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Basic science 

• Mitochondria are found in nearly every cell in the body and produce about 90% of the 
energy (ATP) essential for human life. 

• Mitochondria have two membranes, an outer and inner mitochondrial membrane. 
ATP is produced by the electron transport chain (ETC) located within the curves, or 
cristae, of the inner mitochondrial membrane.

• Cardiolipin, a phospholipid found only in that inner membrane, is responsible for 
establishing the cristae structure. 
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• The cristae curvature of the inner mitochondrial membrane (IMM) is important 
structurally, because it keeps the complexes of the ETC in optimal close proximity to 
one another. 

• In dysfunctional mitochondria, high levels of oxidative stress can cause peroxidation 
of cardiolipin, which alters its normal structure. 

• This in turns leads to degradation of cristae architecture, which in turn leads to 
displacement of the complexes of the ETC and further impairment of ETC function.
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Barth syndrome 

• The causal gene of BTHS, TAZ, encodes tafazzin and was first discovered as the 
genetic origin of Barth syndrome Bione et al. (1996). 

• The group responsible for identifying the tafazzin gene named it after a comic 
masochistic character (“tafazzi”) from an Italian television sports show. The tafazzin
gene/protein has certainly lived up to its name! 

https://www.frontiersin.org/articles/10.3389/fgene.2015.00359/full#B18


Barth syndrome 

• Tafazzin is a ubiquitous mitochondrial enzyme responsible for specific remodeling of 
the CLs 

• It catalyzes acyl transfer from a phospholipid to a lysophospholipid. 

• Changes in CL amount and composition is central to the effect of tafazzin

• Let’s take a detailed look at the biosynthesis of CL and its role in the mitochondria 

• Then, we can discuss the effect of tafazzin function and tafazzin mutations on cellular 
biochemistry and physiology.
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Barth syndrome 

• A massively variable and fluctuating disease comprising: 

Fetal cardiomyopathy & death, third trimester loss, stillbirth 
Dilated cardiomyopathy, endocardial fibroelastosis,  left ventricular non-compaction, 
ventricular arrhythmia 
Motor delay, proximal myopathy & fatigue 
Hypoglycaemia / lactic acidosis in neonatal / infant period 
Mitochondrial presentations: abnormal muscle biopsy, respiratory chain test 
abnormalities 
Growth retardation & late hypergrowth
Neutropenia (mild to severe, intermittent, cyclical or persistent) or not present 
Feeding problems, vomiting, diarrhoea, savoury food fads 
Characteristic facies, often large ears 



Barth syndrome 

• Barth Cardiomyopathy 

Occurs in 90% of boys and has been documented as early as 18 weeks in utero 
Can present at any time in first 10 years, but neonatal presentations are common and at 
least two thirds of boys develop heart failure during the first year 
Usually DCM, but can swing between dilated and hypertrophic (“undulating”) or more 
rarely present as hypertrophic CM 
May be life threatening at presentation but echo normalises completely eventually in 50% 
(leading to potential confusion with viral cardiomyopathy) 
Endocardial fibroelastosis is common 



Barth syndrome 

• Skeletal Myopathy 

Muscle involvement, mainly in a limb girdle distribution 
Delayed motor milestones are common 
Moderate muscle hypoplasia & weakness but permitting unsupported walking 
Easy fatigability is a major problem and some boys use mobility aids to conserve energy 

No contractions, involvement of bulbar musculature, respiratory or extraocular 
involvement 
Mitochondria can appear normal on muscle biopsy and respiratory chain function testing 
often shows no or slight abnormalities



Barth syndrome 

• Growth retardation 

Follows the pattern of constitutional growth delay with delayed puberty 
Delayed bone age ranges between 8 months and 3 years 6 months 
Sustained late growth until 21-22 years often occurs without commensurate increase in 
food intake; many boys become emaciated and need PEG feeds 
True growth hormone deficiency also occurs 
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Clinical Trials 

BEZAFIBRATE

• Scientific research has shown that several treatments can improve the fat 
abnormalities in cells affected by Barth syndrome from either mice or humans; one of 
which is a drug called bezafibrate.

• Bezafibrate is particularly attractive as it has been safely administered for over 20 
years in the UK to both adults and children for the treatment of high blood fats. 

• The purpose of this study is to see if bezafibrate can be given safely and effectively to 
boys and men with Barth syndrome in a blinded randomised trial.



Cardioman

Clinical Trials 

BEZAFIBRATE

CARDIOlipin MANipulation (CARDIOMAN) with bezafibrate

A randomised placebo-controlled pilot trial conducted by the nationally commissioned

Barth Syndrome Service



Clinical Trials 

BEZAFIBRATE

CARDIOMAN is currently assessing the impact of bezafibrate as a repurposed drug for 
Barth syndrome. 

• Led by Guido Pieles and Colin Steward, this study is ongoing and conducted out of 
the Bristol Barth Clinic (UK). 

• Bezafibrate or placebo is given to participants for 4 months, followed by a one month 
break, and then switched for the following 4 months. 

• The trial will assess the effects of bezafibrate on blood cells, exercise capacity, heart 
function, and quality of life. 

• Involving 18 individuals affected by Barth syndrome (6 years or older), this trial is fully 
recruited with the final tests conducted at the end of 2019



Clinical Trials 

• Unhealthy mitochondria have abnormal cardiolipin, often because the cardiolipin has 
been peroxidized, or degraded, by oxidative stress. 

• This alters its conical structure and leads to abnormal cristae structure, which then 
allows electron transport chain complexes to drift apart, increasing electron leak and 
causing even more oxidative stress.

• Data suggests that one molecule of elamipretide can bind to two cardiolipin
molecules (Szeto, 2014). 

• Because of its unique structure, elamipretide interacts with or binds to cardiolipin in 
two places, at the top (or head groups) and the tails (or fatty acid chains) of the 
molecule.



Clinical Trials 

• In Barth syndrome the cardiolipin composition is abnormal and called 
monolyslcardiolipin, or MLCL. 

• MLCL differs from typical cardiolipin in that it has only three “tails”, whereas typical 
cardiolipin has four “tails”

• Elamipretide’s interaction with cardiolipin helps stabilize cardiolipin from the 
damaging effects of oxidative stress, thereby preventing or lessening further 
mitochondrial membrane dysfunction and ultimately cell death.
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ELAMIPRETIDE

Elamipretide targets and binds to cardiolipin stabilizing it under oxidative stress. 

More recent experiments have demonstrated that elamipretide also binds to 
monolysocardiolipin, which may have a similar stabilizing effect.

The curves of the cristae help keep the ETC complexes close together, optimizing ATP 
creation and minimizing electron leak and associated reactive oxygen species 
generation.



Clinical Trials 

ELAMIPRETIDE

Elamipretide targets and binds reversibly to cardiolipin in the inner mitochondrial 
membrane, stabilizing it under oxidative stress. 

This effect was illustrated during an experiment using guinea pig cardiomyocytes, or 
heart cells

The heart cells had healthier membrane potential and cell viability during oxidative stress 
when treated with elamipretide as compared to placebo. Oxidative stress damages 
cardiolipin, causing mitochondrial dysfunction and triggering apoptosis, or cell death.



Clinical Trials 

ELAMIPRETIDE

Animal Studies

• High-energy organ systems are more dependent on mitochondrial energy production 
Mitochondrial dysfunction disproportionately impacts high-energy organ systems. 

• In patients with Barth syndrome, skeletal muscle function and cardiac function are 
often compromised, causing weakness, fatigue and cardiomyopathy. 

• Similarly, in patients with other primary mitochondrial diseases, skeletal muscle, heart 
and eye function may be impaired, resulting in muscle weakness, exercise 
intolerance, cardiomyopathy, vision loss, etc. 

• Normal mitochondrial structure and function are important for these organ systems to 
function properly.
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ELAMIPRETIDE

• Preclinical (animal) disease models have shown that treatment with elamipretide
restores mitochondrial structure and function, with associated increased ATP 
production and decreased ROS generation to normal or near normal levels, and 
decreased inflammation, fibrosis and cell death 

• Treatment with elamipretide has also been found to improve organ function in animal 
models of aging skeletal muscle, heart failure, acute kidney injury, neurodegenerative 
diseases, and diseases of the eye



Clinical Trials 

ELAMIPRETIDE

Experiment was done ex-vivo (not in a live animal) using healthy guinea pig 
cardiomyocytes, and so may not be predictive of humans with genetic mitochondrial 
disease

It does help illustrate the protective role elamipretide appears to have for mitochondria 
undergoing oxidative stress

Cardiolipin in healthy heart and skeletal muscle mitochondria, or 18:2:4 cardiolipin, has 4 
fatty acyl chains which give it a conical structure that creates the curved backbone of the 
cristae of the inner mitochondrial membrane. 







ELAMIPRETIDE (aka Bendaviaor Ocuvia)

SPIMM-203: ‘MMPOWER-2’
•     Open label extension of Phase 2 study in patients with PMD and myopathy.
•     Currently has ~30 patients continuing on treatment with elamipretide.
SPIMM-300: ’RePOWER’ Phase 3 database.
• Currently enrolling patients with confirmed PMD and predominant myopathy
• International database -34 targets sites across the world.
• Must be enrolled in this database to be randomized into the Phase 3 clinical study.
• Ages ≥ 16 y rand must be able to perform the 6MWT.Target of 300 subjects.
SPIMM-301: Phase 3 clinical study 2017.
• A randomized, double-blind, placebo-controlled study.
• Will enroll approximately 200 patients with primary mitochondrial myopathy.

Other studies in Barth, LHON and heart failure
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ELAMIPRETIDE

• The design of the TAZPOWER trial is similar to that for MMPOWER-2. 

• TAZPOWER is a double-blind, placebo-controlled, randomized crossover trial.

• Individuals participating in the trial receive either elamipretide or placebo for a 
treatment period of 3 months, then are “crossed-over” to the opposite treatment after 
a washout period. 

• Given that Barth syndrome is very rare, only 12 individuals are enrolled; the cross-
over trial design provides more statistical power, which is particularly important with 
so few subjects enrolled. 



Clinical Trials 

ELAMIPRETIDE

• Multiple endpoints are being evaluated during this trial

• Most were chosen based on feedback from clinicians and Barth individuals about the 
functional deficits (i.e. exercise intolerance, weakness) and symptoms experienced 
by individuals with Barth. 

• These include the BarTH Syndrome Symptom Assessment (BTHS-SA), a novel 
patient-reported outcome assessment tool which was developed by Stealth based on 
information gathered during interviews with people who live with Barth syndrome. 

• Once subjects complete the trial, they have the option to continue to receive the drug 
during an open-label extension period.
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ELAMIPRETIDE

• Stealth BioTherapeutics announced the presentation of new data from the open-label 
extension of the Phase 2/3 TAZPOWER study

• The findings, presented at the American Society of Human Genetics (ASHG) 2019 
Annual Meeting in Houston, Texas, showed that treatment with elamipretide resulted 
in a 27% increase in average cardiac stroke volume from the trial baseline (40.8 mL) 
to week 36 (51.8 mL) of the open-label extension.

• Left-ventricular stroke volume is one of the primary determinants of cardiac output, 
which is an important indicator of how efficiently the heart can meet the body's 
demands for perfusion to various organs (normal is 85 mL)



Clinical Trials 

ELAMIPRETIDE

• "Based on the data presented showing an increase in stroke volume, treatment with 
elamipretide appears to have improved heart function, which might indicate cardiac 
remodeling," noted Dr. W. Reid Thompson, Associate Professor of Pediatrics at the 
Johns Hopkins University School of Medicine. 

• "Most patients with Barth syndrome have underlying heart disease, so a cardiac 
effect would be an important outcome in this setting that warrants further 
investigation."
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GENE THERAPY

• Groups of newborn and 3-month-old mice with Barth syndrome were treated using a 
gene therapy 

• The technique packages the genetic promoter and gene of interest within a small, 
harmless virus. 

• At 5 months of age, the mice were evaluated for TAZ gene function, heart function, 
muscle strength and exercise fatigue and other indicators of improved cellular and 
overall health. 

• The mice were tested for the number of times they stood on their hind legs and their 
performance in exploring an activity arena. 



Emerging Treatments 

GENE THERAPY

• All of the treated mice showed a clear improvement in their ability to move about and 
explore

• The Des promoter produced the most optimal levels of TAZ genetic activity in heart 
and skeletal muscle following both the young and adult treatment times

• The Des promoter has minimal effects on the liver and other organs because that 
would potentially improve safety and effectiveness in human patients
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• Most abundant white blood cell (50-70% of all blood cells); 
~ 100 billion produced each day

• First responders to infection/injury; 
• recruit other immune cells
• Essential for immune defence
• Very short lived: 12 hours in culture

(Slides courtesy of Dr Borko Amulic)

Neutrophil Study Update 

NEUTROPHILS

Giemsa stain of a blood smear
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Emphasize lobulated nucleus



Amulic et al. (2012) Ann Rev Immun
(Slides courtesy of Dr Borko Amulic)
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Neutrophil Study Update 
Neutrophil Antimicrobial Responses



Neutrophil Study Update 
Two examples of neutrophil counts in BTHS patients –
dashed line represents cutoff for neutropenia definition 

C. Stewart 
et al.
(2019)

(Slides courtesy of Dr Borko Amulic)



Neutrophil Study Update 
Analyses of freshly isolated Barth syndrome neutrophils:

20 patients
17 control donors
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(Slides courtesy of Dr Borko Amulic)



Neutrophil Study Update 
reliminary findings: Proteins expression in neutrophils from BTHS 
patients indicates important developmental differences
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Neutrophil Study Update

NEUTROPHILS

• Neutrophil development is affected in BTHS

• Neutrophils have a different composition of proteins compared to 
healthy controls and they also differ in some functional responses

• We are now investigating what consequences this has for immune 
defence
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