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Abstract
Barth syndrome is a rare X-linked genetic disease classically characterized by cardiomyopathy, skeletal myopathy, growth 
retardation, neutropenia, and 3-methylglutaconic aciduria. It is caused by mutations in the tafazzin gene localized to chro-
mosome Xq28.12. Mutations in tafazzin may result in alterations in the level and molecular composition of the mitochon-
drial phospholipid cardiolipin and result in large elevations in the lysophospholipid monolysocardiolipin. The increased 
monolysocardiolipin:cardiolipin ratio in blood is diagnostic for the disease, and it leads to disruption in mitochondrial bio-
energetics. In this review, we discuss cardiolipin structure, synthesis, and function and provide an overview of the clinical 
and cellular pathophysiology of Barth Syndrome. We highlight known pharmacological management for treatment of the 
major pathological features associated with the disease. In addition, we discuss non-pharmacological management. Finally, 
we highlight the most recent promising therapeutic options for this rare mitochondrial disease including lipid replacement 
therapy, peroxisome proliferator-activated receptor agonists, tafazzin gene replacement therapy, induced pluripotent stem 
cells, mitochondria-targeted antioxidants and peptides, and the polyphenolic compound resveratrol.

Keywords  Barth syndrome · Cardiolipin · Mitochondria · Pharmacological management · Tafazzin · Resveratrol · 
Cholesterol · Heart · Skeletal muscle · Neutropenia · Genetic disease

Introduction

Barth syndrome (MIM302060) (abbrev. BTHS) is a rare 
X-linked genetic recessive disorder first described by Dr. 
Peter Barth in 1983 [1]. BTHS is mainly manifest in infancy 

and early childhood, and it is characterized primarily by car-
diomyopathy, skeletal myopathy, growth retardation, neutro-
penia, and often 3-methylglutaconic aciduria (3-MGA) [2, 
3]. The major cause of death in patients with BTHS is heart 
failure. On the other hand, neutropenia (cyclic, chronic, or 
intermittent) is the second leading cause of death in BTHS 
patients due to a high risk of infection [4]. The cardiovascu-
lar disease component of BTHS requires careful assessment 
and management. However, infections associated with the 
disease require urgent intervention.

BTHS is caused by mutations in the tafazzin (TAZ) gene 
localized to chromosome Xq28.12 [1–5]. Over 100 differ-
ent mutations in the TAZ gene have been described. The 
TAZ gene encodes the protein tafazzin (Taz), a transacylase 
enzyme involved in the remodeling and maturation of the 
mitochondrial phospholipid cardiolipin (CL). Taz transfers 
fatty acyl groups from phospholipids such as phosphati-
dylcholine and phosphatidylethanolamine to monolysocar-
diolipin (MLCL) to produce CL [6]. Thus, TAZ mutations 
result in CL remodeling impairments which lead to reduc-
tions in CL, accumulation of MLCL, mitochondrial dysfunc-
tion, and the development of BTHS [7]. BTHS is the only 
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known genetic disorder that is related directly to impairment 
in CL remodeling.

Cardiolipin structure and biosynthesis

CL (1,3-bis(sn-3’-phosphatidyl)-sn-glycerol) is a specific 
phospholipid of mitochondrial membranes. It is an anionic 
phospholipid and is composed of two phosphatidic acid 
molecules linked by a glycerol moiety [8]. CL was iso-
lated from bovine heart by Mary Pangborn [9]. It exhibits a 
conical structure with a small polar head group and a large 
hydrophobic tail. CL is an essential phospholipid of the 
inner mitochondrial membrane (IMM) where it comprises 
approximately 15–20% of the IMM phospholipid mass [10]. 
Unlike other phospholipids, CL is predominantly localized 
to the IMM and exhibits a unique dimeric molecular struc-
ture: three glycerol groups, two phosphate moieties, and 
four acyl chains [11] (Fig. 1a). This unique structure of CL 
introduces tension into mitochondrial membranes, and it 
is believed that this characteristic structure of CL plays an 
important role in its functional role in mitochondrial mem-
branes. Moreover, the negative charges of CL facilitate its 
interaction with the outer mitochondrial membrane (OMM) 
and IMM proteins, and this explains why large quantities of 
CL are found in cristae membranes [12, 13]. In functioning 
mitochondria cristae membranes exhibit a charge. During 
oxidative phosphorylation, electrons are transferred through 
the electron transport chain (ETC), and protons are pumped 
out of the mitochondrial matrix. The pumping of protons out 
of the matrix creates an electrochemical gradient across the 
membrane which results in a negative charge on the inner 
side of the cristae membrane [14].

The molecular species of CL differ between tissues. For 
example, mammalian cardiac mitochondrial CL consists 
of approximately 80–90% linoleic acid (C18:2), the most 
abundant CL species being tetralinoleoyl-CL (L4CL). The 
tissue-specific acyl chain composition of CL is important 
for proper mitochondrial function [15]. For example, enrich-
ment in L4CL is critical for oxidative phosphorylation and 
ETC function in the heart. Decreasing L4CL in the CL car-
diac profile results in mitochondrial dysfunction [15, 16]. 
Previous studies showed that disruption of the specific acyl 
chain composition of CL leads to a decrease in CL mass 
and plays a major role in the development of cardiac patho-
physiology [17, 18]. Since L4CL is essential for optimal 
mitochondrial function in the heart, replacing linoleic acid 
with other fatty acids leads to a decrease in the activity of 
the proteins in IMM due to changes in membrane charac-
teristics. For example, high levels of docosahexaenoic acid 
(DHA) (22:6) in CL acyl chain composition result in dis-
turbed protein-lipid interactions due to increase in the fluid-
ity of the mitochondrial membranes [19].

De novo biosynthesis of nascent mammalian CL begins 
with formation of cytidine-5’-diphosphate-1,2-diacyl-sn-
glycerol (CDP-DG) from phosphatidic acid and cytidine 
triphosphate catalyzed by the mitochondrial assembly and 
maintenance protein Tam41 [20, 21], otherwise known as 
CDP-DG synthetase. In the next step, phosphatidylglyc-
erol phosphate (PGP) is synthesized through transfer of a 
phosphatidyl group from CDP-DG to the sn-1 position of 
glycerol-3-phosphate which is catalyzed by PGP synthase. 
PGP is then rapidly dephosphorylated by protein tyrosine 
phosphatase mitochondrion-1 to form phosphatidylglycerol. 
The last step in de novo biosynthesis of nascent CL is the 
condensation of phosphatidylglycerol with another molecule 
of CDP-DG catalyzed by CL synthase [22, 23].

Subsequent to de novo biosynthesis nascent CL under-
goes remodeling by deacylation and subsequent resynthesis. 
Nascent CL may be deacylated to MLCL by phospholipase 
A2s [188]. Mature CL is then resynthesized (remodeled) 
by either Taz (described above), MLCL acyltransferase-1/
trifunctional protein alpha subunit (MLCLAT-1/HADHA) 
or acyl-CoenzymeA:lysocardiolipin acyltransferase-1 
(ALCAT1). Taz and MLCLAT-1/HADHA resynthesize CL 
in mitochondria. ALCAT1 resynthesizes small fractions 
of MLCL to mature CL in the mitochondria-associated 
membrane [24]. Both MLCLAT-1/HADHA and ALCAT1 
are acyltransferases which transfer acyl chains from fatty 
acyl-Coenzyme A to MLCL to form mature CL [6, 25, 
26]. In BTHS lymphoblasts, a compensatory upregulation 
of MLCLAT-1 was reported [27]. Transfection of BTHS 
lymphoblasts with a MLCLAT-1 construct resulted in ele-
vated CL and enhanced mitochondrial function by reducing 
mitochondrial reactive oxygen species (ROS), improving 
basal mitochondrial respiration and proton leak [28]. Unlike 
MLCLAT-1, ALCAT1 is linked to pathogenic CL remod-
eling leading to increased oxidative stress and mitochondrial 
dysfunction [29].

Cardiolipin function

CL is essential for mitochondrial structure and function. It 
plays an important role in mitochondrial cristae organiza-
tion and biogenesis, mitochondrial membrane architecture, 
mitochondrial bioenergetics and oxidative phosphoryla-
tion, lipid–protein interactions, and mitochondrial super-
complexes assembly [30]. Mitochondrial cristae contain a 
significant amount of CL and provide a large surface area 
for mitochondrial bioenergetics reactions such as oxidative 
phosphorylation for ATP production and mitochondrial 
respiration activity (Fig. 1a). In addition, CL is important 
for mitochondrial fission and fusion and cellular apoptosis 
[24]. CL is essential for proper function of mitochondrial 
respiratory supercomplexes which are composed of com-
plex I (NADH-ubiquinone oxidoreductase), complex III 
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Fig. 1   Mitochondria in normal and BTHS cells. In normal mitochon-
dria, CL aids in the assembly of the respiratory chain complexes into 
supercomplex structure to facilitate electron transfer during the oxi-
dative phosphorylation process (a). In BTHS mitochondria, with CL 

deficiency, the respiratory chain complexes are destabilized causing 
release of cytochrome C (Cty c) and increase reactive oxygen species 
(ROS) production resulting in impairment of oxidative phosphoryla-
tion and decrease in ATP production (b)
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(ubiquinone-cytochrome c oxidoreductase), complex IV 
(cytochrome c oxidase), and complex V (ATP synthase) 
[31–33]. Impairments in CL biosynthesis, remodeling, and/
or metabolism may lead to metabolic diseases, including 
cardiovascular diseases and type 2 diabetes [34, 35], and 
of course the life-threatening genetic disorder BTHS. Defi-
ciency in CL resulting from TAZ mutations affects mitochon-
drial biogenesis and leads to a significant decrease in ATP 
synthesis. Moreover, mitochondrial morphology and IMM 
organization are disrupted by CL deficiency [36].

CL exhibits two negatively charged phosphates. There-
fore, it induces negative membrane curvature (Fig. 1a). It 
thus has the ability to trap protons at the IMM and interact 
with proteins in the OMM and IMM [37]. CL is required 
for the ADP/ATP carrier activity and 6 molecules of CL are 
tightly bound to it [38]. The absence of CL synthase, with 
a resulting loss in CL, was shown to affect mitochondrial 
function by disrupting mitochondrial membrane potential 
and result in impairments in ADP/ATP carrier activity on 
the IMM [39]. The IMM proton gradient is disrupted by 
decreased CL content, and this affects the IMM microenvi-
ronment and reduces protein carrier and respiratory enzymes 
activity in the IMM leading to membrane proton gradient 
disruption [39, 40]. The unique conical shape of CL and its 
negative charge allow CL to interact with different proteins 
such as prohibitins, stomatin-like 2 protein, mitochondrial 
contact site and cristae organizing system (MICOS), and 
microtubule-associated protein 1 light-chain 3 (MAP1LC3) 
[41, 42]. Prohibitins are proteins found in the IMM involved 
in phospholipid homeostasis and cellular signaling. CL 
molecular composition was shown to be altered in HEK293 
cells by knockdown of prohibitin-2 [41, 43]. MICOS is a 
large heterogeneous protein that is present in cristae junc-
tions and plays an important role in cristae formation. It 
interacts with CL and cellular membranes. MAP1LC3 acts 
as a marker for autophagosome recruitment [41]. As indi-
cated above, CL plays an essential role in apoptosis. In the 
intrinsic apoptotic pathway (mitochondrial-mediated apop-
tosis), CL interacts with caspase-8 and recruits caspase-8 
to the OMM [44]. CL is also required for the recruitment 
of intrinsic apoptotic factors such as tBid from cytosol to 
the IMM [45]. In addition, CL plays an important role in 
mitophagy, a selective mechanism to eliminate damaged 
mitochondria by autophagy through interaction with other 
proteins such as MAP1LC3 [42].

As indicated above, CL is critical for mitochondrial 
supercomplexes stability, their optimal function and struc-
ture, and CL deficiency can lead to dissociation of super-
complexes and a decrease in energy production [46]. CL 
thus acts as the glue that holds mitochondrial respiratory 
supercomplexes together [47] (Fig. 1a). BTHS results in dis-
sociation of supercomplexes (Fig. 1b). In addition, reduc-
tion in supercomplexes formation and activity is observed 

in many tissues of Taz knockdown (TazKD) mice, an animal 
model of BTHS [48]. Mitochondrial reactive ROS produc-
tion increases when supercomplexes are disrupted and this 
leads to CL peroxidation. The CL molecular structure is very 
sensitive to lipid peroxidation and CL peroxidation initiates 
apoptosis through the release of cytochrome c [49]. In addi-
tion, since CL is localized to the IMM where generation of 
ROS occurs, this itself makes CL susceptible to peroxidation 
[24]. An imbalance between mitochondrial ROS and anti-
oxidant enzymes such as superoxide dismutase may lead to 
a significant increase in mitochondrial and cellular damage 
[50].

Diagnosis of Barth syndrome

BTHS was previously diagnosed clinically by the triad of 
cardiomyopathy, neutropenia, and elevated 3-MGA levels 
in plasma and urine. Approximately 70% of BTHS patients 
exhibit cardiomyopathy [51]. However, some patients with 
cardiomyopathy, growth delay, and muscle weakness were 
initially not diagnosed with BTHS because they had normal 
levels of 3-MGA in urine. In many BTHS patients, 3-MGA 
is increased from 5- to 20-fold [52, 53]. 3-MGA is a CoA 
intermediate in the metabolism of L-leucine. However, 
increasing urinary excretion of 3-MGA is independent of 
the metabolism of leucine in BTHS individuals. Because 
BTHS patients have both elevated 3-MGA and hypocholes-
terolemia, it is possible that defects of sterol and isoprenoid 
metabolism may be associated with elevated 3-MGA levels. 
These defects might cause overflow of mevalonate carbon 
via the mevalonate shunt pathway to 3-methyl glucaconate 
[54, 186]. In addition, decreased cholesterol biosynthesis 
in BTHS patients (see below) can induce hydroxymethyl-
glutaryl -Coenzyme A (HMG-CoA) reductase resulting in 
increased HMG-CoA levels through the cholesterol biosyn-
thesis pathway. Thus, the HMG-CoA could be dehydrated 
to 3-MGA by 3-MGA hydrase leading to increased 3-MGA 
concentrations in the urine [55]. However, no studies have 
been reported that validate the above in BTHS. In fact, sec-
ondary 3-methylglutaconic aciduria occurs in numerous 
inborn errors of metabolism that do not manifest in hypo-
cholesterolemia. For example, the lack of such a shunt was 
demonstrated in Smith-Lemli-Opitz syndrome, a genetic 
deficiency in the last enzyme of the cholesterol synthetic 
pathway, 7-dehydrocholesterol reductase [187]. An alter-
native route posits that 3-MGA arises in three steps from 
mitochondrial acetyl-CoA under conditions of mitochondrial 
dysfunction [185]. However, it is still unknown how mito-
chondrial dysfunction leads to elevated 3-MGA levels. It has 
been suggested that impairment in the oxidative phosphoryl-
ation system disturbs the NADP/NADPH ratio. Therefore, 
NADP- and NADPH-dependent enzymes such as 3-MGA 
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hydrase will be affected and cause elevation in 3-MGA lev-
els [54]. Thus, additionally measuring 3-MGA is not suffi-
cient for a BTHS diagnosis. A practical test for diagnosis is 
the measurement of the MLCL:CL ratio in blood specimen 
spots. Measuring CL alone is not adequate for diagnosis 
as some BTHS patients have near normal levels of CL but 
an abnormal MLCL:CL ratio. Thus, an elevated MLCL:CL 
ratio measurement is regarded as a 100% specific and sensi-
tive test to diagnose BTHS [56]. A final definitive test used 
for diagnosis of BTHS, once the elevated MLCL:CL ratio 
is established, is the sequencing of the TAZ gene and confir-
mation of the mutation. Interestingly, there appears to be no 
correlation between genotype and phenotype of the disease 
even among families [57].

Clinical phenotypes in BTHS

Cardiac effects

Due to loss in CL, cardiomyopathy is the most significant 
problem in BTHS patients [184]. There is a wide vari-
ability of cardiac phenotypes of BTHS, including dilated 
cardiomyopathy, left ventricular non-compaction, endo-
cardial fibroelastosis, ventricular arrhythmias, and sud-
den cardiac death [58]. Heart failure and arrhythmias in 
BTHS patients occur due to damage in heart muscle and 
tissues around the heart (cardiomyopathy). Cardiomyopa-
thy develops in BTHS patients as a result of CL deficiency 
that cause mitochondrial dysfunction [59]. Mitochondria 
generate most of the energy needed by the cardiac tissue 
and are the primary source of the energy in cardiomyo-
cytes. Mitochondria produce approximately 90% of 6 kg of 
ATP produced in 1 day through oxidative phosphorylation. 
Mitochondria are highly present in cardiac myocytes and 
occupy about 35% of the cardiac myocyte [60]. Oxidative 
phosphorylation begins with the citric acid cycle products, 
NADH and FADH2. Electrons are delivered to complex 
I and complex III in the ETC from NADH and FADH2, 
respectively. Transferring the electrons from NADH and 
FADH2 is the process of oxidation. Then electron transfer 
from complex III to complex IV through the cytochrome c 
carrier occurs. The final electron acceptor is oxygen. Oxy-
gen is essential for oxidative phosphorylation to receive 
electrons from the complexes. Electron flux drives proton 
pumping in complexes I, III, and IV leading to the accu-
mulation of protons in the mitochondrial intermembrane 
space resulting in a difference in the electrochemical gra-
dient. The electrical charge, thus, differs between the two 
sides of the IMM. The positive charge on the outside of 
the IMM is due to proton accumulation, and the negative 
charge inside of the IMM due to loss of protons. Protons 
are then moved from the outside of the IMM through the 

F1FO-ATP synthase and produce ATP (phosphorylation) 
[61]. During mitochondrial respiration, physiological 
amounts of ROS are produced primarily by complexes 
I and III, and about 0.2–2% of oxygen is incompletely 
reduced and converted to superoxide anion (O2

−). Nor-
mally, superoxide is detoxified by the mitochondrial anti-
oxidant enzymes including glutathione peroxidase (GPx), 
manganese superoxide dismutase (Mn-SOD), and cata-
lase. Uncontrolled ROS production results in mitochon-
drial structural and functional damage. Oxidative stress is 
associated with mitochondrial ultrastructural changes to 
mtDNA, proteins, and lipids leading to mitochondrial dys-
function and heart diseases [62]. The oxidative phospho-
rylation process is impaired in BTHS patients. Decreas-
ing CL mass in BTHS mitochondria results in instability 
of ETC complexes, acceleration of ROS formation, and 
alterations in mitochondrial biogenesis and dynamics [60] 
(Fig. 1b). A recent study examined the maximum capac-
ity of superoxide/H2O2 production and the ex vivo rate 
of superoxide/H2O2 production in each of the 11 sites 
that generate mitochondrial oxidants in heart and skel-
etal muscle mitochondria of wild-type and TazKD mice 
[189]. It was determined that despite reduced oxidative 
capacity, superoxide/H2O2 production was indistinguish-
able between TazKd mice and wild-type littermates. This 
study raised questions about the involvement of mitochon-
drial oxidants in the pathology of BTHS. In another study, 
no differences were observed in oxidative phosphoryla-
tion coupling efficiency or membrane potential in TazKD 
mice compared to wild type but dysregulation of CoA-
dependent intermediary metabolism was observed [190]. 
In addition, dysregulation of Taz in HeLa cells was shown 
to result in an alteration of mitophagy suggesting that the 
mitophagic pathway may be involved in BTHS pathol-
ogy [191]. In spite of these observations, mitochondrial 
dysfunction remains the core cause of cardiomyopathy 
and heart failure in BTHS patients as cardiac metabolism 
is strongly dependent on oxidative phosphorylation as a 
source of energy. TAZ mutations in these patients result 
in CL deficiency. Since CL is essential for mitochondrial 
cristae morphology, oxidative phosphorylation process, 
and normal mitochondrial structure and function (as indi-
cated above), CL deficiency has been implicated in the 
pathophysiology of the heart failure and cardiac arrhyth-
mias in BTHS patients. Cardiac arrhythmias also occur 
in BTHS patients and are the result of improper electrical 
impulses throughout the heart causing irregular, too fast, 
or too slow heartbeat. The signs or symptoms of heart 
arrhythmias include tachycardia, bradycardia, fluttering 
in the chest, chest pain, sweating, fainting, and breath-
ing difficulties. There are different types of arrhythmias, 
including atrial fibrillation, atrial flutter, supraventricular 
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tachycardia, Wolff-Parkinson-white syndrome, ventricular 
tachycardia, and ventricular fibrillation.

Neutropenia

Neutropenia is a major hematological abnormality in 
patients with BTHS and may cause severe infection. As 
indicated above, although cardiomyopathy is the major 
symptom of BTHS, some patients do not have cardiomyo-
pathy at diagnosis but exhibit infections from infancy [4]. 
The molecular mechanisms underlying neutropenia in BTHS 
are unclear. Although BTHS lymphocytes showed increase 
in mitochondria size and mass, reduced cristae formation 
and variable cristae distribution [63], neutrophils in BTHS 
patients exhibit normal motility, killing activity, phagocy-
tosis, mitochondrial shape, and mass [64]. However, neu-
trophil clearance may be increased by tissue macrophages 
because of the increase of phosphatidylserine exposure on 
their surface. Phosphatidylserine is normally an intracellu-
lar membrane phospholipid, and its exposure on the plasma 
membrane is a key apoptosis marker. A previous study 
showed that increasing ROS in BTHS neutrophils induced 
phosphatidylserine exposure and enhanced neutrophil clear-
ance [63]. Human HL60 myeloid progenitor cells and U937 
myeloid cells have been used as in vitro models to study the 
impact of Taz deficiency. Knockdown of the TAZ gene in 
human HL60 cells or U937 cells using a shRNA approach 
increased the number of annexin V-positive cells, caspase-3 
activity and cytochrome c release from mitochondria [65]. 
In U937 cells, these markers of apoptosis were reduced by 
inhibition of caspase activity using zVAD-fink, a specific 
caspase inhibitor.

Skeletal muscle metabolic dysfunction

Skeletal muscle atrophy and cardiac dysfunction in patients 
with BTHS result in impairments in fatty acid oxidation 
and elevated amino acid utilization [66, 67]. The altera-
tion in myocardial and whole-body substrate metabolism 
may worsen the pathology of chronic heart failure in these 
patients. Patients with BTHS have higher proteolytic rate, 
whole body per unit of fat-free mass and lower skeletal mus-
cle mass than normal boys [68]. Alteration in CL remod-
eling and fatty acid composition may cause alteration in 
substrate metabolism, and this could contribute to the car-
diomyopathy and skeletal myopathy in patients with BTHS 
[18]. Growth delay and decrease of the oxidative phospho-
rylation in skeletal muscle during exercise may alter the 
metabolism of fatty acid and proteins in skeletal muscle. 
Therefore, other substrates such as glucose and amino acids 
are used to produce the energy if fatty acid oxidation is not 
efficient enough to produce energy. Interestingly, Cade et al. 
[68] showed no differences in fatty acid kinetics between 

adolescents and young adults with BTHS and healthy sub-
jects. In addition, patients with BTHS had the same fatty 
acid oxidation rate during base line and hyperinsulinemia 
compared to healthy controls when being measured in bed 
rest. They suggested that fatty acid oxidation deficits occur 
during activity or exercises when increased mitochondrial 
respiration is required. Mitochondrial fatty acid oxidation 
might be enough during a rest period; however, daily liv-
ing and activities that need high-energy production cause 
fatty acid oxidation deficiency in BTHS mitochondria [68]. 
Increasing levels of serum fatty acid in BTHS patients may a 
result in impaired fatty acid oxidation in skeletal muscle and 
altered substrate metabolism such as amino acids. Patients 
with BTHS exhibited a remarkable increase in basal hepatic 
glucose production, similar absolute glucose utilization, 
and a higher glucose disposal rate by insulin stimulation 
compared to controls [68]. In patients with BTHS, amino 
acids are used to increase energy production [69]. In these 
patients, proteolysis rate is increased, involvement of amino 
acids in the citric acid cycle is decreased, and metabolism of 
amino acids and proteins is altered. A significant decrease 
in plasma arginine, ornithine, and citrulline was observed 
in patients with BTHS compared to controls suggesting that 
an alteration in amino acid substrate utilization may occur 
to increase energy production in these patients [68]. The 
breaking down of cardiac and skeletal muscle protein is 
increased in patients with BTHS in order to increase energy 
production. This may, in part, explain the low muscle mass 
and cardiac dysfunction in these patients [69]. Patients with 
BTHS also exhibit high glucose disposal rates compared to 
age-matched healthy controls [68]. We previously showed 
that glucose transporter-3 protein levels were increased 40% 
in BTHS lymphoblasts compared to age-matched controls 
[70]. In addition, phosphorylated adenosine monophos-
phate kinase (pAMPK) was increased 100%, and the ratio of 
pAMPK:AMPK elevated 58% in BTHS lymphoblasts com-
pared to controls. AMPK activation and its phosphorylation 
were also shown to be elevated in neonatal ventricular fibro-
blasts prepared from TazKD mice [71]. Thus, the increased 
glucose transporter-3 protein observed in BTHS lympho-
blasts may be related to the increase of AMPK phospho-
rylation [70]. Kiebish et al. [72] showed that glycolysis was 
increased in TazKD mice cardiomyocytes through increased 
basal extracellular acidification rate when compared to con-
trol cardiomyocytes. Indeed, ATP production from oxidative 
phosphorylation is significantly impaired in patients with 
BTHS due to loss of CL in their mitochondria. Therefore, 
increased glycolysis in BTHS cells may be used as an alter-
native source to increase ATP production. We observed 
that radiolabeled glucose incorporation into triacylglycerol 
(TG) was increased 90% in BTHS lymphoblasts compared 
to age-matched control cells [70]. This was accompanied by 
a 29% increase in diacylglycerol acyltransferase-2 activity 
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which may contribute to the increased synthesis of TG. This 
increase in glucose uptake and its incorporation into TG may 
possibly explain why some BTHS patients exhibit a higher 
percentage fat mass if this is the case in other tissues.

The cognitive phenotype

As a multi-system disorder, an early study identified cogni-
tive defects in BTHS patients [3]. In that study, data were 
collected from 5 kindergarten or first-grade boys with BTHS 
and all had significantly lower visual spatial skills, but com-
parable reading-related skills, when compared with boys of 
similar age or grade level. Using a psychoeducational assess-
ment battery administered to 15 boys with BTHS, it was sub-
sequently reported that although boys with BTHS had age-
appropriate performance on all measures of reading-related 
skills, their performance on mathematics and visual spatial 
tasks was significantly lower than boys in the comparison 
group [73]. In addition, specific aspects of visual short-term 
memory also differed from available norms. A study of 19 
patients revealed that the math difficulties in school-aged 
boys with BTHS were not evident in preschool years but 
appeared to emerge by kindergarten [74]. It was suggested 
that executive functions may underlie or mediate math per-
formance of the boys with BTHS who were deficient in 
mathematics, suggesting that BTHS is associated with math 
difficulties but not with math learning disability. In a more 
recent study, compared to healthy controls, children with 
BTHS were rated as having more internalizing and external-
izing symptoms, social problems, loneliness, and lower inde-
pendent functioning [75]. In the most comprehensive study 
to date, the majority of individuals and parents reported nor-
mative levels of psychological functioning with younger age 
being associated with poorer health-related quality of life in 
some domains [76]. In that study, increased levels of inter-
nalizing symptoms were associated with poorer psychosocial 
functioning in individuals with BTHS. As a result of these 
studies, management of the cognitive profile of BTHS now 
warrants educational support during the early school-age 
years [74]. Brain CL profile shows diverse acyl species com-
pared to other tissues like heart, liver, and skeletal muscle. 
In these tissues, CL molecular species predominantly have 
linoleic acid as a major type of acyl chain. However, the 
brain is rich in fatty acids and contains more polyunsatu-
rated fatty acids such as arachidonic and docosahexaenoic 
acid, and this results in diverse acyl species of CL [77, 78]. 
Therefore, the availability of different acyl substrates in the 
brain could result in diversity of brain CL acyl species com-
pared to other tissues. To address potential mechanisms for 
the cognitive phenotype, we recently characterized brain CL 
metabolism and cognitive function in TazKD mice [79]. The 
brain of TazKD mice exhibited reduced total CL levels and 
a 19-fold accumulation of MLCL compared to wild-type 

littermate controls and a markedly distinct profile of CL 
and MLCL molecular species. Mitochondrial complex I 
was significantly elevated in the monomeric and supercom-
plex forms with TAZ deficiency, and this corresponded with 
elevated mitochondrial state I respiration, attenuated spare 
capacity, and elevated ROS production. While motor func-
tion remained normal in TazKD mice, they showed signifi-
cant memory deficiency based on novel object recognition 
tests. These results correlated with reduced synaptophysin 
protein levels and derangement of the neuronal CA1 layer in 
the hippocampus. In addition, TazKD mice brains exhibited 
elevated activation of microglia compared to littermate con-
trols. This study indicated that Taz-mediated remodeling of 
CL contributes significantly to the expansive distribution of 
CL molecular species in the brain, plays a key role in brain 
mitochondrial respiratory activity, maintains normal cogni-
tive function, and identified the hippocampus as a potential 
therapeutic target for the cognitive phenotype of BTHS.

Hypocholesterolemia

In an observational, cross-sectional study of 34 patients, 
hypocholesterolemia was present in 24% and decreased low-
density lipoprotein cholesterol in 56% [80]. The reason for 
the hypocholesterolemia in BTHS patients has received little 
attention. We have hypothesized that the mild hypocholester-
olemia observed in BTHS patients could be related to altered 
cholesterol metabolism. We examined this in age-matched 
control lymphoblasts and those from two BTHS patients 
that were incubated in the presence or absence of serum to 
induce cholesterol synthesis [81]. The pool size of choles-
terol, HMG-CoA reductase (HMGR) activity and expres-
sion, and cholesterol de novo biosynthesis were examined. 
Although total cholesterol levels were similar, BTHS lymph-
oblasts had a reduced ability to respond to increased demand 
for cholesterol biosynthesis in the absence of serum because 
of an already elevated level of synthesis under standard cul-
ture conditions [81]. Regulation may occur at the level of 
sterol response element-binding protein-2 (SREBP-2) pro-
cessing as Insig1 mRNA levels were increased in BTHS 
lymphoblasts compared to control (Fig. 2a, b). Downstream 
synthesis of cholesterol from mevalonate was unaltered in 
one of the patients compared to his mother (Fig. 2c). We 
have also observed reduced plasma cholesterol levels in 
TazKD mice which are lean compared to wild-type controls 
[82]. In that study, increased de novo CL synthesis, specifi-
cally in the liver, allowed for optimal mitochondrial oxida-
tive phosphorylation and fatty acid oxidation. The excess 
in fatty acids was directed toward liver fatty acid oxidation 
and away from storage in the liver, adipose, and skeletal 
muscle. These findings may help to explain why some Barth 
Syndrome boys remain lean in spite of an increased caloric 
intake. Interestingly, expression of the Taz gene in Chinese 
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hamster ovary cells appeared to increase cholesterol and 
cholesterol ester synthesis from acetate, HMGR enzyme 
activity, and the mRNA expression of HMGR and SREBP-2 
(Fig. 3a–c). The above studies implicate the involvement of 
Taz in the regulation of cholesterol metabolism and support 
a previous observation that CL is required for optimal cho-
lesterol synthesis [83].

Pharmacological management of BTHS

Pharmacological management of heart failure

Currently, there is no cure or specific treatment for BTHS. 
Generally, the management of BTHS depends on the signs 
and symptoms of the condition (Fig. 4). The management 
of heart failure in most BTHS cases is mainly dependent on 
standard heart failure medications including beta blockers 
such as carvedilol, angiotensin-converting enzyme inhibi-
tors, Angiotensin II receptor blockers, or diuretics [4, 58, 84, 
85]. In some cases of heart failure patients require advanced 

therapies which include digoxin [84, 86] and vasodilators 
such as hydralazine, or inotropes such as dobutamine [58]. 
Anticoagulants drugs such as heparin and warfarin are rec-
ommended in heart failure BTHS patients with stroke, atrial 
fibrillation, or diabetes mellitus. In advanced heart failure 
cases, pharmacological intervention alone may be not effec-
tive to treat the heart failure. Therefore, surgical support 
techniques may be needed such as mitral valve replacement 
and heart transplantation [87, 88].

Pharmacological management of cardiac arrhythmia

There are several classes of antiarrhythmic drugs used 
to treat BTHS (Fig. 4). Class I includes sodium channel 
blockers including lidocaine, flecainide, and procainamide. 
Class II includes beta blockers such as metoprolol. Class III 
includes potassium channel blockers such as amiodarone and 
sotalol. Class IV includes calcium channel blockers such as 
verapamil. Class V is drugs for variable mechanisms and 
includes digoxin, adenosine, and magnesium sulfate. These 

Fig. 2   Insig1 expression and cholesterol synthesis from mevalonate 
in BTHS lymphoblasts. Cells from an age-matched control and two 
BTHS patients (∆TAZ1, ∆TAZ2) were incubated in the absence 
(open bars) or presence (closed bars) of serum for 24 h. a. Relative 
gene expression of Insig1 mRNA was determined as in [81]. b. The 
relative gene expression of Insig1 expressed as a percent difference 
between serum-free and serum incubation conditions as in [81]. Data 

represent the mean + SD of three experiments. *p < 0.05 compared 
to control; bp < 0.05 compared to ∆TAZ1. c. Lymphoblasts from a 
BTHS boy and his mother were incubated for 24 h with 0.1 µM RS-
[2-14C] mevalonate and radioactivity incorporated into cholesterol 
determined as in [81]. Data represent the mean + SD of three experi-
ments. The level of significance was determined using Student’s t test. 
(data courtesy of Dr. Kristin D. Hauff)
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medications work by altering cardiac electrical conduction 
and improving the heart rhythms [89, 90]. In some BTHS 
patients, the antiarrhythmic drugs are not sufficient to be 
used alone to manage the arrhythmia. Therefore, implant-
able cardioverter defibrillator or pacemakers are needed 
in patients with bradycardia or heat block [88, 90]. Some 
BTHS patients with heart failure need surgical intervention 
in addition to pharmacological therapy. Mitral valve replace-
ment, cardiac transplant, ventricular assistance device, or 
implantable cardioverter defibrillator has been reported to 

be used with patients who were suffering from ventricular 
arrhythmias to prevent sudden death [58]. However, these 
devices should be used with caution for patients with BTHS 
because they might be a source of infection especially in 
patients with neutropenia. Berlin Heart EXCOR has been 
used as a ventricular assisting device with BTHS patients 
who need heart transplant [91, 92]. However, that device 
may cause a serious infection in BTHS patients with neutro-
penia [93]. Dedieu et al. [94] reported a successful case of 
heart transplantation which used mechanical support Berlin 
Heart EXCOR for 251 days. Berlin Heart EXCOR was used 
as bridge to heart transplant for 8 months in a three-year-old 
boy with BTHS. Although he had intermittent severe neu-
tropenia, the ventricular assist device was used successfully 
without serious infection. In this particular case, the boy was 
diagnosed with BTHS at the age of 3 months. By the age of 
two years, he had severe cardiomyopathy and depended on 
milrinone infusion. At age three, a Berlin Heart EXCOR was 
used as a bridge to heart transplant. The neutrophil count 
was tested daily, and granulocyte colony-stimulating factor 
(G-CSF) was used to manage the neutropenia. For Berlin 
Heart device, flucloxacillin and amikacin were used intra-
venously as prophylactic antibiotics. He had infection at the 
cannulation site after 11 days of Berlin Heart insertion, and 
piptazobactam and teicoplanin were used to treat the infec-
tion. This case study provided a successful example of how 
to use a ventricular assist device for a substantial period of 
time (251 days) without neutropenia complications. How-
ever, neutrophil count tests and prophylactic antibiotics are 
still important for management of the neutropenia in these 
cases.

Pharmacological management of neutropenia

The usual medication to treat the neutropenia in BTHS is 
G-CSF (Fig. 4). G-CSF works by stimulating the bone mar-
row to form and maturate the neutrophils. It is used in BTHS 
patients with cyclic, chronic, or intermittent neutropenia. 
Possible side effects of G-CSF include headache, bleed-
ing, nausea, and pain in the legs, arms, or back [89, 95]. In 
addition to G-CSF, prophylactic antibiotics are also used 
to prevent recurrent infections in patients with neutrope-
nia. Recurrent fever and infections in BTHS patients with 
neutropenia can be treated with G-CSF and a low dose of 
penicillin V or trimthoprim-sulfamethoxazole as prophy-
lactic antibiotics for 3 days or a week [95]. Since BTHS 
patients have a high risk to develop infectious diseases due 
to neutropenia, using vaccines is considered necessary for 
these patients in order to protect them from infections by 
improving their immune system [89]. Cyclic, chronic, or 
intermittent unexplained neutropenia in boys is an important 
sign of BTHS [95]. Woiewodski et al. [56] reported a case 
of a boy who was born with BTHS that was not diagnosed 

Fig. 3   Expression of Taz gene in CHO cells increases cholesterol 
synthesis. Control (C) and CHO cells overexpressing the Taz gene 
(+ TAZ) were incubated with 0.1  µM [14C] acetate for 24  h and 
radioactivity incorporated into cholesterol (CH) and cholesterol 
ester (CHE) (a), HMGR reductase activity (b), and HMGR and 
SREBP-2 mRNA expression (c) determined as in [81]. a and c, Data 
are the mean, n = 2 experiments. b, Data are the mean + SD of n = 3, 
*p < 0.05. The level of significance was determined using Student’s t 
test. (data courtesy of Dr. Kristin D. Hauff)
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until reaching the age of 10 years. This patient had normal 
cardiac function, normal 3-MGA, and normal plasma amino 
acids. However, he had severe neutropenia at 4 months of 
age with recurrent infection and growth delay. He was also 
diagnosed with microcytic anemia at 2 years of age. He had 
a follow-up care with a hematological and infectious dis-
ease unit until he was 9 years old. At 10 years of age, he 
exhibited abnormal pain, neutropenia, significant decrease 
in systolic function, and enlargement in left atrium and ven-
tricle. He was treated with heart failure medications: carvi-
dilol, digoxin, and angiotensin-converting enzyme inhibitor. 
BTHS was finally confirmed in this case by identification of 
a TAZ gene mutation. Therefore, the presence of neutropenia 
in male patients, especially in infants with muscle weakness 
or growth delay, may be an important sign of BTHS.

Additional therapy for BTHS

Nutritional and  feeding support in  BTHS  BTHS patients 
may require dietary intervention with nutritional supple-
ments (Fig.  5). These include oral supplements such as 
L-carnitine, arginine, cornstarch, intravenous amino acid, 

magnesium, potassium, and multivitamins. Some patients 
with BTHS have deficiencies in potassium, magnesium, 
minerals, and vitamins. Those deficiencies can be improved 
by supplementation with multivitamins and minerals [89]. 
Cornstarch may help prevent hypoglycaemia and decrease 
muscle protein loss when given before bedtime. In some 
cases, corticosteroids (oral or topical) help alleviate the pain 
of mouth ulcers [58]. Arginine supplementation is used to 
enhance growth rate [96]. Nutritional supplements are very 
important for individuals with BTHS especially for patients 
who are suffering from diarrhea. Diarrhea in BTHS patients 
could result from infectious diarrhea or non-infectious diar-
rhea. Infectious diarrhea occurs as a result of bacterial and 
viral infections. However, non-infectious diarrhea may 
occur as a result of low blood cholesterol levels. Hypocho-
lesterolemia in BTHS patients may cause watery diarrhea 
due to decrease in fat absorption. Dietary fats are absorbed 
by bile acids, and bile acids are formed from cholesterol 
in the liver. BTHS patients may have lower rates of cho-
lesterol synthesis. Therefore, the bile acid formation may 
be decreased and fat absorption reduced [97]. Diarrhea in 
BTHS patients can be managed by intravenous fluids [98]. 

Fig. 4   Pharmacological management of BTHS
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Diarrhea should be carefully managed in these patients, and 
electrolyte deficiencies should be replaced.

Some BTHS patients have low plasma levels of carnitine 
[89]. Therefore, L-carnitine supplementation may be rec-
ommended for these patients. L-Carnitine plays a vital role 
in energy production and fat metabolism and an important 
role in fatty acid movement across the mitochondrial mem-
brane. L-Carnitine is given to patients who have low total 
plasma carnitine concentrations only. The initial pharma-
cological doses of L-carnitine is 30 mg/kg/day [99]. Some 
BTHS patients are able to tolerate up to 100 mg/kg/day 
without serious side effects [52]. Early studies showed that 
oral L-carnitine supplementation improved cardiac function 
and muscle strength [89]. However, Ostman-Smith et al. 

[99] noted that there were no clinical advantages for the use 
of pharmacological concentrations of L-carnitine. On the 
contrary, they suggested that L-carnitine might deteriorate 
cardiac and mitochondrial function when it is used at high 
concentrations (> 100 mg/kg/day).

Various feeding strategies are recommended for BTHS 
patients who have difficulty in feeding, are finicky eaters, or 
have sensory sensitivities. These include gastronomy tubes, 
nasogastric tubes, preeminent nipples, Haberman feeders, 
supplemental nutrition system, eating smaller portions of 
food, and introducing new foods to their meals [58]. Muscle 
weakness and growth delay in patients with BTHS may be 
attributed to feeding problems. Feeding problems may also 
contribute to cardiac dysfunction and fatigability. A previous 

Fig. 5   Non-pharmacological management of BTHS
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study showed approximately 50% of BTHS patients refused 
food and selected specific types of food, and approximately 
70% had problems with swallowing [100]. Feeding with 
tubes such as gastrostomy tubes or nasogastric tubes are rec-
ommended for 1/3 patients with BTHS [51]. This behavior 
appears early in boys with BTHS before the age of 6 months 
and continues after infancy. In addition, some BTHS boys 
have a taste and smell sensitivity that may contribute to food 
selectivity and food refusal [57]. The difficultly in transition-
ing from tube feeding to oral feeding may develop taste and 
smell sensitivity and lead to disliking the food [101].

Physical therapy in BTHS  In some BTHS cases with muscle 
weakness, patients require physiotherapy to improve their 
movement or require the use of wheelchairs (Fig. 5). Previ-
ous studies showed that muscle tone can be improved with 
physiotherapy [63, 102, 103]. Oxygen uptake during a peak 
of exercise (VO2 peak) is used to measure oxidative func-
tion in both cardiac and skeletal muscles. Therefore, it is a 
good marker to measure clinical outcome in BTHS patients 
during exercise intervention. Patients with BTHS showed 
extreme limitation in VO2 peak. VO2 peak reduction in 
patients with BTHS may occur as a result of cardiac and 
skeletal muscle dysfunction and oxidative phosphorylation 
impairment. A small cohort study reported a reduction in 
cardiac and skeletal muscle bioenergetics in children, ado-
lescents, and young adults with BTHS after exercise com-
pared to age-matched healthy controls [104]. In contrast, 
healthy children showed an increase in oxidative metabo-
lism compared to healthy adults during exercise. Exercise 
intolerance in BTHS patients was related to impairments in 
cardiac and skeletal muscle bioenergetics [104]. In general, 
endurance exercise is safe, and it is recommended as impor-
tant therapy to improve physical performance and quality 
of life for patients with mitochondrial myopathies [105]. 
The TazKD mouse model exhibits similar phenotypes to 
patients with BTHS including cardiac dysfunction, mito-
chondrial dysfunction, abnormal cristae formation, decrease 
in L4CL, exercise intolerance, and decreased skeletal mus-
cle contraction [106]. Soustek et  al. [107] examined exer-
cise intolerance and the effect of endurance exercise training 
on cardiac and skeletal muscle function on young TazKD 
mice. Three-month-old TazKD mice were trained on swim 
endurance exercise. Mitochondrial DNA was evaluated 
by measuring the expression of mitochondrial transcrip-
tion factor A. A significant increase in mitochondrial DNA 
in trained TazKD mice was observed compared to age-
matched untrained mice. In addition, ROS and intracellu-
lar pH were significantly decreased in exercise trained mice 
compared to untrained animals. Mitochondrial antioxidant 
ability is increased during exercise, and therefore, exercise 
could result in a reduction in ROS [108]. Mitochondrial res-
piratory complexes I, III, and IV activities were significantly 

decreased in TazKD mice compared to wild-type controls. 
Interestingly, mitochondrial complex III activity was sig-
nificantly increased after endurance exercise training in 
cardiac tissues but not in skeletal muscle tissues of TazKD 
mice compared to untrained animals. However, complex IV 
activity was significantly reduced in trained TazKD mice. In 
young TazKD mice (2 months of age), cardiac mitochondria 
showed normal cristae formation. However, skeletal muscle 
mitochondria exhibited abnormal cristae formation. There-
fore, tissue specificity may explain the significant increase 
in mitochondrial complex III activity in heart but not in 
skeletal muscle. Endurance exercise in TazKD mice did 
not appear to accelerate cardiac hypertrophy in these mice. 
Therefore, exercise may be considered useful for mitochon-
drial myopathies patients including BTHS patients [107].

In healthy individuals, endurance exercise training (aer-
obic exercise) improves cardiac and skeletal muscle func-
tion, mitochondrial function, and quality of life. In addition, 
endurance exercise training in non-BTHS patients with heart 
failure enhances systolic function, peak oxygen consump-
tion, decreases hospitalization, and improves quality of life 
[109]. In contrast, endurance exercise training in patients 
with BTHS did not show improvement in cardiac function, 
skeletal function, or quality of life. However, endurance 
exercise training was safe even in BTHS patients with life-
threatening arrhythmia and enhanced non-significantly oxy-
gen consumption. Interestingly, endurance exercise training 
in non-BTHS syndrome patients with other mitochondrial 
myopathies improved peak oxygen consumption, mitochon-
drial function, ATP production, skeletal muscle oxygen 
utilization, but did not appear to improve cardiac function 
[110]. Therefore, pathogenesis of BTHS may contribute to 
the decrease of oxygen consumption improvement in skeletal 
muscle during exercising compared to other mitochondrial 
myopathies. Unlike BTHS, other mitochondrial myopa-
thies have heterogeneous mutations in mitochondrial DNA. 
Therefore, endurance exercise may increase non-defective 
mitochondria and improve skeletal muscle oxygen consump-
tion. However, due to homogenous mutation in mitochondria 
in BTHS, mutant mitochondria might be increased during 
endurance exercise and result in decreased oxidative phos-
phorylation and oxygen utilization in skeletal muscle [109]. 
In contrast, resistance exercise training may help to increase 
muscle strength and improve muscle weakness and muscle 
mass in patients with BTHS.

Exercise intolerance may be related to cardiac and skel-
etal muscle impairment and the decrease of ATP produc-
tion [111]. Endurance exercise training is safe and increases 
exercise tolerance in normal individuals with heart fail-
ure and increases exercise tolerance approximately 5% in 
BTHS patients [109, 112, 113]. However, exercise toler-
ance was increased by approximately 15–25% in non-BTHS 
patients with cardiomyopathies. Unlike endurance exercise, 
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resistance exercise increases muscle contraction and depends 
on glycolytic metabolism which is non-oxidative metabo-
lism. Endurance exercise targets mainly oxidative muscle 
fibers. Therefore, endurance exercise may increase produc-
tion of dysfunctional mitochondria in BTHS patients rather 
than improve exercise tolerance. However, resistance exer-
cise training may improve muscle weakness in patients with 
BTHS because it depends on glycolytic more than oxida-
tive metabolism [111, 114]. Resistance exercise training 
for 12 weeks in adolescents and young adults with BTHS 
significantly improved muscle strength, increased leucine 
formation rate (a biochemical marker for protein catabo-
lism), increased muscle mass, decreased fat mass, increased 
whole-body lean mass, enhanced bone mineral density, and 
improved lower extremity torque and power production com-
pared to age-matched, untrained BTHS patients [111].

Academic and psychological support

Specific academic education programs are recommended for 
about 33% of BTHS boys [52] (Fig. 5). In addition, another 
study suggested that students with BTHS need specific 
requirements such as class room desks, additional books, 
extra breaks, more interactive classes, and advisors [58]. 
Thus, some BTHS students require psychological support 
at school by specific psychologists [58, 115].

Promising therapeutic options for Barth syndrome

Lipid replacement therapy

The rationale behind lipid replacement therapy is to 
replace damaged lipids in cell membranes, in some cases 
by administrating a functional oral supplement [116]. The 
administered lipid would then be absorbed and transported 
to tissues and subsequently to intracellular membranes by 
lipid transport systems. For example, phospholipids may 
be protected from hydrolysis and enzymatic reactions by 
complexing phospholipid micelles or liposomes with fruc-
tooligosaccharides. Lipid replacement has been explored as 
a potential therapy for BTHS (Fig. 6). Valianpour et al. [117] 
showed that addition of linoleic acid to the growth culture 
media of cultured skin BTHS fibroblasts increased L4CL 
levels in these cells. Knockdown of the TAZ gene in HL60 
cells using TAZ short-hairpin RNA (shRNA) increased 
apoptosis, and when these cells were incubated with L4CL 
in a water-soluble nanodisk delivery system, the apoptotic 
response was attenuated [65]. Exogenous administration of 
CL to restore mitochondrial CL inside cells has also been 
evaluated using lipid nanodisks containing CL. CL nanodisk 
addition restored intracellular CL levels in TAZ knockdown 
HL60 cells [118]. TazKD mice exhibit abnormal mitochon-
drial structure, high MLCL levels, elevated tissue MLCL:CL 

ratios, and skeletal and cardiac muscle defects due to CL 
deficiency [106, 119, 120]. At 8 months of age, TazKD mice 
develop cardiomyopathy and a significant increase in the 
left ventricular dysfunction. Ikon et al. [121] investigated 
whether exogenous administration of CL nanodisks in vivo 
to TazKD mice would restore the CL profile in these ani-
mals. CL nanodisks were administrated by intraperitoneal 
injection for 10 weeks. They injected 90 mg/kg CL nano-
disks once a week (bolus injection) or injected 18 mg/kg CL 
nanodisks daily (daily injection). In contrast to what was 
reported in HL60 cells, CL nanodisk treatment did not alter 
the CL profile of TazKD mice. The impact of CL nanodisks 
administration on mitochondrial structure and ventricular 
dysfunction leading to cardiomyopathy was subsequently 
not examined.

In intact cells, mitochondrial function may be assessed by 
examining the rate of ATP production, the proton leak rate, 
the coupling efficiency, the maximum respiratory rate, the 
respiratory control ratio, and the spare respiratory capac-
ity [122]. We previously showed that BTHS lymphoblasts 
exhibit a decrease in Taz protein, CL mass, reduced Com-
plex I containing supercomplexes, increased ROS produc-
tion, and a decrease in MLCLAT-1/HADHA protein [28]. 
We examined whether expression of a MLCLAT-1 construct 
in BTHS lymphoblasts could restore CL levels and mito-
chondrial function. Previous studies have shown that CL is 
required to support mitochondrial supercomplexes stability 
and that ROS production is increased when mitochondrial 
supercomplexes are disrupted as a result of CL deficiency 
[46, 123, 124]. We observed that transfection of BTHS 
lymphoblasts with a MLCLAT-1 construct decreased super-
oxide production and improved mitochondrial basal respira-
tion but did not restore mitochondrial supercomplexes nor 
completely restore CL mass to control levels [28]. Basal 
respiration in BTHS lymphoblasts is significantly increased 
in comparison to healthy lymphoblasts [28]. When BTHS 
lymphoblasts were transfected with the MLCLAT-1 con-
struct, basal respiration was significantly decreased to near 
the levels observed in control lymphoblasts. BTHS lympho-
blasts additionally exhibit a high proton leak due to dam-
age in mitochondrial membrane structure. Transfection of 
BTHS with the MLCLAT-1 construct reduced the proton 
leak to that near of healthy lymphoblasts. Finally, expres-
sion of the MLCLAT-1 construct appeared to partially 
improve the growth characteristics of BTHS lymphoblasts 
(Fig. 7a, b). The results suggested that transfection of BTHS 
lymphoblasts with an MLCLAT-1 expression construct com-
pensates, but not completely, for loss of mitochondrial res-
piratory function. Since increasing L4CL in vitro in BTHS 
models has been shown to improve mitochondrial function, 
lipid replacement therapies may potentially be a new thera-
peutic approach for treatment of BTHS patients.
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Peroxisome proliferator‑activated receptor agonists

Peroxisome proliferator-activated receptors (PPARs) are 
nuclear receptors which exist as three isoforms including 
PPARα, PPARγ, and PPARβ/δ [125]. These three isoforms 
have different physiological functions, specific tissue distri-
bution, bind different ligands, and are expressed in diverse 
organs. PPARα is mainly expressed in liver, skeletal mus-
cle, cardiomyocytes, and brown adipose tissue. PPARγ is 
expressed mainly in adipose tissue, liver, bone marrow, 
lymphocytes, and monocytes. PPARβ/δ is expressed mainly 
in liver, kidney, and skeletal muscle [125]. PPARα plays a 
central role in fatty acid oxidation, β-oxidation, and lipid 
homeostasis in different tissues, including heart muscle, 
liver, skeletal muscle, and brown adipose tissues [126]. 
Bezafibrate is a peroxisome proliferator-activated receptor 
alpha (PPARα) pan-agonist used in hyperlipidemic patients. 
The pharmacological effects of bezafibrate include activat-
ing PPAR-gamma coactivator 1-alpha (PGC-1α) signaling 
and promoting oxidative metabolism gene transcription.

Bezafibrate treatment has been shown to decrease myo-
cardial infarction incidence and reduce the risk of cardiac 
mortality [127]. In addition, bezafibrate has been used for 
patients with carnitine palmitoyl transferase-II deficiency 
[128]. In animal studies, the activation of PPARα improves 
heart function in post-ischemic attack and reduces left 
ventricular dysfunction in a cardiomyopathy model that is 
induced by tachycardia. Huang et al. [129] treated TazKD 
mice with bezafibrate in chow at weaning. Isoproterenol, a 
β-adrenergic agonist which accelerates cardiac dysfunction, 
was then administered to 2.5-month-old TazKD mice and 
wild-type mice. In 7-month-old TazKD mice, bezafibrate 
treatment ameliorated isoproterenol-induced left ventricu-
lar dysfunction. In addition, bezafibrate treatment improved 
cardiac mitochondrial biogenesis in these mice by enhancing 
activity of mitochondrial electron transport chain complexes 
and increasing mtDNA. In that study, bezafibrate improved 
mitochondrial biogenesis in different tissues, including 
heart, spleen, liver, and skin. Interestingly, although bezafi-
brate increased mitochondrial citrate synthase activity, it 
did not alter Taz protein expression. The authors concluded 

Fig. 6   Promising therapeutic options for BTHS
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that the PGC-1α signaling pathway is a suitable therapeu-
tic option to improve cardiomyopathy in BTHS patients 
(Fig. 6). Another study showed long-term treatment with 
bezafibrate for 7 months in TazKD mice improved cardiomy-
opathy, enhanced systolic function and left ventricular ejec-
tion fraction, and upregulated genes of PPAR downstream 
that were involved in fatty acid metabolism, mitochondrial 
ETC proteins, glucose, and protein metabolism [130]. As 
indicated above, exercise capacity is significantly impaired 
in TazKD mice. Long-term treatment with bezafibrate for 
4 months improved exercise capacity in TazKD mice when 
combined with voluntary exercise on the treadmill. How-
ever, bezafibrate treatment itself failed to improve exercise 
capacity in these TazKD mice. The ongoing CARDIOMAN 
clinical trial will examine the role of bezafibrate on cardiac 
improvement in BTHS patients.

Tafazzin gene replacement therapy

In BTHS, mutation in the TAZ gene is responsible for 
impairing CL remodeling and the accumulation of MLCL 
which results in mitochondrial dysfunction and an ineffi-
cient ATP production [15, 131]. The effects of Taz gene 
replacement therapy on cardiac and skeletal muscle and 
mitochondrial function were recently examined in TazKD 
mice. Neonatal and adult TazKD mice were treated with 
three different adeno-associated viral (AAV) vectors under 
the desmin, cytomegalovirus, or native Taz promoters 
[132]. AAV was used for gene therapy to deliver Taz since 
AAV persists for long periods of time, provides stable gene 
transfer, and has a minimal effect on immune stimulation 
since it is a non-pathogenic virus [133]. Taz gene expres-
sion and distribution, muscle strength and mice activity, 
cardiac function, mitochondrial function including oxy-
gen consumption, structure of mitochondria, and activity 
of electron transport chain complexes were examined at 
5 months of age post AAV-Taz administration to TazKD 

mice [132]. Interestingly, the three promoters exhibited dif-
ferent impact on Taz gene expression levels. The cytomeg-
alovirus promoter provided ubiquitous expression of Taz. In 
contrast, the desmin promoter provided a high level of Taz 
gene expression in cardiac and skeletal muscle with lower 
expression levels in other tissues including the liver. The 
native Taz promoter resulted in Taz gene expression in all 
tissues. Exercise tolerance and whole-body activity were sig-
nificantly improved in TazKD mice that were treated with 
AAV-Taz vector. Cardiac function was enhanced in all Taz 
gene promoter-treated mice. In addition, fatigability was 
significantly decreased in all Taz gene promoter-treated 
mice. Mitochondrial structure, numbers, and cristae forma-
tion are altered in tissues of TazKD mice in comparison 
to wild-type mice. Electron micrograph images showed 
improvement in mitochondrial size and numbers, increased 
mitochondrial width, improved cristae formation, enhanced 
mitochondrial localization between sarcomers in the heart 
in all AAV-Taz-treated groups compared to untreated mice. 
In addition to improvement of mitochondrial structure, mito-
chondrial function was improved in all Taz gene therapy 
groups. TazKD mice heart mitochondria exhibit a decrease 
in oxygen consumption rates and state 3 level respiration 
compared to wild-type control mice. Mitochondrial res-
piration and oxygen consumption rates were significantly 
improved in all AAV-Taz-treated groups. TazKD mice also 
exhibit impairments in Complex I, Complex II, and Complex 
III activity compared to wild-type controls. In all Taz-AAV 
gene therapy groups, Complex I, Complex II, and Complex 
III activities were improved. However, complex III activity 
was not significantly enhanced. All three vectors increased 
Taz gene expression and restored cardiac and skeletal mus-
cle function. However, the AAV- desmin Taz vector was the 
most effective in improving cardiac mitochondrial structure 
and function, whole-body function, and exercise tolerance 
in both groups of neonates and in adult TazKD mice when 
compared to the cytomegalovirus and native Taz promoters. 

Fig. 7   Improvement of growth 
in BTHS lymphoblasts express-
ing a MLCLAT-1 construct. 
Lymphoblasts from a 9-year-
old BTHS patient (Exon 2, 
c.171del. a, frameshift) were 
incubated for 24 h in the 
absence (a) or presence (b) 
of a MLCLAT-1 construct as 
described in [28]. a and b are 
photomicrographs of cells at 
40X magnification. Arrows 
indicate large groupings of cells 
(image courtesy of Dr. Edgard 
M. Mejia)
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The above preclinical data on Taz gene replacement therapy 
provide strong evidence for an effective potential therapeutic 
option for patients with BTHS (Fig. 6).

Stem cells

The use of cardiac stem cells as a potential therapeutic 
option for BTHS has gained attention as the major cause of 
death in patients with BTHS is heart failure (Fig. 6). Pluri-
potent cells such as human embryonic stem cells are charac-
terized with self-renewal and can differentiate into any cell 
type. However, the most significant problem with human 
embryonic stem cell therapy is immunologic rejection [134]. 
Different stem cell types have been targeted to improve car-
diac performance, including myoblasts and cardiac stem 
cells. Myoblasts harvested from peripheral muscle have a 
regenerative advantage. They have been introduced into 
scarred tissue in preclinical heart failure models to improve 
cardiac function [135]. Due to the regenerative capacity of 
myoblasts, they may produce new tissues with contractile 
activity in the scarred area of the heart and may stimulate 
cardiomyocyte maturation. The main adverse effect of myo-
blast therapy is ventricular arrhythmia in patients treated 
with myoblasts. However, the ventricular arrhythmia can 
be prevented by amiodarone administration. Cardiac stem 
cells which are present in cardiac tissue may also be used 
to improve cardiac function. There are two types of cardiac 
stem cells which can be used to improve left ventricular 
function including c-kit + cells and cardiosphere-derived 
stem cells. A previous cohort study of heart failure patients 
used c-kit + cells to treat patients with left ventricular dys-
function [136]. C-kit + cells were delivered into patients 
using coronary artery bypass graft surgery. This cohort study 
reported that 23 of 81 patients had a 30.3–35.9% improve-
ment in ejection fraction after 1 month of cardiac stem cell 
therapy and a 38.5% improvement after 4 months. Another 
study used cardiosphere-delivered stem cells in patients with 
myocardial infarction [137]. Cardiosphere-delivered stem 
cells were delivered into patients using intracoronary infu-
sion. This study showed that patients who were treated with 
stem cells had lower left ventricular mass and scarred mass 
compared to untreated patients.

Patient mature somatic cells can be reprogrammed to 
generate induced pluripotent stem cells (iPSCs) which can 
be differentiated into variety types of cells, including car-
diac cells, liver cells, and neurons [135]. The major advan-
tage of iPSCs is that the cells are patient specific and avoid 
immunologic rejection. iPSCs models are used to study the 
pathophysiological mechanisms of a disease, the possible 
therapeutic target, and perform drug screening [135]. An in 
vitro model of cardiomyocytes may also aid in the under-
standing of the pathophysiology of specific genetic diseases 
[138]. Several cardiac diseases have been studied using 

iPSCs, including dilated and hypertrophic cardiomyopathy, 
catecholaminergic polymorphic ventricular tachycardia, 
hypoplastic left heart syndrome, and now BTHS. Patient-
specific BTHS iPSCs (BTHS-iPSCs) were differentiated 
into cardiomyocytes to study two distinct mutations of the 
TAZ gene, a frame shift mutation and a missense mutation 
[138]. Using this ex vivo model, abnormal structure and 
function of cardiomyocytes linked to TAZ gene mutations 
were confirmed. In addition, BTHS-iPSCs cardiomyocytes 
exhibited abnormal mitochondrial structure and function, 
including smaller mitochondrial size, fragmented mito-
chondria, higher basal oxygen consumption, and impaired 
mitochondrial electron transport. Three different therapeutic 
options for BTHS were examined using these BTHS-iPSCs 
cardiomyocytes. These included bromoenol lactone which 
is a mitochondrial phospholipase A2 inhibitor, arginine plus 
cysteine amino acids which promote anaplerosis, and lin-
oleic acid which is an unsaturated fatty acid used as a precur-
sor of mature CL [139]. When BTHS-iPSCs cardiomyocytes 
were treated with linoleic acid and bromoenol lactone, the 
ratio of MLCL:CL ratio decreased. Thus, the combination 
of these two therapeutic compounds may potentially restore 
CL in these cells. In contrast, arginine plus cysteine did not 
alter the MLCL:CL ratio. In addition, linoleic acid and argi-
nine plus cysteine significantly increased ATP production in 
BTHS-iPSCs cardiomyocytes. However, bromoenol lactone 
treatment alone did not significantly increase ATP produc-
tion in these cells [139]. Treatment of BTHS-iPSCs cardio-
myocytes with linoleic acid improved mitochondrial basal 
oxygen consumption rates with little change on maximal 
mitochondrial respiration capacity. In contrast, bromoenol 
and arginine plus cysteine had no effect on mitochondrial 
basal oxygen consumption or maximal mitochondrial res-
piration capacity. In addition, sarcomere organization and 
contractile deficits of BTHS-iPSCs cardiomyocytes were 
improved with linoleic acid treatment. These data indicated 
that linoleic acid addition was more effective in restoring 
function in BTHS-iPSCs cardiomyocytes than bromoenol 
lactone or arginine plus cysteine [139].

Mitochondria‑targeted antioxidants

Mitochondria are a major source of ROS in cells, and ROS is 
produced from enzymatic reactions within the mitochondria, 
including pyruvate dehydrogenase, glycerol-3-phosphate 
dehydrogenase, cytochrome b5 reductase, and aconitase 
[140]. ROS may also be produced from cellular enzymatic 
reactions including NADPH oxidase, uncoupled nitric oxide 
synthase, and xanthine oxidase [141]. Mitochondrial antioxi-
dant enzymes that protect the mitochondria from high levels 
of ROS include gluthione peroxidase, manganese superox-
ide dismutase (Mn-SOD), and thioredoxine peroxidase [141, 
142]. Mitochondrial ROS is increased in Taz knockdown 
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neonatal cardiac fibroblasts [71]. In addition, knockdown 
of Taz gene in cardiomyocytes in vitro decreased ATP pro-
duction, induced cardiomyocyte hypertrophy, decreased 
contractile activity, and increased cell death. The effect of 
the mitochondria-targeted antioxidant Mito-TEMPO on 
mitochondrial function was examined in Taz knockdown 
cardiomyocytes [143]. The Taz gene was knocked down in 
9-week-old mice cardiomyocytes using Taz shRNA adeno-
virus, and cardiomyocytes were then treated plus or minus 
25 µM Mito-TEMPO overnight. Taz gene expression and CL 
levels were decreased and MLCL increased in Taz knock-
down cardiomyocytes. In addition, mitochondrial ROS 
production was increased and intracellular ATP production 
decreased. Treatment of these cardiomyocytes with Mito-
TEMPO significantly decreased mitochondrial ROS produc-
tion and enhanced ATP production. AMPK and Janus kinase 
(JAK) activation are involved in cardiomyocyte hypertrophy 
[144, 145]. In Taz knockdown cardiomyocytes, AMPK and 
JAK phosphorylation were significantly increased [143, 
144]. AMPK and JAK activation induced by Taz knockdown 
were significantly attenuated by Mito-TEMPO treatment.

BTHS patients have cardiac and skeletal muscle dys-
function due to TAZ gene mutation [51] and TazKD mice 
show decrease in skeletal and cardiac muscle contraction 
and enhanced cardiac hypertrophy. Treatment of TazKD 
mice cardiomyocytes with Mito-TEMPO improved car-
diomyocyte contractile activity, as assessed by measuring 
sarcomere shortening, and attenuated cardiomyocyte hyper-
trophy, as assessed by a decrease in cell surface area [143]. 
Decreased CL content in the IMM causes dissociation of 
cytochrome c and its release into the cytoplasm. Cytochrome 
c release is increased in the cytoplasm of cells of BTHS 
patients due to CL deficiency in their mitochondria. Mito-
chondrial cytochrome c content was shown to be decreased 
in TazKD mice cardiomyocytes [146]. Increased cytoplas-
mic cytochrome c reduces cell survival and promotes cell 
death through apoptosis. Mito-TEMPO treatment of TazKD 
mice cardiomyocytes increased mitochondrial cytochrome 
c content and enhanced cell survival [143]. Another study 
showed that the increased production of mitochondrial 
ROS, as assessed using MitoSOX, in BTHS-iPSC cardio-
myocytes was decreased by Mito-TEMPO treatment [139]. 
In addition, Mito-TEMPO treatment improved sarcomere 
organization and contractile deficits in these cells (Fig. 6). 
The potential effectiveness of other antioxidants including 
N-acetylcysteine, Mito Q-10, and melatonin in TazKO mice 
are currently being explored.

Mitochondria‑targeted peptides

The main source of energy generation inside cells is the 
ETC, especially in high-energy demanding tissues such 
as the heart, liver, and skeletal muscle. Therefore, any 

abnormality in the mitochondrial ETC causes mitochondrial 
dysfunction and decreases energy production. The mito-
chondria is considered a potential target of medications to 
treat mitochondrial diseases such as heart failure, ischemic 
heart disease, and metabolic disorders [147]. A class of 
compounds that increases mitochondrial electron transport 
and enhances mitochondrial bioenergetics by targeting the 
mitochondrial ETC that is the Szeto-Schiller (SS) peptide 
family [148] (Fig. 6). SS-02 peptide shows high affinity to 
the mitochondria, especially to the IMM. In general, the 
mitochondrial potential gradient allows cationic compounds 
to penetrate into the mitochondrial matrix. However, SS-02 
penetration does not depend on the mitochondrial potential 
gradient, and it does not cause mitochondrial depolariza-
tion. SS-31 and SS-20 are peptides, which are analogous 
to SS-02 and target the IMM [149]. SS-31 is also referred 
to as Bendavia, MTP-13, and Elamipretide. SS-31 is a syn-
thetic lipophilic tetrapeptide (D-Arg-2′6′- dimethyl Tyr- Lys-
Phe-NH2) with high cell permeability properties. It acts on 
all cell types such as cardiomyocytes, macrophages, neu-
ron, renal, and endothelial cells. SS-31 interacts with CL 
by hydrophobic or electrostatic bond. SS-31 was the first 
compound developed as therapeutic agent to protect CL and 
aid in mitochondrial bioenergetics restoration [150]. This 
polar peptide does not depend on cell receptors or trans-
porter mechanisms. It penetrates the cell by a diffusion 
mechanism [151]. SS-31 interacts only with an ionic phos-
pholipids (e.g., CL and phosphatidylserine), but not with 
zwitterionic phospholipids (phosphatidylethanolamine and 
phosphatidylcholine). Therefore, SS-31 primarily targets CL 
in the IMM because the amount of phosphatidylserine in the 
IMM is negligible [152]. SS-31 and SS-20 compounds thus 
bind selectively to CL in the IMM. Because CL is mainly 
localized to the IMM, targeting CL with these peptides can 
target mitochondrial respiratory complexes and may help to 
increase energy production and restore mitochondrial func-
tion. These peptides are the first compounds used to target 
phospholipids on membranes rather than target proteins 
[148].

In BTHS, CL alteration and remodeling impairment 
lead to mitochondrial respiratory complexes dysfunction, 
severely inhibits oxidative phosphorylation, and increases 
in ROS production [153–155]. Hence, therapies that reduce 
ROS generation are highly warranted for BTHS. A previ-
ous study reported a significant decrease in infarct size 
in the hearts of rabbits subjected to ischemia–reperfusion 
injury after Bendavia administration [156]. Bendavia was 
effective if added immediately after reperfusion but did not 
affect the infarct size if administered after 10 min of reper-
fusion indicating that its therapeutic timing is very impor-
tant to reduce the infarction. Bendavia treatment did not 
change heart rate, arterial blood pressure, or systolic blood 
pressure but decreased ROS production. ROS production 
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promotes mitochondrial membrane potential collapse dur-
ing early reperfusion. Thus, mitochondria are not able to 
maintain production of ATP resulting in heart dysfunction 
and arrhythmia under these conditions. Blocking the mito-
chondrial permeability transition pore may help to maintain 
mitochondrial membrane potential [157, 158]. Bendavia 
added immediately after ischemia–reperfusion maintained 
the mitochondrial permeability transition pore [156]. Mito-
chondrial calcium is increased when ATP levels are reduced 
and this occurs in ischemia. The increase in calcium pro-
motes mitochondrial ROS production and CL peroxidation 
[150]. A previous study showed SS-31 increased ATP pro-
duction and maintained mitochondrial cristae formation in 
vitro by preventing CL peroxidation [159]. Cytochrome c in 
mitochondria has been shown to have a major role in cellu-
lar metabolism and apoptosis by interacting with CL. There 
are two types of interaction between CL and cytochrome 
c. First is the electrostatic interaction where cytochrome c 
exists in close proximity to mitochondrial respiratory com-
plexes to produce maximum electron transfer. The second 
interaction is hydrophobic. In this interaction, cytochrome c 
might be unfolded and electron carrier changes to a peroxi-
dase [159]. In vitro, SS-31 interacts with CL and markedly 
inhibits hydrophobic interaction between cytochrome c and 
CL and prevents unfolding of cytochrome c. Thus, the per-
oxidase activity of mitochondrial cytochrome c is inhibited 
by SS-31. SS-31 was also shown to inhibit mitochondrial 
peroxidase activity in isolated mitochondria [159]. Previous 
studies have reported the beneficial effect of SS-31 in dif-
ferent diseases such as neurodegenerative disease, metabolic 
disorder, chronic renal disease, and mitochondrial toxicity 
that is induced by drugs [150].

SS-31 and heart failure: Patients with heart failure show 
abnormal mitochondrial structure and cristae formation 
with a decrease in mitochondrial respiratory complexes 
activity. In addition, in these patients and in heart failure 
animal studies, CL biosynthesis and remodeling is altered. 
Therefore, SS-31 might improve mitochondrial bioenergetics 
and restore mitochondrial respiratory complexes activity by 
protecting CL [150]. A previous study showed that SS-31 
improved cardiac hypertrophy and diastolic function in a 
hypertensive cardiomyopathy mouse model [160]. Another 
study reported a beneficial effect of SS-31 in improving car-
diac hypertrophy and systolic dysfunction in a classic trans-
verse aortic constriction (TAC) rat model. In this model, the 
left ventricular mass is increased twofold, the left ventricle is 
significantly dilated, and myocardial fibrosis is significantly 
increased after 4 weeks of TAC. Furthermore, TAC induces 
mitochondrial dysfunction and oxidative phosphorylation 
impairment. Treatment with SS-31 completely prevented 
the myocardial fibrosis [161].

SS-31 and skeletal muscle atrophy: Skeletal muscle 
weakness is also a major problem in patients with BTHS. 

Proteolysis is increased, and protein synthesis is decreased 
in patients with muscle atrophy. SS-31 treatment in animal 
models of muscle atrophy was shown to attenuate the skel-
etal muscle weakness and muscle atrophy [150]. Skeletal 
muscle proteases are activated by increased production of 
ROS, and ROS production is increased in muscle atrophy 
due to the increase in calcium uptake from the mitochondria 
and the decrease of mitochondrial respiratory function and 
the elevation in fatty acid peroxidation [150]. A previous 
study reported that the SS-31 treatment in a mechanical ven-
tilation mouse model prevented diaphragmatic contractile 
dysfunction and muscle atrophy [162]. Moreover, calpain, 
20S roteosome, and caspase-3 activation were prevented 
with SS-31 treatment. Another study showed the protec-
tive effect of SS-31 on skeletal muscle atrophy in a mouse 
immobilization model [163]. Immobilization of mice or rats 
induces skeletal muscle atrophy, a significant increase in 
mitochondrial H2O2, a significant decrease in state 3 respi-
ration, an increase in calpain and caspase-3 activation, and 
an upregulation of proteasomes. Interestingly, SS-31 does 
not affect mitochondrial respiration activity or ROS produc-
tion in normal mice [150]. However, administration of SS-31 
prevented the state 3 respiration reduction, ROS production, 
proteolytic activation, and prevented muscle atrophy induced 
by immobilization. Szetro and Schiller [163] summarized 
the pharmacokinetic properties of SS-31 in vitro and in vivo 
in different animal species. Interestingly, ex vivo studies have 
reported that elamipretide binds with MLCL and CL with 
the same ratio and its actual mechanism of action may be 
related to a peptide binding dependent on surface charge 
density and not the identity of particular component lipids 
[164]. The results of the ongoing TAZ POWER clinical trial 
with elamipretide will determine whether the drug will gain 
approval for use as a mitochondrial therapy for BTHS [165].

Resveratrol

Resveratrol (RESV) is a small polyphenolic compound 
found in several plant species [166–168]. We previously 
observed that exogenously added RESV increased CL in iso-
lated H9c2 cardiac myocytes and that dietary RESV feeding 
increased L4CL in the hearts of spontaneously hypertensive 
rats [169] (Fig. 6). RESV effects many signaling pathways 
that may improve cardiac function including AMPK, nico-
tinamide adenine dinucleotide (NAD) +-dependent deacety-
lase, and sirtuin-1 (SIRT1) and sirtuin-3 (SIRT3) [170, 171]. 
RESV decreases the circulating levels of free fatty acids 
leading to decreased free fatty acid-induced lipotoxicity 
[172]. Moreover, RESV affects lipid metabolism by decreas-
ing circulating low-density lipoproteins levels through 
increased low-density lipoprotein receptor expression 
[173]. Activation of SIRT1 and SIRT3 by RESV improves 
mitochondrial function by increasing fatty acid oxidation, 
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decreasing mitochondrial ROS production, and improving 
mitochondrial respiration [172]. In addition, RESV acti-
vates AMPK leading to phosphorylated downstream pro-
teins that are involved in metabolic process. AMPK is a key 
regulator of mitochondrial function and cellular homeo-
stasis [174]. Activation of AMPK improves fatty acid and 
glucose uptake, glycolysis, and mitochondrial biogenesis 
through increased expression of PGC1α [175]. In addition 
to the anti-lipotoxic effects of RESV, RESV has anti-oxidant 
properties and can decrease mitochondrial oxidative stress 
and improve cardiac function. Increased mitochondrial ROS 
results in lipid peroxidation, including peroxidation of CL, 
which may lead to release of cytochrome c and initiation of 
apoptosis. RESV decreases mitochondrial ROS production 
by increasing expression of antioxidant enzymes [169]. In 
heart, RESV activates nuclear SIRT1 leading to an induction 
of superoxide dismutase 2 and a decrease oxidative damage 
[176]. It is well known that mitochondrial dysfunction is 
associated with accumulation of lipotoxic lipids [169]. In 
addition, accumulation of these lipotoxic lipids in the heart 
is known to alter and impair cardiac myocyte structure and 
function [177, 178].

We recently observed that high-fat feeding of TazKD 
mice accelerated the cardiac dysfunction in these mice, and 
this was characterized by impaired systolic and diastolic 
function, mitochondrial respiratory dysfunction, elevated 
fibrosis, oxidative damage, and steatosis [179]. These mice 
developed a hypertrophic lipotoxic cardiomyopathy in the 
absence of obesity. Both low-fat (6% w/w fat) as well as 
high-fat (23% fat w/w) fed TazKD mice accumulated car-
diac TG and exhibited increased fatty acid synthase protein 
expression. The accumulation of TG and development of 
heart dysfunction were accompanied by a significant ele-
vation in toxic lipid species (cholesterol, N:16 ceramide, 
and diglyceride) in high-fat fed TazKD mice. Treatment of 
these mice with RESV attenuated the cardiomyopathy via 
reducing oxidative damage and steatosis through improved 
complex I respiration and reduced fatty acid synthase pro-
tein levels [179]. The ability of RESV to act directly on the 
heart to reverse the cardiac lipotoxicity could be separated 
from the anti-obesity effects of RESV on the heart. These 
studies provided the first direct evidence that CL deficiency 
itself promotes the development of a hypertrophic lipotoxic 
cardiomyopathy. In addition, these studies provided preclini-
cal evidence for RESV as a treatment option for attenuating 
lipotoxic cardiomyopathies regardless of the metabolic phe-
notype and improving cardiovascular outcomes in BTHS.

Conclusion

In summary, although BTHS is considered a rare genetic 
disease, many studies have been performed to understand the 
pathogenesis of the disease and develop effective therapies. 
However, developing effective therapies for patients with 
BTHS is particularly challenging due to the small number 
of BTHS patients and the high variability of patient pheno-
types [180]. Current management of BTHS relies on treat-
ing the symptoms and complications, and early diagnosis of 
BTHS is important for survival of the patients. An elevated 
MLCL:CL ratio in blood spot specimens is the most reliable 
biochemical marker for rapid BTHS diagnosis. In addition, 
family history, cardiologic investigations, electromyography, 
and hematologic features are also important for diagnosing 
BTHS. The mitochondrial phospholipid CL plays a key role 
in the pathogenesis of a variety of human diseases, including 
BTHS. As indicated above, CL is critical for mitochondrial 
morphology and bioenergetics, cristae formation, mito-
chondrial fission and fusion, optimal mitochondrial elec-
tron transport activity, mitochondrial protein interaction, 
proton trapping for oxidative phosphorylation, apoptosis, 
mitophagy, and mitochondrial supercomplexes stability. 
Consequently, it is not unexpected that the dysfunctionality 
of CL remodeling due to the Taz gene mutation is responsi-
ble for the structurally and functionally abnormal mitochon-
dria observed in BTHS patients. Therefore, specifically tar-
geting mitochondria and in particular CL may provide novel 
therapeutic options for treating BTHS. Unique and novel 
approaches such as phosphokinome analysis of patient cells 
may aid in the identification of new targets for treatment 
[181]. In addition, the use of other non-mammalian model 
organisms including S. cerevisiae [182, 183, 192, 193] as 
well as the impact of Taz deficiency on other membrane 
components, such as plasmalogens [194], will further our 
understanding of this unique and complicated disease.
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