segregation during mito-
chondrial stress. Biochim Biophys Acta 6–7:587–598. https://​doi.​
org/​10.​1016/j.​bbabio.​2015.​03.​007

	73.	 Sharov VG, Sabbah HN, Shimoyama H, Goussev AV, Lesch 
M, Goldstein S (1996) Evidence of cardiocyte apoptosis in 
myocardium of dogs with chronic heart failure. Am J Pathol 
148(1):141–149

	74.	 Szeto HH, Liu S, Soong Y, Seshan SV, Cohen-Gould L, Manichev 
V, Feldman LC, Gustafsson T (2017) Mitochondria protection 
after acute ischemia prevents prolonged upregulation of IL-1β 
and IL-18 and arrests CKD. J Am Soc Nephrol 28(5):1437–1449. 
https://​doi.​org/​10.​1681/​ASN.​20160​70761

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1074/jbc.RA119.012094
https://doi.org/10.1074/jbc.RA119.012094
https://doi.org/10.1038/nm.3545
https://doi.org/10.1016/j.cjca.2019.09.021
https://doi.org/10.1016/j.cjca.2019.09.021
https://doi.org/10.1101/2020.11.20.20235580
https://doi.org/10.1101/2020.11.20.20235580
https://doi.org/10.1016/j.jbc.2021.101005
https://doi.org/10.1016/j.jbc.2021.101005
https://doi.org/10.7554/eLife.55513
https://doi.org/10.7554/eLife.55513
https://doi.org/10.1161/01.cir.89.6.2852
https://doi.org/10.1161/01.cir.89.6.2852
https://doi.org/10.1172/JCI119360
https://doi.org/10.1152/ajpheart.1999.276.4.H1385
https://doi.org/10.1152/ajpheart.1999.276.4.H1385
https://doi.org/10.1159/000159123
https://doi.org/10.1093/cvr/cvn184
https://doi.org/10.1083/jcb.200906098
https://doi.org/10.1083/jcb.200906098
https://doi.org/10.1681/ASN.2012121216
https://doi.org/10.1681/ASN.2012121216
https://doi.org/10.1016/j.bbabio.2015.03.007
https://doi.org/10.1016/j.bbabio.2015.03.007
https://doi.org/10.1681/ASN.2016070761

	Elamipretide for Barth syndrome cardiomyopathy: gradual rebuilding of a failed power grid
	Abstract
	Introduction
	Barth syndrome cardiomyopathy
	Mitochondrial dysfunction in heart failure
	Current treatment for Barth syndrome cardiomyopathy
	Elamipretide
	Preclinical studies of elamipretide on cardiac function in heart failure
	Elamipretide reverses SERCA2a maladaptations and ameliorates inflammatory markers in heart failure
	Durability of action of elamipretide
	Sequence of biological events leading to amelioration of left ventricular remodeling

	Treating Barth syndrome with elamipretide: clinical insights from the TAZPOWER trial

	Conclusions
	Acknowledgements 
	References


