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Abstract 
 

Cardiolipin in Barth Syndrome 

By 

Nikita Ikon 

Doctor of Philosophy in Metabolic biology 

University of California, Berkeley 

Professor Robert O. Ryan, Chair 

 

Barth Syndrome (BTHS) is a rare genetic disorder caused by mutations in the gene that 
encodes tafazzin, a protein whose sole function is to remodel the mitochondrial 
phospholipid cardiolipin (CL). Despite comprising a small proportion of the body’s total 
phospholipid pool, the critical role CL plays in the structure and function of the 
mitochondrial inner membrane means that defects in CL composition lead to profound 
mitochondrial impairment. These mitochondrial defects, in turn, lead to the failure of high 
energy-demand systems, resulting in neutropenia, skeletal muscle weakness, and 
cardiomyopathy.  While some researchers have suggested gene therapy or protein 
replacement as potential future treatments, it is conceivable that, if CL could be delivered 
to the defective mitochondria, the need for a functional tafazzin could be bypassed 
entirely. In the current study, we use the amphipathic plasma protein apolipoprotein A-I 
to solubilize CL into discoidal nanoparticles resembling HDL. These CL nanodisks (CL-
ND)  were incubated with a cell culture model of the neutropenia seen in BTHS. CL-ND 
treatment increased cellular CL levels and ameliorated the BTHS phenotype.  To extend 
these findings to whole animals,  a 10 week study was carried out  using a mouse model 
of BTHS. However, at the end of the study, while the BTHS mice developed significant 
differences in CL composition characteristic of the disease, CL-ND treatment had no 
effect on CL content or composition. Thus, while CL-ND may eventually prove to be a 
useful therapy for BTHS, the current study highlights the difficulty of translating cell culture 
results to intact animals.
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Chapter 1: Barth Syndrome: Connecting Cardiolipin to 
Cardiomyopathy 

  



2 
 

Introduction  

Barth Syndrome (BTHS) is a rare X-linked recessive disorder characterized by cardiolipin 
abnormalities, lactic acidosis, organic aciduria, skeletal muscle weakness, neutropenia, 
and cardiomyopathy [1]. The underlying cause of BTHS has been definitively traced to 
mutations in the TAZ gene [2, 3]. This discovery launched a concerted research effort to 
decipher how mutations in TAZ lead to the BTHS phenotype. A key finding revealed that 
TAZ encodes a phospholipid transacylase, termed tafazzin [4, 5]. Defective tafazzin 
activity leads to alterations in the content and composition of cardiolipin and the 
appearance of monolysocardiolipin [6]. Experimental models of BTHS, including yeast 
[7], Drosophila [8], zebrafish [9] and mice [10] have validated a cause / effect relationship 
between TAZ mutations and cardiolipin abnormalities. Evidence of the impact of changes 
in cardiolipin content and composition can be seen by morphological changes to the inner 
mitochondrial membrane (IMM) associated with BTHS [11]. This chapter describes how 
mutations in TAZ, through their effects on mitochondrial function, manifest as organic 
aciduria, skeletal muscle weakness, and cardiomyopathy. 

 

TAZ mutations and cardiolipin remodeling.  

The tafazzin transacylase localizes to mitochondria and functions in remodeling 
cardiolipin fatty acyl chains. Cardiolipin is distinct from other glycerophospholipids in that 
two phosphatidate moieties share the same glycerol head group. This gives rise to an 
anionic phospholipid with four esterified fatty acyl chains and a cone-shaped structure. In 
eukaryotes, cardiolipin is mainly confined to the IMM [12]. Interestingly, unlike most 
tissues, up to 90% of cardiolipin in cardiac and skeletal muscle mitochondria exists as a 
single molecular species, tetralinoleoylcardiolipin [12]. Establishment and maintenance 
of this molecular species composition depends on phospholipid remodeling reactions that 
involve tafazzin transacylase activity [13]. An in vitro transacylation reaction catalyzed by 
tafazzin is shown in Figure 1. Acyl chain transfer from the sn-2 position of 
phosphatidylcholine to the corresponding hydroxyl of monolysocardiolipin is depicted. 
Although phosphatidylcholine is the acyl chain donor in this image, phospholipids with 
other head groups can also serve as acyl group donor in this reaction [14,15]. In addition 
to tafazzin-mediated transacylation, cardiolipin remodeling can occur via the endoplasmic 
reticulum (ER) localized enzyme, acyl CoA lysocardiolipin acyltransferase (ALCAT1). In 
this reaction a fatty acid from fatty acyl CoA is transferred to monolysocardiolipin to 
produce cardiolipin [15,16]. In addition to ALCAT1, a mitochondrial monolysocardiolipin 
acyltransferase (MLCAT) has been reported that catalyzes acylation of 
monolysocardiolipin in a reaction that employs linoleoyl-CoA as substrate [17,18]. 
Whereas the relative contributions of these alternate routes to the pool of mature 
cardiolipin in the IMM are unclear at present, the fact that TAZ mutations correlate with 
characteristic changes in cardiolipin content and composition indicates ALCAT1- and 
MLCAT-mediated reactions are not able to fully compensate for loss of tafazzin.  

Individuals harboring mutations in TAZ (i.e. BTHS) manifest compromised or 
missing tafazzin enzymatic activity. This results in specific alterations in cardiolipin, 
including increased molecular species heterogeneity, decreased levels of cardiolipin, and 
increased levels of monolysocardiolipin [6]. If a given TAZ mutation gives rise to a tafazzin 
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protein with residual enzyme activity, lesser changes in cardiolipin content and 
composition, and a milder phenotype, may be anticipated [19]. Conversely, more severe 
mutations in TAZ that lead to complete loss of transacylase activity, will have a more 
deleterious effect in terms of both IMM structure and the function of proteins embedded 
therein. Despite this, TAZ mutations have been described [20] in which the correlation 
between genotype and phenotype is not apparent. Conceivably, individual differences in 
TAZ mRNA splicing, mRNA stability, or differences in tafazzin protein turnover rate could 
affect residual enzyme activity. By the same token, one or more extraneous phenotypic 
modifiers, ranging from environmental to biochemical, could be responsible for 
differences in the degree of disease manifestation. 

 

Altered cardiolipin composition affects the electron transport chain 

Insofar as electron transport chain (ETC) proteins are embedded in the IMM, it is not 
surprising that alterations in the phospholipid component of this membrane have a 
measurable impact on aerobic metabolism [21]. Indeed, the effect of perturbations in IMM 
lipid content and/or composition on the functional properties of ETC proteins are likely 
amplified by the fact that the IMM is one of the most protein-rich membranes in nature. 
Unlike an average bilayer membrane, which contains 30 - 50 % protein, the IMM is 
comprised of ~75 % protein and 25 % lipid by mass. Given this exceptionally high protein 
content, changes in its phospholipid composition are likely to impact the structure, 
orientation and/or activity of IMM proteins. Indeed, studies have shown that cardiolipin 
directly interacts with each of the five protein complexes that comprise the ETC [12, 22, 
23]. Moreover, cardiolipin is required for the optimal function of complexes I, III, and IV, 
and this function is not retained when cardiolipin is substituted by other phospholipids, 
including monolysocardiolipin [22, 24, 25]. Consistent with its altered cardiolipin content, 
the activity of ETC proteins is decreased in BTHS [26, 27]. In addition to direct interaction 
with proteins of the ETC, cardiolipin also serves a structural role in the IMM, including 
maintenance of membrane integrity. Perturbations that compromise IMM integrity would 
be anticipated to result in dissipation of the proton gradient that drives ADP 
phosphorylation. In keeping with this, BTHS mitochondria exhibit a decreased membrane 
potential, a decreased respiratory coupling index, and increased proton leak [28-30]. 
Leakage of protons across the IMM can also lead to formation of free radicals and 
increased levels of reactive oxygen species which, in turn, exacerbate mitochondrial 
impairment [29, 30].  

It is noteworthy that the IMM contains numerous folds and invaginations, termed 
cristae. Due to its distinctive cone-shaped structure, cardiolipin segregates to regions of 
negative membrane curvature [31, 32]. In BTHS, defective cardiolipin remodeling 
correlates with profound changes in cristae ultrastructure [11, 33, 34]. Furthermore, 
cardiolipin contributes to the stability of ETC supercomplexes, thereby promoting efficient 
electron transfer between individual complexes of the ETC [35, 36]. BTHS mitochondria 
have reduced levels of supercomplexes and display decreased stability of existing 
supercomplexes [30, 37]. Similarly, Huang et al [38] reported that ETC supercomplexes 
are destabilized in cardiolipin-depleted mitochondria from taz knockdown mouse hearts, 
a condition that presumably has an adverse effect on metabolic channeling of reducing 
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equivalents. Likewise, Kiebish et al [39] reported that loss of tafazzin function in 
myocardium leads to changes in the mitochondrial lipidome, resulting in the dysregulated 
generation of oxidized derivatives of polyunsaturated fatty acids. A generalized model 
depicting the impact of cardiolipin impairment in BTHS on ETC activity is summarized in 
Figure 2. The net effect of this impairment is a decreased ability to generate ATP through 
oxidation of the respiratory intermediates, NADH and FADH2. 

 

NADH / FADH2 accumulation inhibits TCA cycle enzymes 

For each acetyl CoA oxidized via the TCA cycle, three NADH and one FADH2 are 
generated. As NADH and FADH2 are oxidized back to NAD+ and FAD+, respectively, 
electrons funnel into the ETC. Their passage from low to high standard reduction potential 
supports establishment of a proton gradient across the IMM that functions as the driving 
force for F1 ATPase-mediated phosphorylation of ADP. In a working muscle, this 
sequence of events is constantly repeated, providing muscle fibers with a steady supply 
of ATP. At rest, less ATP is required and, correspondingly, less fuel consumption occurs. 
Muscle has a limited capacity to store the energy of ATP (e.g. phosphocreatine) such 
that, when muscle activity increases, metabolic activity necessary to generate ATP also 
increases. In a normal mitochondrion, oxidation of NADH and FADH2 is highly efficient. 
High NADH ubiquinone oxidoreductase (Complex I) activity maintains NADH levels at 
very low levels [40]. Maintenance of this disproportionate ratio requires efficient 
movement of electrons from Complex I to Complex III (Coenzyme Q – cytochrome c 
reductase) and is essential for proper functioning of mitochondrial enzymes that employ 

NAD+ as substrate (e.g. isocitrate dehydrogenase, -ketoglutarate dehydrogenase, 
malate dehydrogenase and others). If NADH levels rise in the matrix, product inhibition 
of these enzymes will occur (Figure 3) [41, 42]. In BTHS, TAZ mutation-induced 
alterations in cardiolipin impair ETC function, decreasing the rate of electron transfer 
reactions. When this occurs, oxidation of NADH does not keep pace with its production 
and the ratio of NAD+ / NADH decreases [30]. As the concentration of NADH rises, 
product inhibition of TCA cycle enzymes that employ NAD+ as a substrate occurs.  

 

Inefficient respiration drives anaerobic glucose metabolism / lactic acidosis 

Demand for ATP by cardiac tissue is persistent. Even at rest, cardiac muscle contraction 
requires a continuous supply of ATP. Furthermore, any activity that accelerates the heart 
rate will increase demand for ATP. Normally, oxidative phosphorylation is the principal 
means by which ATP is generated and, as such, cardiac tissue contains abundant 
mitochondria that align adjacent to muscle fibers. As contractile activity increases, aerobic 
respiration and metabolic fuel consumption follow suit. In BTHS, however, a bottleneck 
occurs because alterations in cardiolipin content and composition that affect the IMM lead 
to ETC inefficiency, a decreased rate of NADH and FADH2 oxidation, and subsequent 
inhibition of TCA cycle enzymes. The resulting slowdown in ATP production reaches a 
point wherein aerobic respiration fails to meet the energy demands of the tissue. Because 
survival depends on sustained cardiac muscle contraction, the tissue adapts by 
increasing anaerobic glycolysis and activating the Cori cycle (Figure 4) [21]. Under 
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normal circumstances, pyruvate dehydrogenase converts pyruvate to acetyl CoA that 
enters the TCA cycle and is metabolized to CO2. However, during anaerobic conditions, 
pyruvate is instead converted to lactate by lactate dehydrogenase. Lactate, thus formed, 
exits the cell and migrates to liver where it is converted to glucose via gluconeogenesis. 
Once formed, this glucose is secreted from hepatocytes and returns to muscle / heart 
where anaerobic glycolysis starts the cycle anew. Reliance on the Cori cycle to generate 
ATP for cardiac muscle contraction is problematic, however. As glucose utilization 
increases, lactic acid buildup leads to a decrease in blood pH (i.e. lactic acidosis). 
Furthermore, the entire process operates at an energy deficit since 6 ATP are required to 
generate glucose from lactate via gluconeogenesis in liver while anaerobic metabolism 
of glucose to lactate in muscle yields 2 ATP. Thus, although this process provides a 
stopgap means to generate ATP when oxidative metabolism is limiting, its meager ATP 
yield, buildup of lactic acid and increased demand for gluconeogenesis will lead to 
problems over time. Consistent with this, subjects with BTHS manifest lactic acidosis, 
skeletal muscle weakness, lethargy and cardiomyopathy [1, 43].  

 

TCA cycle inhibition results in metabolite diversion into organic acids 

As NADH and FADH2 levels rise in the matrix of skeletal muscle and cardiac tissue 
mitochondria, collateral metabolic repercussions occur. In these tissues, as TCA cycle 
activity slows, acetyl CoA and propionyl CoA accumulate. Above a threshold acetyl CoA 
concentration, the enzyme T2 thiolase reverses direction and catalyzes condensation of 
2 acetyl CoA, forming acetoacetyl CoA plus CoASH. Acetoacetyl CoA subsequently 
reacts with another acetyl CoA to form 3-hydroxy 3-methylglutaryl CoA (HMG CoA) via 
HMG CoA synthase 2. Under the prevailing metabolic conditions in BTHS mitochondria, 
HMG CoA is diverted to 3-methylglutaconyl CoA (3MG CoA) via 3MG CoA hydratase, a 
leucine degradation pathway enzyme that normally functions in the reverse direction [45, 
46]. As levels of 3MG CoA rise, this metabolite becomes a substrate for acyl CoA 
thioesterase-mediated hydrolysis, producing the dead end organic acid, 3-
methylglutaconic acid (3MGA), that is abundant in urine of BTHS subjects but essentially 
absent in normal subjects (Figure 5). In addition to 3MGA, a portion of the 3MG CoA pool 
is reduced to 3-methylglutaryl CoA followed by thioester hydrolysis to yield a second 
organic acid, 3-methylglutaric acid. At present the identity of the oxidoreductase 
responsible for conversion of 3MG CoA to 3-methylglutaryl CoA or the thioesterase that 
generates the product, 3-methylglutarate, are unknown. It is presumed, however, that 
3MG CoA and 3-methyglutaryl CoA serve as alternate substrates for the enzyme(s) 
involved.  

Whereas 3MGA and 3-methylglutarate are derived from acetyl CoA, elevated 
levels of propionyl CoA are largely responsible for formation of a third, less abundant 
organic acid. Despite some progress, the identity of this organic acid is not yet clear. In 
1991, Kelley et al [43] reported the presence of 2-ethylhydracrylic acid (2-EHA) in urine 
of BTHS subjects. A relatively rare organic acid, 2-EHA is proposed to arise from an 
obscure alternate pathway of isoleucine metabolism [47, 48]. Insofar as no isoleucine 
metabolism pathway defects have been reported in BTHS, the molecular basis for 
production of 2-EHA is not readily apparent. Of interest, however, is the fact that T2 
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thiolase not only functions as the terminal enzyme in ß-oxidation, it also catalyzes the 
final step of isoleucine degradation, cleaving 2-methylacetoacetyl CoA into propionyl CoA 
plus acetyl CoA. As propionyl CoA levels rise in the presence of acetyl CoA, T2 thiolase 
reverses direction and catalyzes a more complex set of reactions [49]. Condensation of 
acetyl CoA and propionyl CoA can generate the isoleucine degradation pathway 
intermediate, 2-methylacetoacetyl CoA and buildup of this metabolite (or 3-hydroxy, 2-
methylbutyryl CoA) could interfere with isoleucine-derived metabolite flux. When this 
occurs, proximal intermediates in the isoleucine degradation pathway can undergo enol-
keto tautomerization, converting (S) enantiomers to the corresponding (R) intermediates 
that, subsequently, are metabolized by 3 valine metabolic pathway enzymes as alternate 
substrates, leading to formation of 2-EHA [50]. By the same token, if propionyl CoA loads 
onto T2 thiolase before acetyl CoA, the expected condensation product is n-3-ketovaleryl 
CoA. Under the prevailing metabolic conditions in BTHS, NADH dependent 
dehydrogenation will generate n-3-hydroxyvaleryl CoA and subsequent thioester 
hydrolysis will generate n-3-hydroxyvaleric acid, an organic acid previously observed in 
propionyl CoA carboxylase deficiency and methylmalonyl CoA mutase deficiency [51-53]. 
Insofar as the molecular mass of 2-EHA and n-3-hydroxyvalerate are identical (118 Da), 
careful organic acid analysis will be necessary to distinguish their relative contributions to 
the profile observed in urine of BTHS subjects. 

 

Insufficient ATP production initiates cellular / tissue damage leading to dilated 
cardiomyopathy 

When cardiac muscle is unable to contract efficiently, over time, tissue damage 
occurs that is manifest as cardiomyopathy. Characteristic cardiac abnormalities 
associated with BTHS normally present in the first year of life, usually as dilated 
cardiomyopathy or left ventricular non-compaction (LVNC) [21]. LVNC is a distinct 
cardiomyopathy characterized by trabeculations and intertrabecular recesses in the 
ventricular myocardium, which are caused by disruption of the endocardium and 
myocardium during embryogenesis.. The fact that these anatomical defects, as well as 
disorders of mitochondrial energy metabolism, both lead to LVNC suggests this condition 
can arise from different origins [57]. Hemodynamic analysis of BTHS subjects normally 
reveals a reduced ejection fraction and increased left ventricular internal dimension in 
diastole [26, 58]. The link between mitochondrial cardiolipin defects and these 
morphologic / functional myocardial features are poorly understood. Notwithstanding the 
possible contribution of cardiomyocyte apoptosis, it is likely that an inability to sustain 
muscle contraction, owing to a limiting supply of ATP, underlies the phenotype [59].  
Moreover, the observation that mutations in TAZ can lead to LVNC is in keeping with 
various metabolic effects described above and points to a direct connection between 
compromised energy metabolism and cardiomyopathy. 

A contracted muscle is up to one third shorter than its extended length due to 
decrease length of sarcomeres. The basic unit of striated muscle, sarcomeres are 
comprised of long fibrous proteins organized as filaments that slide past each other during 
contraction and relaxation. The mechanics of the process, which involves interaction 
between myosin and actin, is driven by ATP hydrolysis. Under low ATP conditions , 
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myosin does not bind actin and fails to undergo the conformational change that pulls 
against actin (i.e. the power stroke). When sufficient quantities of ATP are not available, 
sarcomeres cannot contract uniformly. When this occurs, the tissue weakens and ejection 
volumes decrease. Left ventricle filling, followed by a partial or incomplete contractile 
event, increases chamber volume, stretches the tissue and promotes thinning of the 
ventricle wall (i.e. dilation). Support for this general concept is seen by distinctive 
mutations in myosin. Interestingly, mutations that increase the myosin power stroke 
above normal lead to hypertrophic cardiomyopathy while others that decrease the power 
stroke result in dilated cardiomyopathy. For example, Phe764Leu or Ser532Pro mutations 
in myosin correlate with diminished power production and are associated with dilated 
cardiomyopathy [60]. Analogous to these myosin mutations that directly affect 
contractility, mutations in TAZ elicit a similar, albeit indirect, effect by compromising the 
ability of mitochondria to generate ATP. Whereas the left ventricle is the first tissue site 
to exhibit pathology, as damage spreads to the right ventricle and atria, the disease 
worsens. As the heart chambers dilate, contractility declines further and blood circulation 
decreases, exacerbating the physiological impairment. In the absence of intervention, the 
heart will continue to weaken and, ultimately, fail.  

In normal subjects, cardiomyocytes respond to an increase in heart rate by 
increasing production of ATP via aerobic metabolism. Whereas BTHS cardiac tissue may 
be able to satisfy tissue needs for ATP under resting conditions, it is unable to adequately 
ramp up production to meet an increase in demand [21]. An interesting question relates 
to why cardiac crises often present at key life stage junctions including the first few months 
of life, 2-4 years of age and puberty. One possibility is that these crises are precipitated 
by the rapid growth characteristic of these stages of development [63]. As the heart 
already has one of the highest metabolic rates of any organ [64], the increased energy 
required for tissue growth is expected to put extra strain on cardiac tissue such that 
damage / failure is more likely to occur. An inability to increase aerobic respiration in 
response to physiological need is also directly responsible for two hallmark phenotypic 
features of BTHS, lactic acidosis and organic aciduria. Thus, their presence is a telltale 
sign that the tissue is laboring to meet the physiological demand for ATP and, unless this 
demand is reduced, tissue damage (i.e. cardiomyopathy) will result.  

BTHS is not the only disease that causes decreased cardiolipin content, alterations 
in acyl chain composition, and lipid peroxidation. These symptoms are associated with 
mitochondrial dysfunction in pathological conditions ranging from ischemia to 
hypothyroidism to heart failure and aging [54]. In particular, age-related heart failure is 
associated with decreased levels of tetralinoleoylcardiolipin and myocardial dysfunction 
[18, 55]. The aged heart exhibits impaired metabolic efficiency, a decreased capacity to 
oxidize fatty acids and enhanced dependence on glucose metabolism. Furthermore, 
aging impairs mitochondrial oxidative phosphorylation due to a decrease in the activity of 
complexes III and IV [56]. Thus, although BTHS is a rare disorder, it shares features with 
major chronic diseases and aging-related processes. Insofar as BTHS it is caused by a 
single gene defect, studies of this disorder provide a unique opportunity to obtain insight 
into the mechanism whereby a defective cardiolipin profile leads to cardiac dysfunction.   
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Concluding Remarks 

In this chapter, we have navigated the circuitous path from mutations in TAZ, a 
gene encoding a phospholipid transacylase, to manifestation of cardiomyopathy. The 
presence of key phenotypic features, including alterations in the content and composition 
of cardiolipin, lactic acidosis, organic aciduria, and muscle fatigue, fit into a model of 
defective mitochondrial ATP production that leads to an energy deficit. In turn, lack of 
sufficient ATP limits muscle contractility and underlies cellular and tissue damage that 
manifests as dilated cardiomyopathy and LVNC. The remarkable finding that mutations 
in a seemingly innocuous phospholipid transacylase have such a profound impact on 
cardiac/skeletal muscle metabolism and contractile function reveals a set of tightly 
interconnected processes that underpin efficient muscle physiology and metabolism. 
Moreover, although BTHS subjects can function “normally” at rest, when stressed (e.g. 
sustained increase in heart rate) disease manifests by failure to generate sufficient 
quantities of ATP. When this occurs, compensatory metabolic and cell biological changes 
occur that lead to tissue damage. To assess whether improved fitness may improve 
outcomes, or be curative, for BTHS, Cade et al [61] investigated whether endurance 
exercise training improves exercise tolerance by measuring skeletal muscle oxygen 
extraction, cardiac function, and quality of life in young adults with BTHS. Whereas twelve 
weeks of endurance exercise training was found to be safe, only minor improvements in 
peak exercise tolerance were recorded, and training did not appear to improve skeletal 
muscle oxygen extraction or cardiac function. However, while exercise may not be the 
best means of combatting BTHS-related symptoms, interventions aimed at improving 
mitochondrial function and energy balance will likely be the key to managing this disease. 
The most intriguing possibility in this line of inquiry is the potential to restore mitochondrial 
function without the need for a functional tafazzin. It has been shown that linoleic acid 
supplementation of cultured BTHS fibroblasts resulted in an increase in tetralinoleoyl CL 
[64], suggesting that a deficiency in tafazzin-mediated CL remodeling can be bypassed. 
The amounts of linoleic acid required make this approach unfeasible in human subjects, 
but if tetralinoleoyl CL could be solubilized and delivered to cells directly, it could open 
the door for the first direct treatment of BTHS.  
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Figures 

 

 

Figure 1.  Tafazzin-mediated transacylation activity. The tafazzin enzyme has been 
shown to catalyze transfer of an acyl group (red) from phospatidylcholine (or other 
phospholipids) to monolysocardiolipin. Through an iterative process that may involve 
additional enzymatic reactions, tafazzin functions in maturation of nascent cardiac and 
skeletal muscle cardiolipin, resulting in a predominantly uniform molecular species, 
tetralinoleoylcardiolipin.   
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Figure 2.  Efficient ETC activity is required for sustained aerobic ATP production. 
Two key products of fuel metabolism in the matrix, NADH and FADH2, are oxidized to 
NAD+ and FAD+ by Complex I and II of the ETC, respectively. The flow of electrons to 
Complexes III and IV via coenzyme Q and cytochrome c, respectively, is coupled to 
proton movement to the inner membrane space (Upper panel). The proton gradient thus 
formed drives oxidative phosphorylation via Complex V (F1 ATPase). When the content 
and composition of cardiolipin in the IMM is perturbed by TAZ mutations (Lower panel) 
the orientation, stability and function of ETC complexes are affected in a manner that 
compromises electron flow (dashed lines). Likewise decreased membrane integrity can 
increase proton leakage (solid red line). 
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Figure 3. Effect of NADH / FADH2 accumulation on TCA cycle activity. When TAZ 
mutation-dependent alterations in cardiolipin content and composition interfere with ETC 
activity, NADH and FADH2 accumulate in the matrix space. Elevated levels of the reduced 
form of these coenzymes lead to product inhibition of TCA cycle enzymes, slowing / 
shutting down the cycle. Unable to enter the TCA cycle, acetyl CoA and propionyl CoA 
accumulate in the matrix space of skeletal muscle and cardiac tissue mitochondria. 
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Figure 4.  Inhibition of oxidative metabolism induces Cori cycle activity.  As TCA 
cycle activity slows in cardiac and skeletal muscle tissue due to compromised ETC 
function and buildup of NADH and FADH2, a shift in metabolism occurs wherein anaerobic 
metabolism increases and the pyruvate generated is converted to lactate. Lactate 
migrates to liver where gluconeogenesis converts lactate to glucose, at the expense of 6 
ATP. Glucose generated in hepatocytes via this process transits back to muscle where 
glycolysis yields 2 ATP for use in muscle contraction. 
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Figure 5. Diversion of acetyl CoA to organic acid waste products. The inability to 
oxidize acetyl CoA via the TCA cycle leads to transient accumulation of this metabolite. 
Above a threshold concentration the enzyme T2 thiolase reverses direction and 
condenses 2 acetyl CoA into acetoacetyl CoA plus CoASH.  Further condensation of 
acetoacetyl CoA and acetyl CoA generates HMG CoA that is converted to 3-
methylglutaconyl CoA (3MG CoA) by 3MG CoA hydratase. As the concentration of 3MG 
CoA increases it becomes a substrate for thioesterase-mediated hydrolysis (forming 3-
methylglutaconic acid; 3MGA) or oxidoreductase-mediated conversion to 3-
methylglutaryl CoA. This latter metabolite is subsequently hydrolyzed to 3-
methylglutarate and excreted in urine along with 3MGA.   
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Introduction 

Cardiolipin (CL) is a unique, highly specialized phospholipid that differs from other 
glycerophospholipids in that it contains four fatty acyl chains and three glycerol moieties, 
giving rise to a negatively charged, cone-shaped structure. In animals, CL is found almost 
exclusively in mitochondria, mostly on the matrix side of the inner membrane [1] where it 
interacts with, and stabilizes, electron transport chain (ETC) proteins. CL binds tightly to 
proteins that participate in oxidative phosphorylation including complex IV [2], ATP/ADP 
exchange protein [3], F0F1 ATP synthase [4], the orthophosphate transporter [5] and the 
cytochrome bc1 complex [6]. Moreover, CL binding is also necessary for optimal activity 
of complex IV [2], complex I and complex III [7]. CL is also required for ADP/ATP carrier 
function and formation of ETC supercomplexes [8-11]. 

 Reduced levels of CL are associated with a number of common conditions, including 
age-related heart failure [12-14] and diabetes [15]. Profound defects in CL content and 
composition are a feature of Barth Syndrome (BTHS), a rare, life threatening X-linked 
disorder caused by loss of function mutations in the tafazzin gene (TAZ; OMIM entry 
*300394) [16]. TAZ encodes a phospholipid transacylase that localizes to mitochondria 
and functions in CL acyl chain remodeling [17]. BTHS patients are characterized by 
decreased amounts of CL, particularly in cardiac and skeletal muscle, altered CL 
molecular species composition and an increase in the ratio of monolyso CL / CL [18]. 
These alterations in CL lead to severe muscle weakness and cardiomyopathy, which can 
lead to heart failure, one of the leading causes of death among BTHS patients [19]. 

 In addition to cardiomyopathy and skeletal muscle weakness, BTHS is characterized 
by neutropenia [19]. As neutrophils are the primary phagocytic cells of the human immune 
system, their depletion predisposes BTHS patients to infection. Based on their short half-
life (~24 h) and relatively high abundance in circulation, the turnover rate of neutrophils is 
high. Thus, defective maturation can lead to a sharp decline in the concentration of 
circulating neutrophils. Makaryan et al [20] showed that HL60 myeloid progenitor cells 
transfected with a TAZ-specific shRNA undergo apoptosis. Based on this, it was proposed 
that neutropenia in BTHS arises from increased apoptosis of neutrophil precursor cells. 
In the present study, we employed HL60 cells to evaluate the ability of exogenous CL to 
prevent the apoptotic phenotype induced by TAZ knockdown. The data indicate that CL, 
solubilized in nanodisk (ND) complexes, is taken up, localizes to mitochondria, and 
prevents TAZ knockdown-induced apoptosis.  

 

Materials and Methods 

Formulation of CL-ND. Tetralinoleoylcardiolipin [(18:2/18:2)2-cardiolipin] and tetra-
myristoylcardiolipin [(14:0/14:0)2-cardiolipin] were purchased from Avanti Polar Lipids. 
Five mg of a given CL (stock solution in chloroform) was transferred to a glass tube and 
the solvent evaporated under a stream of N2 gas. Residual solvent was removed under 
vacuum. The prepared lipid was dispersed in phosphate buffered saline (PBS; 20 mM 
sodium phosphate, 150 mM sodium chloride, pH 7.0) followed by the addition of 2 mg 
recombinant human apoA-I [21] in a final volume of 1mL. The sample was subjected to 
bath sonication under a N2 atmosphere, with the temperature maintained between 22°C 
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and 25°C. During sonication, the turbid lipid dispersion became clear indicating 
apolipoprotein/phospholipid complexes (i.e. CL-ND) had formed. No pellet formed upon 
centrifugation. Control ND, containing dimyristoyl-phosphatidylcholine (Avanti Polar 
Lipids), were prepared in a similar manner. Where indicated, CL-ND were formulated in 
the presence (1 % w/w) of a flourescent CL (TopFlour-Cardiolipin; Avanti Polar Lipids)]   

 

 Electron Microscopy. A drop of freshly prepared CL-ND was deposited on a carbon-
coated grid and, after 15 sec, excess fluid was wicked away and a solution of 2% 
potassium phosphotungstate (pH 6.5) added. Excess stain was removed and the grid air-
dried. Grids were examined at 80 kV in a JEM-1230 electron microscope (JEOL, 
Peabody, MA), and imaged with an UltraScan™ USC1000 charge-coupled device 
camera (Gatan, Warrendale, PA). Particle diameters were measured according to Forte 
and Nordhausen [22]. 

 

HL60 cell culture. Human HL60 promyelocytic leukemia cells were obtained from ATCC 
and cultured in RPMI 1640 media supplemented with 10% fetal bovine serum, 100 µg/mL 
penicillin, and 100 µg/mL streptomycin at 37°C in a humidified atmosphere of 5% CO2. 
The cells were passaged every 3-4 days.  

 

Cardiolipin uptake studies. HL60 cells (2 x 106) were incubated with PBS or tetralinoleoyl 
CL-ND (750 µg CL) in serum free medium for 24 h at 37°C. Following incubation, cells 
were washed and 100 µg of butylated hydroxytoluene and 5 µg tetramyristoyl CL (internal 
standard) were added. Cells were extracted according to Bligh and Dyer [23] with 
modifications of Garrett et al [24].  

 

Liquid chromatography – mass spectrometry (LC-MS). Negative ion electrospray 
ionization (ESI) LC-MS analysis of extracted CL was conducted on a Thermo Scientific 
(San Jose, CA) Vantage TSQ mass spectrometer with Thermo Accela UPLC operated by 
Xcalibur software. Separation of lipid was achieved by a Restek 150 x 2.1 mm (5 µm 
particle size) Viva C4 column at a flow rate of 260 µL/min. The mobile phase contained 
10 mM ammonium formate in solvent A: acetonitrile:water (60:40, v:v); solvent B: 2-
propanol:acetonitrile (90:10, v:v); and a gradient elution in the following manner was 
applied: 68% A, 0-1.5 min; 68-55% A, 1.5-4 min; 55-48% A, 4-5 min; 48-42% A, 5-8 min; 
42-34% A, 8-11 min; 34-30% A, 11-14 min; 30-25% A, 14-18 min; 25-3% A, 18-23 min; 
3-0% A, 25-30 min and kept at 0% A for 5 min. The tetramyristoyl CL internal standard 
(m/z 1240, [M – H]-) was eluted at 13.6 min, and the tetralinoleoyl CL (m/z 1448, [M – H]-

) eluted at 14.4 min. Calculation of tetralinoleoyl CL content was based on the ratio of 
peak area of (18:2/18:2)2-CL and (14:0/14:0)2-CL from lipid extracts of cells incubated 
with PBS and CL-ND.  
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Confocal microscopy. HL60 cells (2 x 106) were incubated (24 h at 37°C) in 6 well plates 
containing poly-L-lysine-treated coverslips (BD Biosciences) in the presence of CL-ND 
(100 µg tetralinoleoyl CL + 1 µg TopFluor-CL). Following incubation, cells were washed 
with PBS and incubated with Mitotracker Orange (Life Technologies) according to the 
manufacturer’s protocol, and fixed with 4% paraformaldehyde (prepared in PBS 
containing 0.03 M sucrose) for 15 min at 22 °C. Hoechst 33342 was employed as a 
nuclear stain. Cells were mounted on microscope slides, sealed with nail polish, and 
visualized at 63X with the Zeiss LSM710 confocal microscope. 

 

TAZ knockdown experiments. HL60 cells (2 x 105) were seeded 2 days before the 
planned experiment. Cells were pelleted and re-suspended in nucleofection buffer 
containing 60 pmoles TAZ specific siRNA or a scrambled siRNA (Santa Cruz 
Biotechnology). The samples were electroporated with an Amaxa Cell Line Nucleofector 
Kit V, transferred to a 12 well plate at 1 x 106 cells/well and cultured in complete medium 
for 24 h. Where indicated, the media was supplemented with CL-ND (100 µg CL). 
Although nucleofection causes significant background apoptosis in this cell type, it 
remains the most effective method for HL60 cell transfection [25]. 

 

Reverse Transcriptase (RT)-PCR. Cells were processed with an Aurum Total RNA 
isolation kit (Bio-Rad) according to the manufacturer’s protocol. RT-PCR was performed 
using TaqMan PCR Reagent Kit (Applied Biosystems) and SYBR Green PCR Master Mix 
(Applied Biosystems). Primers specific for TAZ or GAPDH were employed, as described 
by Makaryan et al [20]. qPCR was performed using an Applied Biosystems 7900HT Fast 
Real-Time PCR System. Cycle threshold values derived from qPCR analysis were 
normalized to GAPDH mRNA levels. 

 

Apoptosis studies. Following incubation in the presence or absence of CL-ND, TAZ 
knockdown and control HL60 cells were incubated with a) Alexa Fluor 488-labeled 
annexin V (Invitrogen) or b) propidium iodide (PI), as reported by Riccardi and Nicoletti 
[26]. In both assays, the cells were subject to flow cytometry analysis on a BD 
LSRFortessa and the data processed using FlowJo software]  

 

 

Results 

Effect of apoA-I on CL solubility. When 5 mg tetralinoleoyl CL was dispersed in PBS and 
bath sonicated, the sample remained turbid (Figure 1A). However, when CL was 
dispersed in PBS containing 2 mg recombinant human apoA-I, sample light scattering 
intensity was dramatically decreased. The extent of sample clarification was similar to 
that previously observed for phosphatidylcholine (PC) [27], indicating that CL behaves in 
a similar manner. The morphology of the complexes generated was examined by 



24 
 

negative stain electron microscopy (Figure 1B), revealing a population of ND particles 
(seen en face) with diameters ranging from 18 to 31 nm. 

 

Uptake of CL-ND by HL60 cells. To assess if CL-ND can serve as a vehicle for delivery 
of CL to cells in culture, HL60 cells were incubated with tetralinoleoyl CL-ND. After 24 h, 
the cells were extracted and CL analyzed by LC-MS. In control cell extracts, the peak 
corresponding to the internal standard (tetramyristoyl CL) was prominent, while the peak 
corresponding to native tetralinoleoyl CL was just above background (Figure 2A). Upon 
treatment with CL-ND, however, the peak corresponding to tetralinoleoyl CL increased 
(Figure 2C). Similarly, an averaged spectrum view of control cell extracts shows a 
tetralinoleoyl CL peak that is low relative to the internal standard (Figure 2B), while in 
CL-ND treated cell extracts, this peak increased (Figure 2D). Peak quantification, relative 
to the internal standard, shows that, following incubation with CL-ND, the cellular content 
of tetralinoeoyl CL increased 30 fold (Figure 2E). 

 

Exogenous CL homes to mitochondria. While the results presented above show CL 
uptake by HL60 cells, we sought to determine its intracellular fate following uptake. Cells 
were incubated with CL-ND containing small amounts of a fluorescent CL analogue and 
subjected to confocal fluorescence microscopy. Micrographs depicted in Figure 3 reveal 
a strong, punctate, perinuclear pattern of CL fluorescence within the cell and minor 
fluorescence associated with the plasma membrane. The punctate CL fluorescence 
signal co-localized with fluorescence derived from the mitochondria-specific reagent, 
MitoTracker, indicating exogenous CL localization to mitochondria.  

 

Effect of CL-ND on TAZ knockdown-induced annexin V binding to HL60 cells. Compared 
to cells treated with a scrambled siRNA, TAZ specific siRNA induced a ~50% decline in 
TAZ mRNA levels (data not shown). To evaluate the effect of TAZ knockdown on HL60 
cell apoptosis, cell surface exposure of phosphatidylserine was measured by flow 
cytometry following incubation with AlexaFluor 488-labeled annexin V. Consistent with 
results reported earlier [20], TAZ knockdown induced an increase in annexin V binding 
relative to cells treated with a scrambled siRNA (Figure 4A). Incubation of TAZ 
knockdown cells with CL-ND decreased annexin V binding to levels similar to that 
observed for cells treated with scrambled siRNA plus CL-ND, suggesting that CL-ND 
treatment prevents TAZ knockdown-induced apoptosis.  

 

Effect of TAZ knockdown on PI staining of HL60 cells. To confirm the effect of CL-ND 
treatment on TAZ knockdown HL60 cells, an independent apoptosis assay, based on 
DNA degradation, was employed. Compared to cells treated with scrambled siRNA, TAZ 
siRNA-treated cells showed increased apoptosis  (Figure 4B). Incubation of TAZ siRNA-
treated cells with CL-ND eliminated this increase, while incubation of scrambled siRNA-
treated cells with CL-ND had no significant effect, confirming that CL-ND treatment 
prevents TAZ knockdown-induced apoptosis. 
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Discussion 

Reconstituted high-density lipoprotein (rHDL) are readily formed by combining 
glycerophospholipids, such as PC, with an apolipoprotein. Many different apolipoproteins, 
fragments thereof or synthetic peptides, possess the ability to form rHDL. In general, the 
particles created exist as nanoscale, disk-shaped phospholipid bilayers whose periphery 
is circumscribed by two or more apolipoprotein molecules. The protein/peptide “scaffold” 
of rHDL functions to stabilize the otherwise unstable edge of the phospholipid bilayer. 
Because different combinations of lipid and apolipoprotein can be used to formulate 
unique rHDL, this technology has been exploited for applications well beyond lipoprotein 
metabolism [27,28]. To distinguish rHDL engineered to possess additional features (e.g. 
inclusion of a hydrophobic drug), the term nanodisk (ND) is used. 

In the present study, ND were formulated using CL. CL is different from other 
glycerophospholipids in that two acylated phosphoglycerol backbones share a third 
glycerol moiety as head group, giving rise to a distinctly cone-shaped anionic 
phospholipid possessing four esterified fatty acyl chains. In eukaryotes, CL is mainly 
confined to the inner membrane of mitochondria where it plays a key role in energy 
metabolism by establishing an optimal membrane environment for ETC proteins [29]. As 
such, defects in CL content and composition compromise mitochondrial function. In 
tissues with high oxidative metabolic capacity, including cardiac and skeletal muscle, CL 
fatty acyl chains are remodeled by the transacylase tafazzin to generate tetralinoleoyl CL 
as the major molecular species (> 90 %). It is conceivable that attainment of this fatty acyl 
chain composition enhances lipid packing, thereby establishing a membrane environment 
that facilitates optimal conditions for electron flux, generation / maintenance of a proton 
gradient, and ATP production. Indeed, individuals with BTHS harbor mutations in TAZ 
and display alterations in CL molecular species composition, decreased CL levels and 
increased amounts of monolyso-CL [19]. Similarly, CL-deficient mitochondria, isolated 
from hypothyroid patients, manifest impaired oxidative function [30]. Interestingly, 
treatment of isolated mitochondria from these subjects with exogenous CL restored 
normal activity. In cultured BTHS fibroblasts, linoleic acid supplementation of growth 
medium led to a time and dose dependent restoration of total CL levels and a significant 
increase in tetralinoleoyl CL [31]. Thus, it is conceivable that tafazzin-dependent CL 
remodeling can be bypassed by increasing substrate availability for direct de novo 
synthesis of tetralinoleoyl CL or by provision of exogenous tetralinoleoyl CL directly to the 
mitochondria.  

Herein, it was hypothesized that the requirement for a functional tafazzin protein 
could be lessened or circumvented if exogenous tetralinoleoyl CL was provided to 
cultured cells. The work of Makaryan et al [20] established a cell culture model of BTHS 
neutropenia in which the functional effects of this hypothesis can be tested. The current 
study confirms that TAZ knockdown induces apoptosis. Moreover, we show that 
incubation of TAZ knockdown cells with CL-ND attenuates their apoptotic response. The 
lack of complete inhibition observed in annexin V binding assays is likely an artifact 
caused by annexin V recognition of CL [32] retained in the plasma membrane following 
incubation with CL-ND. To control for this, an independent, DNA quantification-based, PI 
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binding apoptosis assay was performed [26]. The results of this assay confirm that 
incubation of TAZ knockdown HL60 cells with CL-ND attenuates their apoptotic response. 

Although the present HL60 cell culture model of BTHS fails to manifest detectable 
changes in the monolyso CL / CL ratio typically associated with BTHS [20], this may be 
attributed to a high sensitivity of this cell type to mitochondrial dysfunction, resulting in 
apoptosis in response to minor changes in CL composition. Unlike muscle tissue, 
neutrophils possess few mitochondria, and thus may be more dependent on optimal 
mitochondrial function [33]. As such, although skeletal muscles of BTHS patients show 
modestly reduced function, neutrophil progenitors are susceptible to apoptosis. 

 In summary, we show that exogenously provided CL is taken up by HL60 cells, 
migrates to mitochondria and compensate for the effects of TAZ knockdown. The results 
suggest that CL-ND have the potential to bypass TAZ mutations in vivo. Because current 
therapies are largely palliative, this work represents the first direct intervention for BTHS. 
Future studies may also reveal a potential benefit of CL-ND for age-related heart disease 
and other CL-associated disorders.  

Based on the promising results of CL-ND treatment in cell culture, the next logical 
step is the evaluation of CL-ND in a mouse model of BTHS. Recently, Acehan et al. have 
developed a doxycycline (dox)-inducible taz shRNA KD mouse that recapitulates the 
BTHS phenotype [34]. While intact animals present a more complex drug delivery 
challenge, success in an animal model will pave the way for a human treatment.  
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Figures 

 

 

Figure 1. Effect of apoA-I on CL solubility. Panel A) Five mg tetralinoleoyl CL was 
dispersed in PBS or PBS containing 2 mg/ml apoA-I. Following bath sonication, sample 
light scattering intensity was measured at 600 nm on a Perkin Elmer Lamda 20 UV/Vis 
spectrophotometer. Inset: photographic images of the samples. Panel B) Negative stain 
electron microscopy of complexes generated upon incubation of CL with apoA-I in PBS. 
The bar represents 200 nm. 
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Figure 2. LC / MS of HL60 cell extracts. HL60 cells were incubated with PBS or PBS 
containing tetralinoleoyl CL-ND. Panel A) LC/MS ion chromatograms of the internal 
standard, tetramyristoyl CL ("I.S."; top) and of tetralinoleoyl CL (" * "; bottom) from 
extracts of cells incubated with PBS. Panel B) The averaged ESI/MS spectrum of 
material eluted between 13.36-16.36 min from extracts of cells incubated with PBS. 
Panel C and D) Corresponding ion chromatograms and averaged mass spectrum, 
respectively, of lipid extracts from cells incubated with tetralinoleoyl CL-ND. Panel E) 
Histogram depicting the effect of CL-ND incubation on the tetralinoleoyl CL content of 
HL-60 cells, relative to I.S.  

 

 

Figure 3. Confocal microscopy of HL60 cells. HL60 cells were incubated with CL-ND 
(100 µg tetralinoleoyl CL + 1 µg TopFluor-CL; left panel). Mitochondria were stained 
with MitoTracker Orange (middle panel). Nuclei were stained with Hoechst 33342. The 
right panel depicts a merged image with co-localization of mitochondria and TopFluor 
CL giving rise to a yellow fluorescence signal. Results depicted are representative 
images from three independent experiments. 
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Figure 4. Effect of CL-ND on TAZ knockdown-induced apoptosis in HL60 cells. 
HL60 cells were electroporated in the presence of a scrambled or TAZ-specific siRNA. 
Panel A) Following electroporation, the media was supplemented with PBS alone or 
PBS containing tetralinoleoyl CL-ND. After 24 h incubation, the cells were probed with 
AlexaFluor 488-labeled annexin V and analyzed by flow cytometry. Results depicted are 
representative of thre\e independent experiments. Panel B) Following electroporation, 
the media was supplemented with PBS containing tetralinoleoyl CL-ND or PC-ND. After 
24 h the cells treated with a permeabilizing PI solution and analyzed by flow cytometry. 
Values are the mean ± S.E. (n = 3); *P< 0.05 based on Student’s T test.  
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Introduction 

Barth Syndrome (BTHS) is a rare, life threatening X-linked recessive disorder 
characterized by cardiomyopathy, skeletal muscle weakness, low weight gain, 
neutropenia, and 3-methylglutaconic aciduria[1]. The underlying cause of BTHS has been 
traced to mutations in the tafazzin (TAZ) gene[2, 3], which encodes a phospholipid 
transacylase, termed tafazzin[4]. Loss of tafazzin activity leads to a deficiency in 
cardiolipin (CL), an important phospholipid component of the inner mitochondrial 
membrane (IMM). Additional changes include increased CL molecular species 
heterogeneity and accumulation of monolyso (ML) CL[5]. Given the key structural role CL 
plays in the IMM [6], it is not surprising that BTHS subjects manifest ultrastructural 
changes to this organelle[7], as well as defective energy metabolism, particularly in 
cardiac tissue and skeletal muscle[8]. Normally, heart and skeletal muscle mitochondria 
are highly enriched in a single CL molecular species, tetralinoleoyl CL[9]. Establishment 
and maintenance of this molecular species composition is dependent upon acyl chain 
remodeling reactions that involve tafazzin transacylase activity[10]. When tafazzin is 
missing or defective, major changes in CL content and composition occur.  

To date, treatment of BTHS is largely symptomatic and directed toward alleviating 
problems associated with cardiomyopathy, skeletal myopathy and neutropenia. However, 
earlier research suggests that compensating for defective tafazzin activity may be a 
feasible approach. For example, Valianpour et al. [11] investigated whether linoleic acid 
supplementation of the growth medium for cultured BTHS fibroblasts would have an effect 
on tetralinoleoyl CL levels. These authors reported a time and dose dependent increase 
in tetralinoleoyl CL following supplementation with linoleic acid, suggesting that a 
deficiency in tafazzin-mediated CL remodeling can be bypassed by increasing substrate 
availability for direct de novo synthesis of tetralinoleoyl CL.  

 To investigate the underlying cause of neutropenia in BTHS, Makaryan et al[12] 
used HL60 myeloid progenitor cells as a model system. When these cells were 
transfected with a TAZ-specific short-hairpin RNA (shRNA), increased apoptosis was 
observed. Subsequently, in an attempt to bypass the deficiency, TAZ knockdown (KD) 
HL60 cells were incubated with CL nanodisks (ND), water soluble nanoscale particles 
formed upon incubation of an aqueous dispersion of tetralinoleoyl CL with an amphipathic 
apoliporotein[13-15]. ND-mediated delivery of tetralinoleoyl CL to cultured TAZ KD HL60 
cells delivered exogenous CL to mitochondria and attenuated the apoptotic response [15].  

Based on these in vitro results, it was hypothesized that in vivo administration of 
CL-ND may affect mitochondrial CL levels. A doxycycline (dox)-inducible taz shRNA KD 
mouse has been reported that recapitulates the BTHS phenotype. These mice exhibit an 
abnormal CL profile, mitochondrial structural abnormalities, impaired weight gain and 
adult-onset cardiomyopathy[16-18]. Acehan et al. [16] observed that, at eight weeks of 
age, a dramatic decrease in CL content in cardiac and skeletal muscle as well as a shift 
toward saturated CL molecular species was seen in the mice. There was also a 
substantial increase in levels of monolyso cardiolipin (MLCL), resulting in an elevated 
MLCL/CL ratio. Pronounced defects in both cardiac and skeletal muscle were noted at 
eight months, including extreme morphological changes in mitochondria and severe left 
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ventricular dysfunction. Taken together, this murine model of BTHS recapitulates 
phenotypic features of the human disorder. Herein, these mice were employed in 
experiments designed to test the hypothesis that administration of CL-ND over a 10 week 
period normalizes the content and composition of CL in key tissues and, thereby, confers 
protection against manifestation of the BTHS disease phenotype. 

 

Materials and Methods 

CL-ND formulation: Five mg tetralinoleoyl CL [(18:2)4-CL] (Avanti Polar Lipids Inc) was 

transferred to a glass tube and solvent evaporated under a stream of N2 gas, forming a 

thin film on the vessel wall. Residual solvent was removed under vacuum. The prepared 
lipid was dispersed in PBS (20 mM sodium phosphate, 150 mM sodium chloride, pH 7.0) 
followed by the addition of 2 mg recombinant murine apolipoprotein (apo) A-I[19] in a final 
volume of 0.55 mL. Bath sonication of the turbid CL-apoA-I mixture induced sample 
clearance, an indication that CL-ND had formed[15]. CL-ND preparations were sterile-
filtered (0.22 µm) prior to administration to mice. 

 

Animals: C57BL/6J taz shRNA KD mice and wild type (WT) littermates were obtained 
from The Jackson Laboratory. WT female and hemizygous male tet-on shRNA KD mice 
were used for breeding. Breeding females were maintained on dox (625 mg/kg in chow) 
from one week before mating until pups were weaned, except during breeding, to prevent 
dox-related infertility in breeding males. Upon weaning, pups were placed on dox for the 
remainder of the study]  

 

CL-ND toxicity testing: WT C57BL/6 mice were administered a single intraperitoneal (IP) 
injection of 0, 30, 60, 90, or 150 mg/kg CL in the form of CL-ND. After 24 h, blood was 
collected by submandibular vein bleed, centrifuged at 8,000g at 4°C for 10 min; plasma 
was recovered and stored at -80 °C until use. Analysis of plasma alanine transaminase 
(ALT) and aspartate transaminase (AST) activity, as well as determination of creatinine 
and blood urea nitrogen (BUN) levels, were performed by the UC Davis Comparative 
Pathology Laboratory]  

 

CL-ND injection studies: Only male mice were used in experiments and all were 
maintained on dox throughout the treatment period. CL-ND administration was by IP 
injection, starting when pups reached 4 weeks of age and continued for 10 weeks. At the 
conclusion of the experiment, mice were euthanized, tissues harvested and frozen (-
80°C) until extracted. The animal protocol employed was approved by Children’s Hospital 
Oakland Research Institute’s Institutional Animal Care and Use Committee. Five groups 
of mice were injected as follows: Group 1: taz shRNA KD mice (n=6) administered a 
weekly bolus injection of 90 mg/kg CL (as ND). Group 2: taz shRNA KD mice (n=6) 
administered a daily injection (5 days per week) of 18 mg/kg CL (as ND). Group 3: taz 
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shRNA KD mice (n=5) administered a weekly injection of PBS (corresponding to the 
volume of the CL-ND injection). Group 4: WT mice (n=6) administered a weekly bolus 
injection of 90 mg/kg CL (as ND). Group 5: WT mice (n=6) administered a weekly injection 
of PBS (corresponding to the volume of the CL-ND injection). Mice were weighed weekly 
and monitored for outward signs of health over the course of the treatment period. 

 

Extraction of CL from tissues: Previously frozen heart, and skeletal muscle, and liver 
tissues were homogenized using a FastPrep FP120 Cell Disruptor and Lysing Matrix M 
(MP Biomedicals), according to the manufacturer’s instructions. Homogenates were 
further disrupted by sonication and extracted as previously described[15]. Tetramyristoyl 
CL was used as internal standard (heart = 10 µg, muscle/liver = 1 µg) 

 

Liquid chromatography/mass spectrometry (LC/MS) analysis: Negative ion electrospray 
ionization (ESI) LC/MS analysis of lipid extracts was performed on a Thermo Scientific 
(San Jose, CA) Vantage TSQ mass spectrometer with Thermo Accela UPLC operated by 
Xcalibur software. Lipids were separated on a Restek 150 x 2.1 mm (5 µm particle size) 
Viva C4 column under established conditions. The tetramyristoyl CL internal standard 
(m/z 1240, [M – H]-) elutes at 13.6 min while tetralinoleoyl CL (m/z 1448, [M – H]-) elutes 
at 14.4 min. Complete details of CL analysis by LC/MS are provided elsewhere[20-23].  

 

Statistical analysis: Statistical analyses were performed using the Student’s t-test and 
data are shown as mean ± SEM where P ≤ 0.05 is considered significant. 

 

Results 

Single dose CL-ND toxicity study: To identify a safe, nontoxic dose of CL-ND, WT mice 
were subjected to a single injection protocol. Groups of 5 mice each were injected with 0, 
30, 60, 90 and 150 mg/kg CL as CL-ND. After 24 h, plasma was obtained and analyzed 
for evidence of kidney and liver toxicity (Figure 1). Plasma levels of the liver enzymes, 
ALT and AST, were within the normal range at all CL concentrations tested. However, at 
the highest dose administered (150 mg/kg CL), a trend towards increased activity for both 
enzymes was noted, suggesting a liver toxicity threshold. At the same time, no CL 
concentration-dependent differences were observed in the levels of creatinine or BUN 
and all values were within the normal range, consistent with normal kidney function. 
Based on these findings, a dose of 90 mg/kg CL, in the form of ND, was employed in 
subsequent studies. 

 

CL-ND administration to taz shRNA KD mice: Two approaches to CL-ND administration 
were employed. In the first, a single weekly dose of 90 mg/kg was injected IP, while the 
second approach employed 5 daily injections of 18 mg/kg CL-ND IP. Groups of taz shRNA 
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KD mice received a) daily or b) weekly injections of CL-ND for 10 weeks while control taz 
shRNA KD mice received weekly injections of PBS. WT mice were administered either 
PBS or CL-ND. Over the 10-week treatment period, mice were monitored for activity and 
outward signs of ill health. No significant differences in activity between groups were 
detected by visual comparison, and for the first 8 weeks of the treatment phase, all mice 
appeared healthy. However, during the final 2 weeks of treatment, three taz shRNA KD 
mice in the 90 mg/kg CL-ND weekly bolus treatment group died, two at week 9 and the 
third at week 10. Thus, in this treatment group, only 50% of the mice survived the 10-
week treatment phase. On the other hand, all mice in the daily injection group (18 mg 
CL/kg/day) survived the treatment phase and appeared healthy throughout. Based on this 
discrepancy, it may be concluded that daily dosing is better tolerated than a single weekly 
bolus injection. 

From the outset, taz shRNA KD mice were smaller and weighed less than control 
WT C57BL/6J mice and this difference in weight persisted throughout the treatment 
phase of the experiment (Figure 2). On average, taz shRNA KD mice weighed 16% less 
than their WT littermates (P<0.0005). Although no mortality was observed in WT 
C57BL/6J mice administered a 90 mg/kg weekly bolus of CL-ND, a trend toward reduced 
weight gain over time was observed. In the case of WT mice, the only CL-ND injection 
group received 90 mg/kg per week. Thus, it remains unclear if a daily injection protocol 
would have the same effect on weight gain in WT mice.  

  

CL levels in key tissues: After 10 weeks of treatment, mice were sacrificed and tissues 
were harvested, flash frozen and stored at -80°C until extraction and analysis by LC/MS. 
Consistent with known effects of taz KD, heart, muscle, and liver tissue of taz shRNA KD 
mice had a significantly higher ratio of MLCL/CL, as compared to the same tissues from 
WT mice (Figure 3A-C). However, CL-ND treatment, either as a weekly bolus injection 
or daily injection, failed to induce a change in the MLCL / CL ratio in tissues from WT or 
taz shRNA KD mice. Absolute levels of tetralinoleoyl CL followed a similar pattern (Figure 
3D-E). 

 

 

Discussion 

ND technology has been exploited for numerous applications, including packaging 
transmembrane proteins in a native-like membrane environment, solubilization of 
hydrophobic biomolecules, and as a transport vehicle for contrast agents used in 
magnetic resonance imaging of atherosclerotic lesions[14]. Recently, ND have been 
shown to be an effective means to solubilize CL[15]. Negative stain electron microscopy 
revealed that tetralinoleoyl CL-ND are discoidal particles with a diameter in the range of 
18–31 nm. Thus, stable, water-soluble CL-ND can be generated via a facile one-step 
formulation process.  

Makaryan et al. [12] reported that shRNA-mediated KD of TAZ in HL60 myeloid 
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progenitor cells leads to induction of apoptosis. Ikon et al. [15] confirmed this effect but 
also found that incubation of these cells with exogenous tetralinoleoyl CL-ND attenuates 
the apoptotic response. When HL60 cells were incubated with CL-ND harboring trace 
amounts of a fluorescent CL analogue, it was determined that exogenous CL localizes to 
mitochondria. These results suggest that exogenous tetralinoleoyl CL, solubilized in ND, 
is taken up by HL60 cells and utilized in lieu of de novo synthesized and/or remodeled 
cardiolipin. The cell culture studies also suggested that CL-ND have the capability to 
deliver CL to cells in vivo and, thus, may have therapeutic potential.  

The goal of the present study was to extend these in vitro findings to an in vivo 
setting, with a view to CL replacement therapy as a treatment strategy for BTHS. Studies 
were performed using the dox-inducible taz shRNA KD mouse[16], which manifests 
BTHS-associated CL abnormalities within 8 weeks. Following identification of an optimal 
CL-ND dose, a 10 week study was conducted to assess the effect of CL-ND 
administration on: (1) the ratio of MLCL / CL and (2) the abundance of CL in key tissues. 
The results of LC/MS analysis indicate CL-ND administration does not alter the aberrant 
CL profile of taz shRNA KD mice. Given the relatively high dose of CL administered (90 
mg/kg per week), it is unlikely that increasing CL-ND concentration, frequency of 
administration, or duration of treatment will overcome the transport impediment that 
prevents exogenously administered CL from reaching mitochondria in vivo. These results 
highlight the difficulties inherent in extrapolation of results from cell culture studies to 
intact animals. Based on the results obtained in this mouse model of  BTHS, we conclude 
that administration of CL-ND, in its current form, is not a viable therapy option for 
treatment of this rare mitochondrial disorder. 
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Figures 

 

 

Figure 1. Effect of CL-ND administration on liver and kidney toxicity. WT C57BL/6J 
mice were injected with escalating doses of CL-ND. Twenty-four h after CL-ND 
administration, blood was collected and plasma analyzed for liver enzyme (ALT and 
AST) activity. Kidney toxicity was evaluated by measuring plasma levels of creatinine, 
and blood urea nitrogen. Results are reported as mean +/- SEM (n = 5).  
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Figure 2. Effect of CL-ND administration on mouse weight gain. Mice were weighed 
upon arrival (week -1) and every week thereafter until the conclusion of the experiment. 
Results are reported as mean +/- SEM. 
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Figure 3. Cardiolipin analysis. At the end of the treatment period, organs were 
harvested, homogenized, and subject to lipid extraction. The ratio of tetralinoleoyl CL to 
trilinoleoyl MLCL (CL/MLCL) was quantified by LC/MS (A-C). The absolute amount of 
tetralinoleoyl CL was quantified relative to an internal standard (D-F). Data are 
presented as mean +/- SEM. 
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