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Abstract 47 

Barth syndrome is an X-linked syndrome characterized by cardiomyopathy, skeletal myopathy, 48 

and neutropenia. This life-threatening disorder results from loss-of-function mutations in 49 

TAFAZZIN, which encodes a phospholipid-lysophospholipid transacylase located in the 50 

mitochondria inner membrane. Decreased cardiolipin levels and increased monolysocardiolipin 51 

levels perturb mitochondrial function. However, the mechanism(s) leading to myopathies and 52 

neutropenia are unknown, and no currently effective therapy exists. To address these knowledge 53 

gaps, we generated tafazzin-deficient zebrafish. Neutropenia developed 5 days post-fertilization, 54 

but surprisingly no cardiac or skeletal myopathies were detected into adulthood. tafazzin mutants 55 

displayed multiple metabolic disturbances like those observed in humans with Barth syndrome.  56 

These include increased monolysocardiolipin: cardiolipin ratios, high levels of 3-methylglutaconic 57 

acid, decreased ATP production, increased levels of lactic acid, and hypoglycemia. There were 58 

also widespread effects on amino acid and unsaturated fatty acid synthesis. Despite these metabolic 59 

disturbances, zebrafish displayed a normal lifespan and fertility. Cardiolipin abnormalities were 60 

detected in both larvae and adult tissues, specifically in the heart and whole kidney marrow. 61 

Surprisingly, adult tafazzin mutants exhibited a higher number of neutrophils compared to 62 

wildtype fish. Further investigation revealed signs of inflammation as evidenced by elevated levels 63 

of il6 in the whole kidney marrows and hearts of adult fish. Our comprehensive studies 64 

demonstrated that while mitochondrial dysfunction and metabolic defects were evident in tafazzin-65 

deficient zebrafish, these disturbances did not significantly affect their development nor survival. 66 

These findings suggest that zebrafish may possess salvage pathways which compensate for 67 

Tafazzin loss or that humans have a unique vulnerability to the loss of TAFAZZIN. 68 

 69 

 70 

 71 

 72 

 73 

  74 
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Barth syndrome (BTHS; Online Mendelian Inheritance in Man #302060) is an X-linked inherited 75 

disorder due to mutations in TAFAZZIN. Patients with a pathogenic TAFAZZIN variant develop 76 

dilated cardiomyopathy, skeletal myopathy, and neutropenia. Death occurs during early childhood 77 

from septicemia and/or cardiac decompensation1. Additional clinical features include skeletal 78 

myopathy, exercise intolerance, delayed motor milestones, and learning disabilities. Metabolic 79 

disturbances produce growth delay, lactic acidosis, 3-methylglutaconic (3-MGC) aciduria, 80 

hypoglycemia, and low cholesterol 2-6. The Barth Syndrome Foundation estimates an incidence of 81 

1 per 300,000–400,000 live births. The variability in clinical presentations of BTHS patients 82 

remains poorly understood 7-10. 83 

 84 

TAFAZZIN contains 11 exons and is located on Xq28. The gene is highly conserved across species, 85 

including yeast, nematodes, zebrafish, frogs, and fruit flies, but exon 5 is specific for primates 86 

(Figure 1A)3. More than 120 different mutations throughout the TAFAZZIN genome have been 87 

identified. Most are missense or small indels, but a minority of patients have large exon or whole 88 

gene, deletions. Frameshift mutations resulting in a premature termination codon, and mutations 89 

affecting splice sites have also been identified11. No genotype/phenotype correlations have been 90 

identified, and marked phenotypic variation among males may occur within a family 5,11. 91 

 92 

Tafazzin is required to remodel newly synthesized tetralineoyl-cardiolipin (CL), an essential 93 

component for mitochondrial function and structure. Cardiolipin has a vital role in the generation 94 

of mitochondrial cristae,12 the integrity of the inner mitochondrial membrane (IMM), and the 95 

stability of IMM-associated electron transport chain (ETC) proteins 4,13. Structural defects induced 96 

by TAFAZZIN mutations lead to metabolic disturbances such as reduced activity of respiratory 97 

chain complex proteins, Krebs cycle intermediates deficiency, and reduced ATP production. These 98 

abnormalities manifest themselves in high-energy demanding tissues such as muscle and heart 14. 99 

CL metabolism is highly conserved and confined to the mitochondrial membrane.11 Three 100 

enzymatic pathways are involved in CL remodeling. As a transacylase on the outer face of IMM, 101 

TAFAZZIN transfers an acyl chain of phosphatidylethanolamine (PE) and/or phosphatidylcholine 102 

(PC) to monolysocardiolipin (MLCL), allowing for the formation of a fully mature form of CL. 103 

The lysocardiolipin acyltransferase (LCLAT1) and monolysocardiolipin acyltransferase 1 104 

(MLCLAT1) are two other acyltransferases that reside, respectively, on the endoplasmic reticulum 105 

mitochondria-associated membranes and the IMM. Both LCLAT1 and MLCLAT1 use the acyl 106 

chain of acyl-CoA to ensure MLCL reacylation (Figure 1B). MLCLAT1 is a splice variant of the 107 

HADHA gene encoding for the α-subunit of the human trifunctional enzyme15. TAFAZZIN and 108 

MLCLAT1/HADHA resynthesize CL in mitochondria. ALCAT1 resynthesizes small fractions of 109 

MLCL to mature CL in the mitochondria associated membrane16. Enzyme expression varies 110 

between human tissues with the highest level of each gene found in heart and skeletal muscle 111 

(Figure 1C). TAFAZZIN mutations impair tetralinoleoyl-CL synthesis and increase MLCL, 112 

resulting in an increase of MLCL:CL ratio. This increased MLCL:CL ratio is the most sensitive 113 

and specific assay for the diagnosis of BTHS14. Still, little is known about the pathogenesis of 114 

myopathies and neutropenia.   115 

Three major obstacles to understanding the pathophysiology of BTHS and developing more 116 

effective therapies are the rarity of the disease, limited availability of affected human tissues, and 117 

paucity of post-natal organismal models. Mouse models have been developed to study Tafazzin 118 
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deficiency, producing variable phenotypes 17-19. Some strains of Tafazzin knockout mice exhibited 119 

severe cardiomyopathy, albeit delayed, characterized by impaired cardiac function, structural 120 

abnormalities, and increased mortality rates. These mice show significant alterations in heart 121 

morphology and function. In contrast, other Tafazzin knockout mouse strains maintain normal 122 

heart function, displaying no apparent signs of cardiomyopathy.17 These differences highlight the 123 

complexity of Tafazzin's role in cardiac physiology and suggest that genetic background and 124 

environmental factors may influence the phenotypic outcomes of TAFAZZIN mutants.  125 

 126 

Zebrafish offer a robust vertebrate model for studying heart, blood, and muscle development and 127 

disease20-25. Zebrafish harbor a single homologous tafazzin gene and 60% amino acid conservation 128 

between humans and fish (Figure 1A). Here, we report that tafazzin deficiency resulted in viable 129 

zebrafish with normal lifespan and without cardiomyopathy or skeletal myopathy. The fish were 130 

neutropenic at 5 days post fertilization (dpf) which corrected by adulthood. Metabolomic studies 131 

and RNA-Seq analysis demonstrated mitochondrial dysfunction and metabolomic differences 132 

between wild-type and tafazzin-deficient fish. Our studies demonstrated that while mitochondrial 133 

dysfunction and metabolic defects were present in tafazzin-deficient zebrafish, these disturbances 134 

were not severe enough to impair development and survival. 135 

 136 

MATERIALS AND METHODS 137 

Zebrafish husbandry. Wild-type zebrafish were obtained from the Zebrafish International 138 

Research Center, ZIRC (https://zebrafish.org/). Animals were maintained according to standard 139 

protocols26. All experiments were approved by the Cleveland Clinic Institutional Animal Care and 140 

Use Committee. Fish were euthanized by immersion in ice water. This study is reported in 141 

accordance with ARRIVE guidelines (https://arriveguidelines.org).  All methods were performed 142 

in accordance with the relevant guidelines and regulations. 143 

 144 

Mutagenesis of zebrafish tafazzin. We designed gRNA to target exon 3 of tafazzin using the online 145 

Integrated DNA Technologies Alt-R™ CRISPR HDR Design Tool (Supplemental Table 1). We 146 

followed the IDT protocol Ribonucleoprotein delivery using the Alt-R™ CRISPR-Cas9 System 147 

to prepare samples for the zebrafish microinjections. The Alt-R CRISPR-Cas9 crRNA was 148 

synthesized by IDT and was duplexed with Alt-R CRISPR-Cas9 tracrRNA (IDT: 1073190) at 149 

95°C for 5 minutes then allowed to cool to room temperature. Cas9 protein was purchased as Alt-150 

R® S.p. Cas9 Nuclease V3 (IDT: 1081058) and diluted to a concentration of 0.5 ug/ul. The gRNA 151 

was combined with Cas9 and incubated at 37°C for 10 minutes. One-cell stage embryos were 152 

injected with sgRNA and Cas9 into 1-cell–stage embryos. Genomic DNA was extracted at 1–2 153 

days after injection for restriction site polymorphism-based genotyping and resulting alleles 154 

sequenced. 155 

 156 

Genotyping. For genotyping, small DNA fragments were amplified using the primers listed in 157 

Supplemental Table 2. The tafazzin genotyping protocol is based on the elimination of the 158 

restriction enzyme site SmlI. The genotyping of the tafazzin allele was based on the 1 bp deletion. 159 

The PCR products were separated using 3.5% MetaPhorTM agarose gel (Lonza #50181). 160 

 161 

Chemical treatment. Rotenone (Sigma) was dissolved in dimethyl sulfoxide (DMSO) to prepare a 162 

stock solution. The stock solution was diluted in egg water until reaching the working 163 

concentrations. 164 

https://zebrafish.org/
https://arriveguidelines.org). 
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 165 

RNA extraction and cDNA synthesis. Groups of 25 larvae were collected at 5 days post-fertilization 166 

(dpf) and euthanized by immersion in an ice slurry. Each group represented an independent 167 

biological sample, and this process was performed in triplicate for each experiment. Adult fish 168 

were fasted for approximately 17 hours before dissection. Dissection surfaces and tools were 169 

cleaned and treated with RNAzap (Invitrogen™ #AM9780) prior to each dissection. For RNA 170 

extraction from the heart and whole kidney marrow, each tafazzin maternal zygotic and wild-type 171 

fish was dissected. Hearts were imaged prior to processing. Larvae pools, each individual heart 172 

and whole kidney marrow were placed in a 1.5 ml microcentrifuge tube with 500 µl TRIzol.  Tissue 173 

was homogenized using a homogenizer (VWR Scientific), RNA isolated using TRIzol, and cDNA 174 

synthesized by iScript cDNA Synthesis Kit.  175 

 176 

Quantitative RT-PCR. All assays were performed using Applied Biosystems PowerUp™ SYBR™ 177 

Green Master Mix (Thermo Fisher Scientific), Applied Biosystems MicroAmp Fast Optical 96-178 

well 0.1 mL Reaction Plates (Thermo Fisher), and Applied Biosystems MicroAmp Optical 179 

Adhesive Film (Thermo Fisher) on Applied Biosystems QuantStudio 3 Real-Time PCR System 180 

(Thermo Fisher). For each reaction, 30ng total RNA was used. All assays consisted of three 181 

technical replicates and at least three biological replicates. Primers used are listed in Supplemental 182 

Table 3. The efficiency of each primer set was tested prior to experimental use following the 183 

equation: PCR efficiency (%) = (10(–1/S) – 1)×100, where S=slope of the standardized curve. 184 

Expression of mRNA in mutants relative to wild-type was normalized to β-Actin and calculated 185 

by the Δ ΔCT method. 186 

 187 

RNA-Seq. RNA was extracted from pools of 25 larvae at 5 dpf using TRIzol reagent. Three pools 188 

of maternal zygotic tafazzin mutants and 3 pools of wild-type from the same clutch were compared. 189 

RNA quality was determined by Bioanalyzer (Agilent), and the tafazzin mRNA expression was 190 

measured by RT-qPCR. Sequencing reads generated from the Illumina platform were assessed for 191 

quality and trimmed for adapter sequences using TrimGalore! v0.4.2 (Babraham Bioinformatics), 192 

a wrapper script for FastQC and cutadapt. Reads that passed quality control were aligned to the 193 

zebrafish reference genome (GRCz11.112) using the STAR aligner v2.5.3. The aligned reads were 194 

analyzed for differential expression using Cufflinks v2.2.1, a RNASeq analysis package which 195 

reports the fragments per kilobase of exon per million fragments mapped (FPKM) for each gene 196 

using annotations from ZFin (v2024.08.19) annotation for GRCz11. Differential analysis was 197 

performed using the cuffdiff command in a pairwise manner for each group. Differential genes 198 

were identified using a significance cutoff of q-value<0.05(FDR < 5% using Benjamini Hochberg 199 

adjustment for multiple-testing correction). We performed a gene enrichment analysis for the 200 

genes under selection on each method using WebGestalt 27 and searching for Kyoto Encyclopedia 201 

of Genes and Genomes pathways (KEGG). Heatmaps were made using Heatmapper clustering 202 

web-based tool (http://heatmapper.ca) 28. 203 

Histology. Fish were euthanized and fixed in 4% paraformaldehyde and decalcified using 5% 204 

trichloroacetic acid. Sectioning and staining were performed. To detect neutrophils, we fixed 5 dpf 205 

larvae for 2 hours at RT, rinsed three times with PBS for 10 min, and added Sudan black (380B-206 

1KT; Sigma-Aldrich) for 20 min, then rinsed twice in 70% ethanol for 2 min and PBS three times. 207 

The larvae were bleached for depigmentation and imaging. All images were taken using ZEISS 208 

http://heatmapper.ca/
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stereoscopes (Stemi 508 and Discovery V8) and an AxioImager M2 microscope with a camera 209 

(Axiocam). Neutrophils were counted for each larvae using the counter ImageJ plugin which 210 

allows the user to label each neutrophil that they click. 211 

Electron microscopy. Larvae were collected at 5 dpf, anesthetized with tricaine (Syndel), and then 212 

fixed with fresh 4% formaldehyde in 1% glutaraldehyde in PBS at 4C overnight. The larvae were 213 

transferred to 1% osmium tetroxide and dehydrated using a graded ethanol series followed by 214 

treatment with propyleneoxide and embedded in Epon-812 resin. Ultra-thin sections (50–60 nm) 215 

were mounted on grids and post-stained with 3% uranylacetate in 50% ethanol and 1% lead citrate 216 

in 0.1 M sodium hydroxide and imaged under a Tecnai G2 Spirit BioTWIN is a 20-120 kV 217 

Transmission Electron Microscope (TEM) (Cleveland Clinic Imaging Core). 218 

CL and MLCL analysis. Cardiolipins were extracted by a modified Folch method. A pool of 20 219 

larvae at 5 dpf were homogenize in methanol (n=3 biological replicates). 10µL of CL (14:0)4 220 

disodium salt (internal standard) at 0.778mM was added to homogenate followed by chloroform 221 

(1:1 v/v%). The mixture was shaken for 2 minutes, placed on ice for 15 minutes, then centrifuged 222 

at 10 °C for 5 minutes at 2000xg. The organic layer was transferred to a new tube and the aqueous 223 

layer was extracted again with chloroform/methanol (2:1, v/v%). Two organic layers were 224 

combined and centrifuged at 10 °C and 2000 × g for 5 min. The supernatant dried under N2 at room 225 

temperature. The residue was dissolved in 100 μL of the reconstitution solution and injected for 226 

UPLC-MS/MS (Shimadzu Nexera/ SCIEX Qtrap 5500) analysis.  227 

 228 

The chromatographic separation was carried out with a mobile phase consisting of 0.1% 229 

ammonium hydroxide in acetonitrile/water (90:10, v/v%) at a flow rate of 0.4 mL/min on a 230 

XBridge®BEH C18 XP column (2.1 mm × 50 mm, 2.5 μm) (Waters/ Milford) with a 10.0 μL 231 

injection volume and the total run time 2 min per sample. Mass spectrometer was operated on 232 

multiple monitoring mode (MRM) to monitor the following transitions: 723.6 → 279.3 for CL 233 

(18:2)4, m/z 582.5→281.3 for the MLCL and m/z 619.7→ 227.3 for CL (14:0)4. 234 

 235 

3-MGC analysis. Three biological replicates were prepared, each consisting of a pool of 20 larvae 236 

at 5 dpf. The larvae were homogenized in methanol, followed by the addition of an internal 237 

standard (tricarballylic acid 25 µL, 1mM). Samples were dried and 100 µl of 3N HCl-butanol was 238 

added. After 30 minutes at 65 °C, samples were dried and reconstituted in mobile phase (B). The 239 

reconstituted samples were injected for UHPLC-MS/MS analysis using an Xterra MS C18 column 240 

(2.1x50mm, 3.5µm, Waters/ Milford) with a Shimadzu Nexera UHPLC and SCIEX QTrap 5500 241 

mass spectrometer. Mobile phases consisted of 0.1% formic acid in water (A) and acetonitrile (B). 242 

The gradient program as following: 0.5 min hold at 20 % (B), 70% (B) at 1.5 min hold for 3 243 

minutes, 95 % (B) at 5 min, and 20% (B) at 8 min.  Mass spectrometer was operated on multiple 244 

monitoring mode to monitor the following transitions: m/z 257→127 for 3-MGC and m/z 245 

345→271for internal standard. 246 

 247 

Untargeted metabolomic analysis. Three biological replicates were prepared, each consisting of a 248 

pool of 25 larvae at 5 dpf, which were homogenized with 250 µl cold methanol:acetic acid 249 

(95%:5% acetic acid) followed by addition of the internal standard (tricarballylic acid 25µL, 1 250 

µM). The tubes containing each biological replicate were gently homogenized and then 251 

centrifuged. The supernatant was collected and dried under nitrogen. Samples were reconstituted 252 
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in 100µL of methanol:water (v/v% 1:1). LC/QTOF analysis was conducted using an Agilent 6545 253 

QTOF Mass Spectrometer coupled with an Agilent 1290 Infinity II UHPLC system. 254 

Chromatographic separation was achieved on a Waters Atlantis Premier HILIC-Z column (2.1mm 255 

x 150 mm, 1.7 µm). Analysis in negative mode was performed with the mobile phase consisting 256 

of (A) 10 mM ammonium acetate, 5 μM medronic acid in aqueous solution adjusted to pH 9 by 257 

ammonium hydroxide, and (B) acetonitrile. Analysis in positive mode have been performed with 258 

the mobile phase (A) 10 mM ammonium formate, 0.1% formic acid in aqueous solution, and (B) 259 

acetonitrile. The gradient elution profile for both ionization modes was as follows: 0-1 min, 90% 260 

B; 1-21 min, 70% B; 21-23 min, 40% B; 23-28 min, 10% B; 28-30 min, 10% B; 30-32 min, 90% 261 

B; 32-34 min, 90% B. Post-run equilibration time was set to 5 min, with a flow rate of 0.400 262 

mL/min, a column temperature of 35 °C, and an injection volume of 3 µL.mRaw data were 263 

processed with Agilent MassHunter Profinder software (Version: B.10.0.2, 264 

https://www.agilent.com/en/product/software-informatics/mass-spectrometry-software/data-265 

analysis/mass-profiler-professional-software/masshunter-profinder-mass-profiler-professional)  266 

for batch recursive feature extraction analysis. Metabolite’s annotation was performed with home 267 

library (retention time and MS/MS parameters) and with METLIN database (cut-off match 80%). 268 

Abundance of each metabolite was normalized to the internal standard (tricarballylic acid and to 269 

the number of larvae). 270 

 271 

Oxygen consumption rate (OCR). OCR was measured using the XF96 Extracellular Flux Analyzer. 272 

The Seahorse XF analyzer (Seahorse Bioscience) assessed mitochondrial function by measuring 273 

the OCR in response to modulators of key components of the electron transport chain: (1) 274 

oligomycin, which inhibits ATP synthase (complex V) and decreases OCR linked to ATP 275 

production. (2) FCCP is an ionophore that collapses the proton gradient and disrupts the 276 

mitochondrial membrane potential by allowing protons to leak across the mitochondrial 277 

membrane. The FCCP-stimulated OCR can be used to calculate spare respiratory capacity, defined 278 

as the difference between maximal respiration and basal respiration. Spare respiratory capacity is 279 

a measure of the ability of the cell to respond to increased energy demand or under stress. (3) 280 

Rotenone (complex I)/Antimycin A (complex III). This combination shuts down mitochondrial 281 

respiration and allows the calculation of nonmitochondrial respiration driven by processes outside 282 

the mitochondria. 283 

 284 

All drugs were dissolved in egg water and then loaded into XF96 extracellular flux assay plate 285 

(Seahorse Bioscience). Before successive injections of these three drugs, basal OCR (± TCS) was 286 

measured for approximately 1 hour (12 cycles, each consisting of 1.5 min mixing and 3 min 287 

measurement). Then, sequential injections of oligomycin,  FCCP, and rotenone/antimycin-A with 288 

a final concentration of 12.5 μM, 2 μM 1 μM respectively were performed, and OCR 289 

measurements were recorded for 3 min. OCR measurements were recorded for 3 minutes 290 

(following 1.5 minutes of mixing) for 16, 7, and 10 times, respectively. Proton leak (which is 291 

defined as [lowest OCR measurement following oligomycin addition] - [OCR following 292 

rotenone/antimycin-A treatment]), ATP-linked respiration (which is defined as [final basal OCR 293 

measurement before oligomycin addition] - [lowest OCR measurement following oligomycin 294 

addition]), and spare respiratory capacity (which is defined as [maximal respiration following 295 

FCCP injection] - [final basal OCR measurement before oligomycin addition)] were calculated by 296 

the XF Cell Mito Stress Test Report Generator (Seahorse Bioscience) 29,30.  297 

 298 

https://www.agilent.com/en/product/software-informatics/mass-spectrometry-software/data-analysis/mass-profiler-professional-software/masshunter-profinder-mass-profiler-professional
https://www.agilent.com/en/product/software-informatics/mass-spectrometry-software/data-analysis/mass-profiler-professional-software/masshunter-profinder-mass-profiler-professional
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ATP measurement. Intracellular ATP levels were determined using a bioluminescence ATP 299 

determination kit (Invitrogen). Three independent pools of 5 larvae each were collected into 300 

separate 1.5 ml microcentrifuge tubes and homogenized in 90 µl of 2:2:1 mixture of 301 

acetonitrile:methanol:dH2O at -20°C. The resulting homogenate was centrifugated at 4°C at 302 

15,000 rpm for 10 min, and the supernatant from each sample was isolated in fresh tube and stored 303 

at -20 °C. The assay kit was carried out according to the manufacturer’s instructions and emission 304 

read out was measured with a Gen5 plate reader (BioTek Instruments, St. Winooski, VT). A 50-305 

fold dilution of the extracted larvae supernatant was made in dH2O, and 10 µl of the resulting 306 

solution was used per well for the ATP assay. Each condition was carried out in triplicate. Results 307 

were expressed as relative ATP levels. 308 

Cell preparation and flow cytometry. Seven or eight fish of each genotype were fasted for 309 

approximately 17 hours before dissection. The SL and sex of each fish was recorded prior to 310 

dissection; surfaces and tools were cleaned prior to each dissection. Whole kidney marrow were 311 

placed in a 1.5 mL microcentrifuge tube on ice with 100 µl 4% fetal bovine serum (FBS) (Thermo 312 

#S10350H) in 1x PBS (Invitrogen) (v/v). The solution containing the organ was gently massaged 313 

through a 40 µm nylon cell strainer (Fisher #22363547) using the end of black rubber plunger from 314 

a 3 ml syringe and collected in a 50 mL conical tube. The filtered contents were washed with 3 315 

mL of 4% FBS/PBS and pelleted by centrifugation for 5 minutes at 800 rpm. The supernatant was 316 

removed, and the step repeated. After the second centrifugation, the supernatant was removed, and 317 

the pellet resuspended in the residual fluid. This solution was then passed through the cell strainer 318 

cap of a 12 x 75 mm 5 mL round-bottom flow tube (Falcon). Eight or nine zebrafish kidneys were 319 

isolated under the stereoscope and mechanically dissociated using a 40-μm filter, rinsed in PBS-320 

4%FBS, and centrifuged for 5 min at 800 g twice. The supernatant was aspirated, and the cells 321 

were resuspended in PBS-4% FBS. Cells were analyzed using a LSR Fortessa (BD Biosciences). 322 

The data were analyzed with FlowJo v10.5.3 software (FlowJo LLC, https://www.flowjo.com).  323 

Kidney touch preparation. Fish of each genotype were fasted for approximately 17 hours before 324 

dissection. The standard length and sex of each fish was recorded prior to dissection; surfaces and 325 

tools were cleaned prior to each dissection. Kidneys were dissected from adult zebrafish, and 326 

gently touched to a clean glass slide, multiple times per slide. Slides were stained using Fisher 327 

HEMA 3. Manual counts of bone marrow cells were performed by a trained hematopathologist. 328 

Statistical analysis. All statistical calculations were carried out with Prism 9.0 (GraphPad 329 

Software, https://www.graphpad.com). Parametric data are presented as Mean ± SEM. Each n 330 

value is indicated by a dot in the histogram, with each individual n value representing an individual 331 

animal. Statistical analysis used are unpaired two-tailed t tests or 1-way ANOVA with Tukey’s 332 

multiple comparisons test. Definition of statistical significance is considered P<0.05. 333 

  334 

RESULTS 335 

Generation and characterization of zebrafish mutants. Using CRISPR/Cas9 editing, we targeted 336 

exon 3. The new mutation caused a 1 base pair deletion, resulting in a frameshift. This introduced 337 

a premature termination codon, leading to the production of a truncated protein. This tafazzin 338 

mutant allele was named tazlri113 here denoted as tazE3 (Figure 1D). Since zebrafish do not have 339 

sex chromosomes 31, we created homozygous tafazzin mutants. Unexpectedly, homozygous 340 

zygotic mutants (tazE3/E3) survived for at least two years without a visible phenotype. They were 341 
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fertile and produce viable progeny. Since maternally derived factors may play an important role in 342 

early development and survival, we created maternal and zygotic tazE3/E3 mutants to investigate 343 

the effects of both a maternal and zygotic loss of Tafazzin. To create maternal zygotic (MZ) 344 

mutants, we incrossed the homozygous zygotic mutants (tazE3/E3) and compared the progeny with 345 

an incross of homozygous wildtype (taz+/+) siblings (Figure S1). Maternal zygotic tazE3/E3 larvae 346 

showed reduced tafazzin mRNA levels at 2, 5, and 15 dpf (Figure 1E). We tested three different 347 

Tafazzin antibodies by western blot to determine absence of Tafazzin protein, but none were able 348 

to detect the zebrafish protein. 349 

 350 

Because BTHS is associated with cardiomyopathy, skeletal myopathy, and neutropenia, we 351 

checked heart and muscle morphology during the first 15 dpf but did not find any differences 352 

between wild-type and taz-deficient fish (data not shown). Next, we measured the number of 353 

neutrophils in zebrafish larvae at 5 dpf. A significantly lower number of neutrophils were detected 354 

in the MZ tazE3/E3 zebrafish larvae, with no differences in standard length detected (Figure 1F-G).  355 

 356 

Stress-induced responses in tafazzin-deficient larvae. To test how mitochondria respond to stress, 357 

we used rotenone, which inhibits complex I of the electron transport chain, leading to 358 

mitochondrial dysfunction. When we compared wildtype and tafazzin-deficient mutants, the 359 

mutants did not display any response to rotenone treatment. In contrast, wild-type fish showed 360 

activation of the unfolded protein response and Tp53 pathways, indicating that tafazzin mutants 361 

may have an impaired ability to respond to mitochondrial stress. (Figure 2). 362 

 363 

Developmental metabolic abnormalities in tafazzin mutants. The primary diagnostic metabolic 364 

measurements in BTHS are an increased ratio of MLCL:CL and elevated 3-methlyglutaconic acid 365 

(3-MGC) levels. We analyzed these parameters in the zebrafish MZ tazE3/E3 mutants and wildtype 366 

at 5 dpf. The rapid development of zebrafish ensures that all major organ systems, including the 367 

liver, are fully established by 5 dpf, a developmental stage comparable to full-term gestation in 368 

humans 32. Whole larvae extracts at 5 dpf displayed a significant increased ratio of MLCL:CL 369 

(Figure 3A) and elevated levels of 3-MGC acid (Figure 3B). ATP levels were significantly 370 

decreased in 5 dpf larvae (Figure 3C). Comparison of metabolic profiles between MZ tazE3/E3 and 371 

taz+/+ larvae at 5 dpf revealed approximately 69 metabolites significantly altered in the MZ tazE3/E3 372 

mutant, highlighting the important role of tafazzin in zebrafish metabolism (Figure 3D-F, Figure 373 

S2A-B). Metabolic changes in the mutant included increased lactic acid and L-glutamic acid 374 

production and decreased levels of D-glucose, glutathione, and tricarboxylic acid cycle metabolites 375 

such as citric acid, malic acid, fumaric acid, and succinic acid. Increased lactate production, energy 376 

deficiency, abnormal tricarboxylic acid intermediates profiles and decreased fatty acid oxidation 377 

with concomitant accumulation of fatty acids’ catabolic lipotoxic intermediates are reported and 378 

in agreement with other BTHS models and human studies 33-36. 379 

 380 

Since some BTHS patients exhibit mild hypocholesterolemia, we investigated the levels of 381 

cholesterol, phosphatidylcholine (PC) and lysophosphatidylcholine (LPC). PCs are generally the 382 

most abundant phospholipid class in cells and play a crucial role in facilitating the incorporation 383 

and distribution of cholesterol within cell membranes 37. LPC is primarily produced from the 384 

turnover of PC through the action of phospholipase A2 (PLA2). LPC can modulate lipid signaling 385 

pathways and membrane dynamics, further impacting cholesterol levels and its distribution in 386 

cells. Changes in LPC and PC levels can disrupt these processes, leading to alterations in 387 
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cholesterol metabolism and distribution 38. We detected lower cholesterol levels in taffazin 388 

mutants, similar to those observed in BTHS patients, along with increased levels of LPC and PC 389 

(Figure 3E). 390 

 391 

ATP can be produced through FA β-oxidation in mitochondria. Additionally, long-chain 392 

acylcarnitines (LCACs) are intermediate forms of FA transport, essential for delivering FAs from 393 

the cytosol into mitochondria. Consistent with a reduced TCA cycle and ATP production, we 394 

observed significantly higher levels of LCACs and FAs in the mutant zebrafish larvae (Figure 3F) 395 
39. These findings indicate attenuated and incomplete FA oxidation and were consistent with the 396 

metabolic profile observed in BTHS patients (Figure 3G).36,40 397 

The primary cause of BTHS is a disruption in the mitochondrial membrane phospholipid 398 

composition that affects mitochondrial bioenergetics and dynamics 41. We used embryos at 1 dpf 399 

to investigate how early mitochondrial dysfunction occurs by measuring key components of the 400 

electron transport chain using the Seahorse XF analyzer. Treatment with oligomycin, an inhibitor 401 

of ATP synthase (complex V), resulted in a decrease in OCR linked to ATP production. 402 

Additionally, FCCP was used to collapse the proton gradient and disrupt ATP synthesis (Figure 403 

4A). Our results demonstrated that maternal zygotic tafazzin mutants exhibited significant defects 404 

in mitochondrial respiration compared to wild-type, characterized by decreased OCR, reduced 405 

proton leak respiration, and TAFAZZIN lower maximal respiratory capacity, despite an increase 406 

in oxygen consumption for ATP production and unchanged spare respiratory capacity (Figure 4A-407 

B).   408 

Changes in the transcriptomic profile of tafazzin deficient zebrafish larvae. We investigated the 409 

effects of tafazzin deficiency at the transcriptome level in 5 dpf larvae by RNA-seq (Figure S3A-410 

B). Of the 4441 genes differentially expressed (DEG), 1700 genes were upregulated and 2741 were 411 

downregulated. The top 20 most upregulated and downregulated genes are listed in in 412 

Supplemental Table 4. Next, we performed functional analysis of differentially expressed genes 413 

using gene ontology (GO) analysis and gene set enrichment. Consistent with our metabolomic 414 

findings, transcriptomic analysis revealed significant alterations in the TCA cycle, glycolysis, and 415 

fatty acid metabolism pathways in tafazzin-deficient larvae. To validate the RNA-seq results, we 416 

analyzed specific genes involved in the TCA and glycolysis pathways by RT-qPCR (Figure S3C). 417 

These results collectively indicate that tafazzin deficiency leads to pronounced metabolic 418 

dysfunction (Figure 5A-B). Tafazzin deficiency is associated with mitochondrial dysfunction, 419 

potentially impacting oxidative phosphorylation and mitophagy. To investigate these pathways, 420 

we analyzed markers in our RNA sequencing results. Notably, genes involved in mitochondrial 421 

oxidative phosphorylation and mitophagy were significantly upregulated in tafazzin-deficient 422 

larvae (Figure 5B), suggesting a compensatory response to mitochondrial dysfunction (Figure 423 

3G). This aligns with previous studies indicating that tafazzin mutations can lead to increased 424 

mitochondrial superoxide anions and alterations in mitophagy processes.4,42  425 

                                                                        426 

Next, we analyzed the transcriptional profile of genes encoding enzymes involved in cardiolipin 427 

remodeling (tafazzin, lclat, hadhaa, and hadhab). Due to an additional round of whole genome 428 

duplication during vertebrate evolution in teleost fish, zebrafish possess two paralogs of many 429 

important genes, including HADHA 43. As previously observed by RT-qPCR, tafazzin mRNA 430 
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levels were decreased in the tafazzin mutants. Of note, we discovered a significant increase of lclat 431 

mRNA levels in mutants in both RNA-seq and RT-qPCR studies (Figure 5C).  432 

 433 

No changes in mitochondrial morphology in tafazzin-deficient larvae. Despite the mitochondrial 434 

and metabolic defects observed in tafazzin mutants, transmission electron microscopy (TEM) did 435 

not reveal significant changes in mitochondrial morphology or number in 5 dpf larvae (Figure 436 

5D). This lack of observed morphological changes, despite metabolic abnormalities, may suggest 437 

that mitochondrial dysfunction does not lead to detectable structural alterations. 438 

 439 

tazE3/E3 zebrafish survive until adulthood and display abnormal blood cell lineages in whole kidney 440 

marrow. Since we did not observe any cardiac dysfunction in MZ tazE3/E3 mutant larvae, we 441 

investigated the effects of tafazzin deficiency in adult fish. No differences in heart size, standard 442 

length, survival, or fertility were noted between wild-type and MZ tafazzin mutants (Figure S4A-443 

D). Histological staining with H&E did not reveal any differences in internal organs in one year 444 

old fish, including the heart, liver, kidney, and muscle. (Figure S4E). 445 

Given our earlier observation of reduced neutrophil numbers at 5 dpf, we analyzed the total 446 

cellularity of the whole kidney marrow to examine the different blood cell populations in adult 447 

fish. The kidney marrow serves as the site for definitive hematopoiesis in adult zebrafish, similar 448 

to the mammalian bone marrow 24. Surprisingly, we found a significant increase in the myeloid 449 

group in the whole kidney marrow by flow cytometry (Figure 6A-B). Furthermore, kidney touch 450 

preparation from adult fish showed significantly increased neutrophils in the MZ tazE3/E3 mutants 451 

(Figure 6C-D). These results, coupled with the result of neutropenia at 5 dpf in MZ tazE3/E3 larvae, 452 

suggest that blood cells may be more sensitive to loss of tafazzin in the zebrafish.  453 

To investigate transcriptional differences in the internal organs, we extracted whole kidney marrow 454 

and hearts from adult zebrafish. As expected, we observed reduced expression of tafazzin mRNA 455 

in both tissues in tazE3/E3 comparing to wildtype. The mRNA levels for enzymes involved in 456 

cardiolipin remodeling were increased in both tissues, suggesting a compensatory mechanism for 457 

the deficiency in Tafazzin (Figure 7A). However, the MLCL:CL ratio in both tissues was 458 

increased in tafazzin-deficient zebrafish compared to wild-type, similarly to what it is observed in 459 

BTHS patients and other BTHS models (Figure 7B).  460 

The mild neutrophilia in whole kidney marrow  prompted us to evaluate proinflammatory markers 461 

using RT-qPCR in heart and whole kidney marrow. Interestingly, the cytokine il6 was strongly 462 

upregulated in both tissues, while cebpα and cebpδ, were upregulated exclusively in whole kidney 463 

marrow, suggesting that the inflammatory response is more acute in the kidney (Figure 7C). This 464 

differential expression pattern may indicate that while the tafazzin deficiency triggers a widespread 465 

inflammatory reaction, the whole kidney marrow may be experiencing a more intense local 466 

response compared to other tissues. Furthermore, we examined UPR and TP53 critical stress 467 

pathways. Our results showed that UPR and TP53 activity were significantly elevated in the whole 468 

kidney marrow but not in the heart (Figure 7D-E). This finding aligns with the observed increase 469 

in inflammation in the kidneys. 470 



 

 

 

 

12 

 471 

 472 

DISCUSSION 473 

We report here a new organismal model for the study of BTHS that suggests a salvage pathway to 474 

rescue mitochondrial dysfunction and prevent development of cardiac and skeletal myopathies. To 475 

understand what happens with a global loss of tafazzin throughout development and characterize 476 

more completely the pathogenesis of BTHS, we used CRISPR/Cas9 gene editing to create tafazzin-477 

deficient zebrafish. These fish exhibited neutropenia in early stages of development. Surprisingly, 478 

they did not develop cardiomyopathy or skeletal myopathy. Our zebrafish model reproduces 479 

multiple metabolic properties of BTHS: high 3-methylglutaconic acid, high MLCL:CL ratio, 480 

abnormal TCA cycle intermediates- associated with mitochondrial abnormality, ATP deficiency, 481 

hypoglycemia, and lactic acidosis.  482 

 483 

For a rare disease like BTHS, organismal models are of great value 44. To date, there has been only 484 

one report of targeting tafazzin in zebrafish 45. Using antisense morpholinos, the Strauss lab 485 

knocked down tafazzin during early embryonic development and observed profound effects at 51 486 

hours post fertilization: severe developmental and growth retardation, marked bradycardia and 487 

pericardial effusion, edema, and lethality. However, the effects of morpholinos include unusually 488 

severe phenotype, aberrant activation of tp53 pathways and a transient period of knockdown in the 489 

earliest stages of development46.  490 

 491 

One possible reason for the discrepancy between the morpholino-induced phenotype and the 492 

phenotype observed in the CRISPR/Cas9-induced mutant may be genetic compensation. 493 

Phenotypic differences between knockdowns and genetic mutants are often observed in zebrafish, 494 

as well as mouse 47. One reason contributing to this phenomenon is the upregulation of genes and 495 

proteins in the genetic mutant background that compensates for the genetic loss of function 48,49. 496 

Often, phenotypic differences between knockdown and genetic mutants are most evident when the 497 

genetic mutant allele displays a high level of nonsense mediated decay (NMD), indicating that the 498 

NMD may in part trigger the compensatory response 47,50,51. Intriguingly, the tafazzin-deficient 499 

zebrafish created display a very high level of NMD, as the tafazzin transcript level in mutants is 500 

well below twenty percent of wildtype levels. This suggests that a compensatory response may be 501 

responsible for the milder than expected phenotype in the CRISPR/Cas9-induced tafazzin-502 

deficient zebrafish. 503 

Compensatory mechanisms likely contribute to the clinical variability observed in BTHS patients 504 

as well and can influence disease progression as well as severity 6. While the typical clinical 505 

phenotype includes cardiomyopathy, cyclic neutropenia, skeletal myopathy, and growth 506 

deficiency, BTHS may be underdiagnosed due to its variable spectrum of clinical presentations 507 
2,5,9,52-54. As with the variability seen in cardiac manifestations, neutropenia in BTHS exhibits a 508 

range even among patients or family members with identical TAFAZZIN gene mutations 2,5,6,52. 509 

Neutropenia in patients with BTHS can be chronic, intermittent, cyclic, or absent. As the 510 

understanding of the clinical spectrum of BTHS grows, reports of BTHS diagnoses in adulthood 511 

have become more frequent 9,10. 512 

The tafazzin-deficient fish created showed biochemical and genetic abnormalities associated with 513 

the loss of TAFAZZIN in humans. Mitochondrial dysfunction occurred as early as 1 dpf, as 514 
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demonstrated by changes in oxygen consumption rate and proton efflux rate or extracellular 515 

acidification rate and gene expression patterns.  While alterations in the MLCL:CL ratio was 516 

consistent with BTHS, there was no evidence of swollen or dysmorphic mitochondria on electron 517 

microscopy. The tafazzin-deficient fish may have three key compensatory responses to tafazzin 518 

deficiency: (1) metabolic adaptations, including increased TCA cycle activity and glycolysis to 519 

produce energy despite mitochondrial dysfunction; (2) enhanced oxidative phosphorylation and 520 

antioxidant production to manage oxidative stress; and (3) upregulated mitophagy to remove 521 

dysfunctional mitochondria and maintain cellular health. These compensatory mechanisms may 522 

ensure that the zebrafish can sustain essential physiological processes, support growth and 523 

development, and ultimately reach adulthood despite the genetic deficiency.  524 

The possibility of a compensatory mechanism(s) acting downstream from cardiolipin in a 525 

Tafazzin-deficient background is supported by mouse studies18. Wang et al created eight mouse 526 

strains, each harboring the same genetic lesion.  Great phenotypic variability was observed 527 

between strains, with some developing severe cardiomyopathy and early mortality while other 528 

maintained normal heart function and survival rates. Interestingly, all strains exhibited similar 529 

cardiolipin abnormalities. In mice strains permissive to Taz deficiency, those that exhibited normal 530 

heart function and preserved mitochondrial morphology, mitophagy markers were increased 18. 531 

Intriguingly, mitophagy makers were elevated in the tafazzin-deficient fish, indicating that a 532 

genetic compensatory mechanism acting downstream of cardiolipin may impact the phenotypic 533 

severity of tafazzin deficiency.  534 

Uncovering the mechanism(s) involved in this process may shed new light on the pathophysiology 535 

of BTHS and aid in the identification of new treatment therapies. Two of the greatest obstacles to 536 

understanding the pathophysiology of BTHS and developing more effective therapies are the rarity 537 

of the disease and absence of an organismal model. Genetic ablation of Tafazzin in mice results in 538 

embryonic lethality. Zebrafish provide an excellent vertebrate model for studying heart, blood, and 539 

muscle development and disease. In creating a zebrafish line targeting exon 3 of tafazzin, we found 540 

that these mutants phenocopy the principal biochemical characteristics. The absence of myopathy 541 

suggests an alternative bioenergetic pathway. 542 

The mild neutrophilia found in whole kidney marrow from otherwise healthy adult tafazzin-543 

deficient fish may suggest underlying metabolic alterations.  One potential mechanism involves 544 

the role of autophagy 55, a cellular process that degrades and recycles cellular components. During 545 

periods of metabolic stress, autophagy can release free fatty acids, which are then used in 546 

mitochondrial respiration to generate energy. This process may be particularly important in 547 

promoting neutrophil production, as these cells require substantial energy to perform their immune 548 

functions. Furthermore, the elevation of pro-inflammatory cytokines, such as Il6, observed at the 549 

mRNA level in tafazzin-deficient zebrafish suggests a state of chronic inflammation 56. The 550 

sensitivity of neutrophils to Tafazzin deficiency might be due to their high metabolic demands and 551 

reliance on mitochondrial function, which is compromised in the absence of functional Tafazzin. 552 

This could lead to altered energy metabolism and an increased need for neutrophil production as a 553 

compensatory mechanism. The increased neutrophil count could serve as an indicator of the 554 

systemic metabolic stress and chronic inflammatory state induced by Tafazzin deficiency, 555 

potentially providing insights into the broader pathophysiological consequences of impaired 556 

mitochondrial function.  557 
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Overall, our study provides a comprehensive analysis of mitochondrial dysfunction, metabolic 558 

abnormalities, and compensatory responses in tafazzin-deficient zebrafish. The observed 559 

metabolic alterations and compensatory responses align with clinical features of BTHS, and mouse 560 

models and underscore the complex interplay between mitochondrial function, metabolic 561 

regulation, and inflammation. These findings enhance our understanding of BTHS pathology and 562 

offer insights into potential therapeutic targets for managing mitochondrial disorders.  563 

ACKNOWLEDGMENTS. This work was supported by grants from VeloSano, NIH R01 564 

DK132812, Hyundai Hope on Wheels, and Lisa Dean Moseley Foundation (SJC), NIH CTSC 565 

5TL1TR002549 (RAA), and VeloSano (UO). Dr. Serpil Erzurum and Allison Janocha for her 566 

advice and permission to use the Agilent Seahorse XF Analyzer. Figure 1B was drawn in part 567 

using imagesfrom Servier Medical Art. Servier Medical Art by Servieris licensed under a Creative 568 

Commons Attribution 3.0Unported License (https://creativecommons.org/licenses/by/3. 0/).  569 

 570 

DATA AVAILABILITY 571 

RNA-Seq data are available in the GEO database (GEO GSE283499).  All other data are available 572 

upon reasonable request to the corresponding authors. 573 

 574 

REFERENCES 575 

1 Barth, P. G. et al. An X-linked mitochondrial disease affecting cardiac muscle, skeletal 576 

muscle and neutrophil leucocytes. J Neurol Sci 62, 327-355, doi:10.1016/0022-577 

510x(83)90209-5 (1983). 578 

2 Spencer, C. T. et al. Cardiac and clinical phenotype in Barth syndrome. Pediatrics 118, 579 

e337-346, doi:10.1542/peds.2005-2667 (2006). 580 

3 Chin, M. T. & Conway, S. J. Role of Tafazzin in Mitochondrial Function, Development 581 

and Disease. Journal of developmental biology 8, doi:10.3390/jdb8020010 (2020). 582 

4 Petit, P. X., Ardilla-Osorio, H., Penalvia, L. & Rainey, N. E. Tafazzin Mutation Affecting 583 

Cardiolipin Leads to Increased Mitochondrial Superoxide Anions and Mitophagy 584 

Inhibition in Barth Syndrome. Cells 9, doi:10.3390/cells9102333 (2020). 585 

5 Taylor, C. et al. Clinical presentation and natural history of Barth Syndrome: An overview. 586 

J Inherit Metab Dis 45, 7-16, doi:10.1002/jimd.12422 (2022). 587 

6 Raja, V., Reynolds, C. A. & Greenberg, M. L. Barth syndrome: A life-threatening disorder 588 

caused by abnormal cardiolipin remodeling. J Rare Dis Res Treat 2, 58-62, 589 

doi:10.29245/2572-9411/2017/2.1087 (2017). 590 

7 Miller, P. C., Ren, M., Schlame, M., Toth, M. J. & Phoon, C. K. L. A Bayesian Analysis to 591 

Determine the Prevalence of Barth Syndrome in the Pediatric Population. The Journal of 592 

pediatrics 217, 139-144, doi:10.1016/j.jpeds.2019.09.074 (2020). 593 

8 Sohn, J., Brouse, T., Aziz, N. & Sykes, D. B. What Links Neutropenia to Immature 594 

Cardiolipin in Patients with Barth Syndrome (tafazzin-deficiency)? Blood 134, 3579-3579, 595 

doi:10.1182/blood-2019-123680 (2019). 596 

9 Seitz, A., Hinck, A., Bekeredjian, R. & Sechtem, U. Late diagnosis of Barth syndrome in 597 

a 39-year-old patient with non-compaction cardiomyopathy and neutropenia. ESC Heart 598 

Fail 7, 697-701, doi:10.1002/ehf2.12588 (2020). 599 

10 Rao, S., Kanwal, A. & Padmanabhan, S. Case report of Barth syndrome: a forgotten cause 600 

of cardiomyopathy. Eur Heart J Case Rep 5, ytab195, doi:10.1093/ehjcr/ytab195 (2021). 601 

https://creativecommons.org/licenses/by/3.%200/


 15 

11 Clarke, S. L. et al. Barth syndrome. Orphanet Journal of Rare Diseases 8, 23, 602 

doi:10.1186/1750-1172-8-23 (2013). 603 

12 Acehan, D., Xu, Y., Stokes, D. L. & Schlame, M. Comparison of lymphoblast mitochondria 604 

from normal subjects and patients with Barth syndrome using electron microscopic 605 

tomography. Lab Invest 87, 40-48, doi:10.1038/labinvest.3700480 (2007). 606 

13 Ikon, N. & Ryan, R. O. Cardiolipin and mitochondrial cristae organization. Biochimica et 607 

biophysica acta. Biomembranes 1859, 1156-1163, doi:10.1016/j.bbamem.2017.03.013 608 

(2017). 609 

14 Bertero, E., Kutschka, I., Maack, C. & Dudek, J. Cardiolipin remodeling in Barth syndrome 610 

and other hereditary cardiomyopathies. Biochim Biophys Acta Mol Basis Dis 1866, 611 

165803, doi:10.1016/j.bbadis.2020.165803 (2020). 612 

15 Taylor, W. A. & Hatch, G. M. Identification of the human mitochondrial linoleoyl-613 

coenzyme A monolysocardiolipin acyltransferase (MLCL AT-1). J Biol Chem 284, 30360-614 

30371, doi:10.1074/jbc.M109.048322 (2009). 615 

16 Zhang, K., Chan, V., Botelho, R. J. & Antonescu, C. N. A tail of their own: regulation of 616 

cardiolipin and phosphatidylinositol fatty acyl profile by the acyltransferase LCLAT1. 617 

Biochemical Society transactions 51, 1765-1776, doi:10.1042/BST20220603 (2023). 618 

17 Wang, S. et al. AAV Gene Therapy Prevents and Reverses Heart Failure in a Murine 619 

Knockout Model of Barth Syndrome. Circ Res 126, 1024-1039, 620 

doi:10.1161/CIRCRESAHA.119.315956 (2020). 621 

18 Wang, S. et al. Genetic modifiers modulate phenotypic expression of tafazzin deficiency 622 

in a mouse model of Barth syndrome. Hum Mol Genet 32, 2055-2067, 623 

doi:10.1093/hmg/ddad041 (2023). 624 

19 Zhu, S. et al. Cardiolipin Remodeling Defects Impair Mitochondrial Architecture and 625 

Function in a Murine Model of Barth Syndrome Cardiomyopathy. Circ Heart Fail 14, 626 

e008289, doi:10.1161/CIRCHEARTFAILURE.121.008289 (2021). 627 

20 Brown, D. R., Samsa, L. A., Qian, L. & Liu, J. Advances in the Study of Heart Development 628 

and Disease Using Zebrafish. J Cardiovasc Dev Dis 3, doi:10.3390/jcdd3020013 (2016). 629 

21 Giardoglou, P. & Beis, D. On Zebrafish Disease Models and Matters of the Heart. 630 

Biomedicines 7, 15, doi:10.3390/biomedicines7010015 (2019). 631 

22 Tesoriero, C. et al. Modeling Human Muscular Dystrophies in Zebrafish: Mutant Lines, 632 

Transgenic Fluorescent Biosensors, and Phenotyping Assays. Int J Mol Sci 24, 633 

doi:10.3390/ijms24098314 (2023). 634 

23 Guyon, J. R. et al. Modeling human muscle disease in zebrafish. Biochim Biophys Acta 635 

1772, 205-215, doi:10.1016/j.bbadis.2006.07.003 (2007). 636 

24 Gore, A. V., Pillay, L. M., Venero Galanternik, M. & Weinstein, B. M. The zebrafish: A 637 

fintastic model for hematopoietic development and disease. Wiley interdisciplinary 638 

reviews. Developmental biology 7, e312, doi:10.1002/wdev.312 (2018). 639 

25 Avagyan, S. & Zon, L. I. Fish to Learn: Insights into Blood Development and Blood 640 

Disorders from Zebrafish Hematopoiesis. Hum Gene Ther 27, 287-294, 641 

doi:10.1089/hum.2016.024 (2016). 642 

26 Westerfield, M. The Zebrafish Book: A Guide for the Laboratory Use of Zebrafish (Danio 643 

Rerio).  (Institute of Neuroscience. University of Oregon, 2000). 644 

27 Wang, J., Duncan, D., Shi, Z. & Zhang, B. WEB-based GEne SeT AnaLysis Toolkit 645 

(WebGestalt): update 2013. Nucleic Acids Res. 41, W77-83, doi:10.1093/nar/gkt439 646 

(2013). 647 



 

 

 

 

16 

28 Babicki, S. et al. Heatmapper: web-enabled heat mapping for all. Nucleic Acids Res. 44, 648 

W147-153, doi:10.1093/nar/gkw419 (2016). 649 

29 Shim, J. et al. Triclosan is a mitochondrial uncoupler in live zebrafish. J Appl Toxicol 36, 650 

1662-1667, doi:10.1002/jat.3311 (2016). 651 

30 Bond, S. T., McEwen, K. A., Yoganantharajah, P. & Gibert, Y. Live Metabolic Profile 652 

Analysis of Zebrafish Embryos Using a Seahorse XF 24 Extracellular Flux Analyzer. 653 

Methods Mol Biol 1797, 393-401, doi:10.1007/978-1-4939-7883-0_21 (2018). 654 

31 von Hofsten, J. & Olsson, P. E. Zebrafish sex determination and differentiation: 655 

involvement of FTZ-F1 genes. Reprod Biol Endocrinol 3, 63, doi:10.1186/1477-7827-3-656 

63 (2005). 657 

32 Strahle, U. et al. Zebrafish embryos as an alternative to animal experiments--a commentary 658 

on the definition of the onset of protected life stages in animal welfare regulations. Reprod 659 

Toxicol 33, 128-132, doi:10.1016/j.reprotox.2011.06.121 (2012). 660 

33 Fatica, E. M. et al. Barth Syndrome: Exploring Cardiac Metabolism with Induced 661 

Pluripotent Stem Cell-Derived Cardiomyocytes. Metabolites 9, 662 

doi:10.3390/metabo9120306 (2019). 663 

34 Li, Y. et al. Cardiolipin-induced activation of pyruvate dehydrogenase links mitochondrial 664 

lipid biosynthesis to TCA cycle function. J Biol Chem 294, 11568-11578, 665 

doi:10.1074/jbc.RA119.009037 (2019). 666 

35 Le, C. H. et al. Tafazzin deficiency impairs CoA-dependent oxidative metabolism in 667 

cardiac mitochondria. J Biol Chem 295, 12485-12497, doi:10.1074/jbc.RA119.011229 668 

(2020). 669 

36 Cade, W. T. et al. Substrate metabolism during basal and hyperinsulinemic conditions in 670 

adolescents and young-adults with Barth syndrome. J Inherit Metab Dis 36, 91-101, 671 

doi:10.1007/s10545-012-9486-x (2013). 672 

37 Lagace, T. A. Phosphatidylcholine: Greasing the Cholesterol Transport Machinery. Lipid 673 

Insights 8, 65-73, doi:10.4137/LPI.S31746 (2015). 674 

38 Law, S. H. et al. An Updated Review of Lysophosphatidylcholine Metabolism in Human 675 

Diseases. Int J Mol Sci 20, doi:10.3390/ijms20051149 (2019). 676 

39 Park, D. D. et al. Long-Chain Acyl-Carnitines Interfere with Mitochondrial ATP 677 

Production Leading to Cardiac Dysfunction in Zebrafish. Int J Mol Sci 22, 678 

doi:10.3390/ijms22168468 (2021). 679 

40 Sandlers, Y. et al. Metabolomics Reveals New Mechanisms for Pathogenesis in Barth 680 

Syndrome and Introduces Novel Roles for Cardiolipin in Cellular Function. PLoS One 11, 681 

e0151802, doi:10.1371/journal.pone.0151802 (2016). 682 

41 Ghosh, S., Iadarola, D. M., Ball, W. B. & Gohil, V. M. Mitochondrial dysfunctions in barth 683 

syndrome. IUBMB life 71, 791-801, doi:10.1002/iub.2018 (2019). 684 

42 Hsu, P. et al. Cardiolipin remodeling by TAZ/tafazzin is selectively required for the 685 

initiation of mitophagy. Autophagy 11, 643-652, doi:10.1080/15548627.2015.1023984 686 

(2015). 687 

43 Opazo, J. C., Butts, G. T., Nery, M. F., Storz, J. F. & Hoffmann, F. G. Whole-genome 688 

duplication and the functional diversification of teleost fish hemoglobins. Mol Biol Evol 689 

30, 140-153, doi:10.1093/molbev/mss212 (2013). 690 

44 Pu, W. T. Experimental models of Barth syndrome. J Inherit Metab Dis 45, 72-81, 691 

doi:10.1002/jimd.12423 (2022). 692 



 17 

45 Khuchua, Z., Yue, Z., Batts, L. & Strauss, A. W. A zebrafish model of human Barth 693 

syndrome reveals the essential role of tafazzin in cardiac development and function. Circ 694 

Res 99, 201-208, doi:10.1161/01.RES.0000233378.95325.ce (2006). 695 

46 Kok, F. O. et al. Reverse genetic screening reveals poor correlation between morpholino-696 

induced and mutant phenotypes in zebrafish. Dev Cell 32, 97-108, 697 

doi:10.1016/j.devcel.2014.11.018 (2015). 698 

47 El-Brolosy, M. A. & Stainier, D. Y. R. Genetic compensation: A phenomenon in search of 699 

mechanisms. PLoS Genet 13, e1006780, doi:10.1371/journal.pgen.1006780 (2017). 700 

48 Salanga, C. M. & Salanga, M. C. Genotype to Phenotype: CRISPR Gene Editing Reveals 701 

Genetic Compensation as a Mechanism for Phenotypic Disjunction of Morphants and 702 

Mutants. Int J Mol Sci 22, doi:10.3390/ijms22073472 (2021). 703 

49 Rossi, A. et al. Genetic compensation induced by deleterious mutations but not gene 704 

knockdowns. Nature 524, 230-233, doi:10.1038/nature14580 (2015). 705 

50 Diofano, F. et al. Genetic compensation prevents myopathy and heart failure in an in vivo 706 

model of Bag3 deficiency. PLoS Genet 16, e1009088, doi:10.1371/journal.pgen.1009088 707 

(2020). 708 

51 El-Brolosy, M. A. et al. Genetic compensation triggered by mutant mRNA degradation. 709 

Nature 568, 193-197, doi:10.1038/s41586-019-1064-z (2019). 710 

52 Tovaglieri, N., Russo, S., Micaglio, E., Corcelli, A. & Lobasso, S. Case report: Variability 711 

in clinical features as a potential pitfall for the diagnosis of Barth syndrome. Front Pediatr 712 

11, 1250772, doi:10.3389/fped.2023.1250772 (2023). 713 

53 Ronvelia, D., Greenwood, J., Platt, J., Hakim, S. & Zaragoza, M. V. Intrafamilial variability 714 

for novel TAZ gene mutation: Barth syndrome with dilated cardiomyopathy and heart 715 

failure in an infant and left ventricular noncompaction in his great-uncle. Mol Genet Metab 716 

107, 428-432, doi:10.1016/j.ymgme.2012.09.013 (2012). 717 

54 Imai-Okazaki, A. et al. Barth Syndrome: Different Approaches to Diagnosis. The Journal 718 

of pediatrics 193, 256-260, doi:10.1016/j.jpeds.2017.09.075 (2018). 719 

55 Riffelmacher, T. et al. Autophagy-Dependent Generation of Free Fatty Acids Is Critical for 720 

Normal Neutrophil Differentiation. Immunity 47, 466-480 e465, 721 

doi:10.1016/j.immuni.2017.08.005 (2017). 722 

56 Florentin, J. et al. Interleukin-6 mediates neutrophil mobilization from bone marrow in 723 

pulmonary hypertension. Cell Mol Immunol 18, 374-384, doi:10.1038/s41423-020-00608-724 

1 (2021). 725 

 726 

 727 

FIGURE LEGENDS  728 

FIGURE 1. CRISPR/Cas9 genome editing of zebrafish tafazzin. A) Amino acid sequence 729 

alignment of TAFAZZIN in selected vertebrates. Conserved sequences indicated in red, similar in 730 

blue, and variable in black. Found only in primates, the TAFAZZIN gene contains an additional 731 

exon which encodes a unique 30 amino acid sequence. B) Cardiolipin synthesis and remodeling 732 

pathways. C) mRNA expression of enzymes (HADHA; Hydroxyacyl-CoA Dehydrogenase 733 

Trifunctional Multienzyme Complex Subunit Alpha; LCLAT1, Lysocardiolipin Acyltransferase 1; 734 

TAZ, TAFAZZIN) involved in cardiolipin remodeling in different human tissues 735 

(https://www.proteinatlas.org). D) Protein sequence alignment of wild-type Tafazzin and mutant 736 

(tazE3) E) RT-qPCR of tafazzin showing decreased transcript, perhaps secondary to nonsense-737 

https://www.proteinatlas.org/
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mediated decay, comparing to wildtype. F) Sudan black staining of larvae for neutrophils at 5 dpf 738 

G) Neutrophil quantitation and standard length at 5 dpf. *p<0.05; **p<0.01; MZ, maternal zygotic.   739 

 740 

FIGURE 2. Mitochondrial stress marker analysis in tafazzin-deficient zebrafish: effects of 741 

rotenone inhibition of Complex I. *p<0.05; **p<0.01; ***p<0.001; **** p<0.0001. 742 

 743 

FIGURE 3.  Metabolomic comparison of wild-type versus tafazzin-deficient 5 dpf larvae 744 

metabolomics. A) Total MLCL:CL ratio and B) 3-MGC C) ATP production. D) Untargeted 745 

metabolomics: volcano plot showing metabolites significantly upregulated (red) or downregulated 746 

(blue) in mutants compared to wildtype. The significant features highlighted in the volcano plot 747 

were defined as having a false discovery rate <0.05 and fold change >1.5. Blue color indicates MZ 748 

tazE3/E3 express lower levels on identified metabolites. Unique molecular formulas were 749 

determined by high-resolution, accurate intact mass, isotopic patterns, and MS/MS analyses. E) 750 

Cholesterol, Total LPC and Total PC E) Acylcarnitine and Fatty acids. G) Metabolic pathways 751 

affected in tafazzin-deficient fish are illustrated, with altered metabolites marked by arrows and 752 

enzymes with upregulated mRNA expression highlighted in red font. *p<0.05; **p<0.01; 753 

***p<0.001. 754 

 755 

FIGURE 4. Mitochondrial dysfunction in tafazzin-deficient embryos. A) Diagram showing 756 

oxygen consumption rates (OCR) for wildtype (blue line) and MZ tazE3/E3 (red line) zebrafish 757 

embryo following the addition of oligomycin, FCCP, and rotenone. Error bars represent the 758 

standard error of the mean (SEM). B) Oxygen consumption rates for basal, non-mitochondrial 759 

respiration, maximal, proton leak, ATP-linked respiration and spare respiratory capacity. Each dot 760 

in the figure represents the value of one independent embryo. Results showing three independent 761 

experiments. Each experiment included 15 embryos per genotype.  *p<0.05; **p<0.01. 762 

 763 

FIGURE 5.  Changes in the transcriptomic profiling of tafazzin-deficient zebrafish larvae. 764 

A) KEGG enrichment analysis of DEGs. B) List of the DEGs. C) Reads Per Kilobase per Million 765 

mapped fragments (RFKM) of genes related to CL maturation and q values and validation by RT-766 

qPCR. D) Electron micrographs show in the wildtype and tafazzin at 5 dpf—heart and muscle the 767 

presence of abundant mitochondria with double membrane system and cristae.  There are no 768 

significant differences between the wildtype and tafazzin mutants—in the density and morphology 769 

of mitochondria. Likewise, the sarcomeres, well demarcated by the Z lines, show no significant 770 

differences between both groups in heart and muscle. Note the different scale between both tissue 771 

types micrographs.*p<0.05; **p<0.01. 772 

 773 

FIGURE 6.  Adult tafazzin-deficient zebrafish exhibited increased MLCL:CL ratio in heart 774 

and whole kidney marrow but survive until adulthood. A) Flow cytometric analysis and B) 775 

quantification of blood cells. C) Differential cell counts in kidney marrows and D) kidney touch 776 

preparations of wildtype and tafazzin mutants at 60X magnification *p<0.05. 777 

 778 

FIGURE 7. Inflammatory response in adult tafazzin-deficient fish. A) mRNA levels of CL 779 

remodeling enzymes in heart and whole kidney marrow (WKM). B) MLCL:CL ratio is reduced in 780 
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heart and WKM. RT-qPCR results for C) Inflammation D) UPR, and E) Tp53 pathway markers. 781 

*p<0.05; **p<0.01; ***p<0.001; **** p<0.0001. 782 
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Supplemental Tables 794 

 795 

Supplemental Table 1. CRISPR/Cas9 Mutations 796 

 797 

Supplemental Table 2. Genotyping Primers 798 

 799 

Supplemental Table 3. RT-qPCR Primers 800 

 801 

Supplemental Table 4. List of the 20 most upregulated and downregulated genes from the 802 

RNA-seq results. 803 

 804 

Supplemental Figures 805 

FIGURE S1. Simplified schematic representation of crosses for generating maternal zygotic 806 

mutants. 807 

 808 

FIGURE S2. Metabolomic comparison of wild-type versus tafazzin-deficient 5 dpf larvae 809 

metabolomics. A. Principal Component Analysis on Metabolite Level Correlations. B. Heat map 810 

of differential metabolites found by metabolomics analysis and metabolic pathway analysis.  811 

 812 

FIGURE S3. Changes in the transcriptomic profile of tafazzin-deficiency zebrafish larvae. 813 

A. Principal component Analysis (PCA) and B. Heat map cluster of all differentially expressed 814 

genes. C. Validation by RT-qPCR of selected enzymes involved in glycolysis and TCA displaying 815 

upregulation as determined by RNA-seq analysis. aco2, aconitase 2; aldoaa, aldolase; pck1, 816 

phosphoenolpyruvate carboxykinase 1; pklr; pyruvate kinase; RPKM, Reads Per Kilobase per 817 

Million; TCA, Tricarboxylic Acid cycle. *p<0.05, ** p<0.01, *** p< 0.001 **** p<0.0001. 818 

FIGURE S4. Survival, growth, and histological analysis showed no differences between adult 819 

wildtype and tafazzin-deficient zebrafish. A) Mendelian ratios of surviving zebrafish at 3 months 820 

of age. B) Standard length measurements at 1 year. C) Representative images of one-year-old fish 821 

and dissected hearts. D) Representative images of two-year-old fish. E) Histological comparison 822 

of wild-type and tafazzin-deficient adult tissues, including heart, liver, muscle and kidney (a major 823 

hematopoietic tissue in zebrafish), stained with H&E. 824 
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