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Welcome to INFORM 2022
 
I would like to welcome you on behalf of the Organizing and Scientific 
Committees of INFORM 2022 to the 9th Annual International Network 
for Fatty Acid Oxidization Research and Management symposium. 
We are excited to gather again, in person, for the first time since 2019. 
This year, 20 countries are represented by over 100 attendees. We are 
thankful to be working in concert with Ute Spiekerkötter, MD, Medical 
Director of the Department of Pediatrics, Adolescent Medicine and 
Neonatology at the University Children’s Hospital in Freiburg, and this 
year’s President of the SSIEM in Freiburg in this beautiful host city. 
 
The main objective over the next two days is to share with you exciting 
new research on the most recent discoveries, advances, and treatment 
of disorders of fatty acid oxidization and of the carnitine cycle 
presented in a very open and interactive symposium format.

Thank you for participating in INFORM 2022!

Jerry Vockley
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Freiburg Germany, August 28-29, 2022
Hotel Stadt Freiburg +49 (0) 761 8968-117    www.hotel-stadt-freiburg.de

Sunday. August 28, 2022

SESSION 1:  WELCOME / KEYNOTE SPEAKER / POSTER PRESENTATIONS

15:30-16:30	 Registration

16:30-16:40	 Welcome: Jerry Vockley

16:45-17:45	 Keynote Speaker:  Christine Vianey-Saban 
	 “A 40-year outlook on FAO: what have we learned,  
	 what can we expect?" 

17:45-18:15	 Research Discussion

19:00–21:30	 Reception and Poster Presentations

Monday Morning, August 29, 2022  Sponsor: 

SESSION 2:  FOLLOW-UP OF FAOD NEW BORN SCREENING

7:30-8:30	 Registration

8:30-9:00	 Confirmatory Genetic Analysis,  
	 When is a positive screen a diagnosis 
	 Jerry Vockley

9:00–9:30	 Initiation of Treatment , Pre-symptomatic Treatment 
	 Barbara Burton

9:30–9:45	 Genetic, biochemical and clinical spectrum of patients with
	 mitochondrial trifunctional protein deficiency identified after
	 introduction of newborn screening in the Netherlands  
	 Marit Schwantje

9:45–10:00	 Newborn screening for FAODs and sudden death syndrome:
                            a retrospective case series report 
	 Raquel Yahyaoui

10:00–10:30	 Break

Agenda
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SESSION 3:  ENERGY METABOLISM IN FAOD

10:30-11:00	 Key nutrition principles for management of FAOD
	 Rani Singh

11:00-11:30	 Data on energy balance and calculating total energy needs
	 in subjects with FAODs using the C7 data 
	 Melanie Gillingham

11:30-11:45	 Upregulation of glycogen cycling with a triheptanoin diet replenishes 	
	 glycogen stores in very long chain acyl-CoA dehydrogenase
	 deficient mice (VLCAD-/-) 
	 Siti Nurjanah
	
11:45–12:00	 Impaired cytokine production upon LPS stimulation in long-chain
	 fatty acid oxidation disorders 
	 Signe Mosegaard

12:00–12:30	 Panel Discussion

12:30–14:00	 Lunch / Announce Poster Winners

12:30–13:30	 MitoAction & INFORM Family Luncheon

13:30–14:00	 Patient and Family Discussion

Monday Afternoon, August 29, 2022 Sponsor

SESSION 4:  CARDIOMYOPATHY

14:00–14:30	 Update on Cardiomyopathy in FOADs
	 Katie Chatfield

14:30–15:00	 Cardiolipin Metabolism and the Heart
	 Jason Miklas

15:00–15:15	 Prevalence of the most common pathogenic variants
	 in four genes for fatty acid oxidation disorders in south
	 Brazil: a population-based study 
	 Devora Randon

15:15–15:30	 Restoring succinyllysine antigenic signal and improving
	 O2 consumption of CPT II deficient cells treated with anaplerotic
	 compounds 
	 Bianca Seminotti

15:30–15:45	 Break



SESSION 5:  RETINOPATHY / CLINICAL ASPECTS OF LCHAD

15:45-16:15	 Life with a child affected by a fatty acid oxidation defect:
	 Impact on different areas of life, psychological aspects
	 and coping strategies 
	 Sarah Grunert & Maren Thiel

16:15-16:45	 Natural History of Retinopathy/LCHAD and the Eye
	 Mark Pennesi 

16:45-17:00	 Case study of Physical Therapy for LCHAD deficiecy
	 Pam Tucker

17:00–17:15	 Improvements in major clinical events in children treated
	 with triheptanoin for long-chain fatty acid oxidation disorders
	 (LC-FAOD) 
	 Laura Pisani

17:15-17:45	 Panel Discussion/Summary & Closing Remarks

18:00-19:00	 INFORM Committee Meeting

19:30–???	 INFORM Networking Evening

Registration Sponsors

Junior Investigator Lecture Sponsors

Agenda



Genetic, biochemical and clinical spectrum of patients with mitochondrial trifunctional 
protein deficiency identified after introduction of newborn screening in the Netherlands

Authors: Marit Schwantje,1,2 Sabine Fuch,1 Lonneke de Boer,3 Annet Bosch,2 Inge Cuppen,1 
Eugenie Dekkers,4 Terry Derks,5 Sacha Ferdinandusse,2 Lodewijk IJlst,2 Riekelt Houtkooper,2 
Rose Maase,4 Ludo van der Pol,1 Maaike de Vries,3 Rendelien Verschoof-Puite,4 Ronald 
Wanders,2 Monique Williams,6 Frits Wijburg,2 Gepke Visser1,2

Affiliations: 1-Wilhelmina Children’s Hospital, University Medical Center Utrecht; 2-Amsterdam 
Gastroenterology, Endocrinology, and Metabolism institute, Amsterdam University Medical 
Center; 3-Amalia Children’s Hospital, Radboud University Medical Center, Nijmegen; 
4-National Institute for Public Health and the Environment (RIVM), Bilthoven; 5-Beatrix 
Children's Hospital, University Medical Center Groningen; 6-Department of Pediatrics, 
Erasmus MC, University Medical Center Rotterdam

Corresponding author: Marit Schwantje, MD  Email: m.schwantje@umcutrecht.nl  Phone: 
+31617003445  Wilhelmina Children’s Hospital, University Medical Center Utrecht Lundlaan 6, 
3584 EA, Utrecht, The Netherlands

Background: Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency (LCHADD) is 
included in many newborn screening (NBS) programs. Acylcarnitine-based NBS for LCHADD 
not only identifies LCHADD, but all different deficiencies of the mitochondrial trifunctional 
protein (MTP), a multi-enzyme complex involved in long-chain fatty acid β- oxidation.  
Besides LCHAD, MTP harbors two additional enzyme activities: long-chain enoyl- CoA 
hydratase (LCEH), and long-chain ketoacyl-CoA thiolase (LCKAT). Deficiency of one or more 
MTP activities causes generalized MTP deficiency (MTPD), LCHADD, LCEH deficiency (not yet 
reported), or LCKAT deficiency (LCKATD). After 14 years of NBS for LCHADD, we now aim to 
gain insight in the outcomes of MTP-deficient patients diagnosed after introduction of NBS 
for LCHADD in the Netherlands.

Methods: Retrospective evaluation of genetic, biochemical and clinical characteristics of 
MTP-deficient patients, identified since 2007.

Results: Thirteen patients were identified: seven with LCHADD, five with MTPD and one with 
LCKATD. All LCHADD patients (one missed by NBS, clinical diagnosis) and one MTPD patient 
(clinical diagnosis) were alive.  Four MTPD patients and one LCKATD patient developed 
cardiomyopathy and died within one month and 13 months of life, respectively.

Surviving patients did not develop symptomatic hypoglycemia, but experienced reversible 
cardiomyopathy and rhabdomyolysis. Five LCHADD patients developed subclinical 
neuropathy and/or retinopathy.

Conclusion: Patient outcomes were highly variable, stressing the need for accurate 
classification of and discrimination between the MTP deficiencies to improve insight in the 
yield of NBS for LCHADD. NBS allowed prevention of symptomatic hypoglycemia, but current 
treatment options failed to treat cardiomyopathy and prevent long-term complications. 
Moreover, milder patients, who might benefit from NBS, were missed due to normal 
acylcarnitine profiles.
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Thermo-sensitive mitochondrial trifunctional protein deficiency presenting with episodic 
myopathy

Authors: Schwantje M,1,2 Ebberink MS,2 Doolaard M,2 Ruiter JPN,2 Fuchs SA,1 Darin N,3 
Hedberg- Oldfors C,4 Régal L,5 Donker Kaat L,6 Huidekoper HH,7 Olpin S,8 Cole D,9,10 Moat 
SJ,8,9 Visser G,1,2 Ferdinandusse S2

Affiliations: 1-Department of Metabolic Diseases, Wilhelmina Children's Hospital, University 
Medical Center Utrecht, Utrecht, The Netherlands; 2-Laboratory Genetic Metabolic 
Diseases, Amsterdam UMC, University of Amsterdam, Amsterdam, The Netherlands; 
3-Department of Pediatrics, Institute of Clinical Sciences, Sahlgrenska Academy, University 
of Gothenburg, Sahlgrenska University Hospital, Gothenburg, Sweden; 4-Department of 
Laboratory Medicine, Institute of Biomedicine, University of Gothenburg, Gothenburg, 
Sweden; 5-Pediatric neurology and metabolism, Department of pediatrics, UZ Brussel, 
Belgium; 6-Department of Clinical Genetics, Erasmus MC, University Medical Center 
Rotterdam, Rotterdam, the Netherlands; 7-Department of Pediatrics, Center for Lysosomal 
and Metabolic Diseases, Erasmus MC, University Medical Center Rotterdam, Rotterdam, 
Netherlands; 8-Department of Clinical Chemistry, Sheffield Children’s Hospital, Sheffield, UK; 
9-Wales Newborn Screening Laboratory, Department of Medical Biochemistry, Immunology 
and Toxicology, University Hospital of Wales, Cardiff, UK; 10-School of Medicine, Cardiff 
University, Cardiff, UK

Corresponding authors: Marit Schwantje, MD, email: m.schwantje@umcutrecht.nl, Phone: 
+31617003445, Wilhelmina Children’s Hospital, University Medical Center Utrecht, Lundlaan 
6, 3584 EA, Utrecht, The Netherlands; Sacha Ferdinandusse, PhD, s.ferdinandusse@
amsterdamumc.nl, Amsterdam University Medical Center, location AMC, Meibergdreef 9, 
1105 AZ Amsterdam, The Netherlands

Background: Mitochondrial trifunctional protein (MTP) is involved in long-chain fatty acid β- 
oxidation (lcFAO). Deficiency of one or more of the enzyme activities as catalyzed by MTP 
causes generalized MTP deficiency (MTPD), long-chain hydroxyacyl-CoA dehydrogenase 
deficiency (LCHADD), or long-chain ketoacyl-CoA thiolase deficiency (LCKATD). When 
genetic variants result in thermo-sensitive enzymes, increased body temperature (e.g. fever) 
can reduce enzyme activity and be a risk factor for clinical decompensation. This is the first 
description of five patients with a thermo-sensitive MTP deficiency.

Methods: Clinical and genetic information was obtained from clinical files. Measurement 
of LCHAD and LCKAT activities, lcFAO-flux studies and palmitate loading tests were 
performed in skin fibroblasts cultured at 37°C and 40°C.

Results: In all patients (four MTPD, one LCKATD), disease manifested during childhood 
(manifestation age: 2-10 years) with myopathic symptoms triggered by fever or exercise. 
In four patients, signs of retinopathy or neuropathy were present. Plasma long-chain 
acylcarnitines were normal or slightly increased. HADHB variants were identified (at age: 6- 
18 years) by whole exome sequencing or gene panel analyses. At 37°C, LCHAD and LCKAT 
activities were mildly impaired and lcFAO-fluxes were normal. Remarkably, enzyme activities 
and lcFAO-fluxes were markedly diminished at 40°C. Preventive (dietary) measures 
improved symptoms for most.

Discussion: All patients with thermo-sensitive MTP deficiency had a long diagnostic 
trajectory and both genetic and enzymatic testing were required for diagnosis. The 
frequent absence of characteristic acylcarnitine abnormalities poses a risk for a diagnostic 
delay. Given the positive treatment effects, upfront genetic screening may be beneficial to 
enhance early recognition.



Synthetic Messenger RNA Rescues Very Long-Chain Acyl-CoA Dehydrogenase Deficiency 
in a Murine Model

Authors: Xue-Jun Zhao,1 Al-Walid Mohsen,1,3 Shakuntala Basu,1 Anuradha Karunanidhi,1 
Clinton Van’t Land,1 Kimberly Coughlan,2 Summar Siddiqui,2 Lisa Rice,2 Paolo Martini,2 Jerry 
Vockley1,3*

Affiliations: 1-Division of Genetic and Genomic Medicine, Department of Pediatrics, 
University of Pittsburgh, Pittsburgh, PA, USA, 2-Moderna Therapeutics, Rare Diseases, 200 
Technology Square, Cambridge, MA, USA, 3-Department of Human Genetics, University of 
Pittsburgh, Pittsburgh, PA, USA

*Corresponding author: Jerry Vockley, MD, PhD; Chief of Genetic and Genomic Medicine, 
Department of Pediatrics, University of Pittsburgh, 4401 Penn Ave, Rangos Research Center, 
Pittsburgh, PA 15224; vockleyg@upmc.edu

Background: Very long chain acyl-CoA dehydrogenase (VLCAD) deficiency is an autosomal 
recessive fatty acid β-oxidation disorder arising from a block in the first intramitochondrial 
step of long chain fatty acid β-oxidation. The current treatment includes avoiding fasting, 
maintaining a low-fat diet, and consumption of even-carbon medium-chain triglycerides 
(MCT) or triheptanoin (Dojolvi), a synthetic odd-carbon medium-chain triglyceride, to 
bypass the defect in long-chain fatty acid metabolizing enzymes. Novel messenger 
RNA (mRNA) therapies enable cells to produce replacement proteins, which affords the 
possibility to correct the enzyme defect. In our previous studies we have demonstrated the 
potential therapeutic value of human VLCAD mRNA treatment in restoring mitochondrial 
fatty acid oxidation in VLCAD deficient cells. In the present study, we investigated the 
efficacy of human VLCAD mRNA in rescuing VLCAD activity in Acadvl knockout (Acadvl-/-) 
mice.

Methods: Acadvl-/- mice were injected intravenously with a dose (1.0 mg/kg) of lipid 
nanoparticle (LNP)-formulated hVLCAD mRNA at a single or multiple time points for up to 
2 weeks. Twenty-four hours after last injection, mouse tissue homogenates were assessed 
for VLCAD protein presence using western blots. Immunofluorescence and IHC staining of 
VLCAD protein in mouse liver sections was also performed. Liver fat and glycogen content 
were examined histologically using H&E, Oil Red O and PAS staining, respectively. The blood 
acylcarnitine profile from animals was measured by tandem mass spectrometry.

Results: Systemic administration of LNP encapsulated hVLCAD mRNA in Acadvl-/- mice 
produced VLCAD protein expression that was detected as early as 2 hours and existed up 
to 7 days after single- dose injection, with t1/2 (half-life) about 3 days. Immunofluorescence 
staining of the hepatic tissue showed localization of VLCAD protein in mitochondria. Oil 
Red O and H&E staining of liver sections demonstrated decreased accumulation of lipid 
droplets (steatosis) after chronic treatment with hVLCAD mRNA compared to untreated 
animals. hVLCAD mRNA treatment also improved mouse plasma acylcarnitine profiles. 
These findings provide a first view of the potential therapeutic value of mRNA treatment for 
VLCAD deficiency.

Discussion: Our findings demonstrate the potential therapeutic value of this novel mRNA 
treatment approach in restoring mitochondrial fatty acid oxidation and reversal of hepatic 
steatosis in animal models of VLCAD deficiency.
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Upregulation of glycogen cycling with a triheptanoin diet replenishes glycogen stores in 
very long chain acyl-CoA dehydrogenase deficient mice (VLCAD-/-)

Authors: Siti Nurjanah, MAgrSc.,1,2 Stephanie Elisabeth Kempf,1 Cäcilia Burg,1,3 Khaled I. 
Alatibi, MSc.,1,2 Sara Tucci, PD Dr.,1 Ute Spiekerkoetter, Prof. Dr. med.1

Affiliates: 1-Department of General Pediatrics, Adolescent Medicine and Neonatology, 
Faculty of Medicine, Medical Centre-University of Freiburg, 79106 Freiburg, Germany; 
2-Faculty of Biology, University of Freiburg, 79104 Freiburg, Germany; 3-Department 
of General and Visceral Surgery, Medical Centre-University of Freiburg, 79106 Freiburg, 
Germany

Corresponding author: Siti Nurjanah, MAgrSc. email: siti.nurjanah@uniklinik-freiburg.de

Background: Very long chain acyl-CoA dehydrogenase deficiency (VLCADD; OMIM 
609575) is a rare inherited mitochondrial fatty acid oxidation disorder. After VLCADD was 
included in newborn screening programs (NBS), an increasing number of patients and 
many new gene variants have been identified. Many of the identified patients remained 
asymptomatic, mainly with preventive measures such as a regular meals and short fasting 
intervals. The asymptomatic condition became a challenge in nutritional management and 
implies the risk of overtreatment.

Methods: In order to investigate the effects of different dietary treatment on glucose 
homeostasis, we applied different dietary substrates for one year in both wild type 
(WT) and VLCAD-/- mice: normal-chow diet, high-protein diet, and triheptanoin diet. 
Asymptomatic VLCAD-/- mice were used, as they resemble human disease since the 
symptoms only develop due to external stressors such as long-term fasting or exercise

Results: With a normal-chow, there was no significant difference in glycogen synthesis 
between WT and VLCAD-/- mice. However, we observed an upregulation of Agl, the gene 
encoding for the glycogen debranching enzyme. In addition, we found a lower liver 
glycogen content in VLCAD-/- mice. Whereas long term dietary supplementation with a 
high protein diet did not affect both blood glucose and liver glycogen content, triheptanoin 
significantly induced glycogen biosynthesis in VLCAD-/- mice. The results correlated with the 
expression of genes and proteins involved in glycogen cycling in VLCAD-/- mice confirming 
that the diet upregulated glycogen synthesis and breakdown significantly.

Discussion: Triheptanoin compensates low glycogen levels by an increased glycogen 
substrate cycling, overall replenishing hepatic glycogen in VLCAD-/- mice. By this, 
triheptanoin may have the potential to increase fasting periods in long-chain fatty acid 
oxidation defects. Studies on the hepatic glycogen content in patients with and without 
triheptanoin would be of great interest.
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Improvements in major clinical events in children treated with triheptanoin for long-chain 
fatty acid oxidation disorders (LC-FAOD)

Authors: Laura Pisani MD,1 Kathryn Ray PhD,1 Xiaoxiao Lu MS,1 Jerry Vockley MD, PhD2

Affiliates: 1-Ultragenyx, Novato, California, USA; 2-University of Pittsburgh School of 
Medicine, UPMC Children's Hospital of Pittsburgh, Pittsburgh, PA, USA

Corresponding author: Laura Pisani MD 
Email: lpisani@ultragenyx.com Phone: +1.415.720.6714

Background: In situations of metabolic crises or fasting, the inability to convert long-chain 
fats into energy can cause unpredictable, life-threatening, major clinical events (MCEs) of 
rhabdomyolysis, hypoglycemia, and cardiomyopathy in patients with long-chain fatty acid 
oxidation disorders (LC-FAOD). Triheptanoin is a seven carbon, medium-chain triglyceride 
approved in the United States, Canada, and Brazil as a source of calories and fatty acids for 
the treatment of pediatric and adult patients with molecularly confirmed LC-FAOD.

Methods: Data from two completed open-label trials (UX007-CL201: NCT01886378 and 
UX007-CL202: NCT02214160) were used to examine triheptanoin treatment on MCEs in a 
subgroup of children <6 years old with LC-FAOD. In study UX007-CL201, eligible patients 
continued current therapy for four weeks to establish a baseline; after four weeks, patients 
discontinued MCT oil (if applicable) and began triheptanoin. In study UX007-CL202, eligible 
patients either enrolled from the UX007-CL201 study, had never received triheptanoin, or had 
participated in an investigator-sponsored trial or triheptanoin compassionate use program. In 
both studies, triheptanoin was administered to a goal of 25% to 35% total caloric intake.

Results: Thirty-one patients <6 years old were enrolled in UX007-CL201 (n=15) and the 
triheptanoin-naïve cohort of UX007-CL202 (n=16); mean age was 3.1 years. In the 18 months 
before triheptanoin treatment, all patients had a total of 92 MCEs (76 rhabdomyolysis, 14 
hypoglycemia, and two cardiac events). During the 18-month triheptanoin treatment period, 
there were 38 MCEs (37 rhabdomyolysis, 1 hypoglycemia, and no cardiac events).

Triheptanoin treatment reduced the annualized MCE rate by 48% (Incidence Rate Ratio [95% 
CI] = 0.52 [0.31 to 0.88]; p=0.015).

Discussion: Triheptanoin treatment resulted in clinically significant reductions in rates of life- 
threatening rhabdomyolysis, hypoglycemia, and cardiomyopathy MCEs in children with LC-
FAOD.
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Personalised computational modelling of mitochondrial β-oxidation using MCADD patient 
proteomics can help stratify risk

Authors: Johannes C.W. Odendaal, MSc,1* Emmalie A. Jager, MSc,2* Anne-Claire M.F. Martines, 
PhD,1 Marcel A. Vieira-Lara, PhD,1 Nicolette C.A. Huijkman, MSc,1 Ligia A. Kiyuna, MSc,1 Albert 
Gerding, MSc,1,3 Justina C. Wolters, PhD,1 Rebecca Heiner-Fokkema, PhD,2 Terry G.J. Derks, 
PhD,2 Karen van Eunen, PhD,1 Barbara M. Bakker, PhD1

Affiliations: 1-Laboratory of Paediatrics, University Medical Centre Groningen, University of 
Groningen, The Netherlands; 2-Section of Metabolic Diseases, Beatrix Children’s Hospital, 
University Medical Centre Groningen, The Netherlands; 3-Department of Laboratory 
Medicine, University Medical Centre Groningen, The Netherlands; 4-Department of Analytical 
Biochemistry, Groningen Research Institute of Pharmacy, University of Groningen, The 
Netherlands; *These authors contributed equally.

Corresponding author: B.M. Bakker email: b.m.bakker01@umcg.nl; +31503611542

Background: Some people with medium-chain acyl-CoA dehydrogenase deficiency (MCADD) 
develop life- threatening hypoketotic hypoglycaemias, while others remain asymptomatic. We 
hypothesise that the interplay between a reduced pathway flux and the depletion of free CoA 
(CoASH) determines the efficacy of different rescue mechanisms and might help to explain why 
certain MCADD patients develop symptoms while others manage to avoid them. Diagnostic 
tools for effective risk stratification are as of yet unavailable.

Methods: We built and validated a computational model of the human liver mitochondrial fatty 
acid oxidation (mFAO). In our model, the enzymes with the largest absolute flux control were 
identified and then investigated as potential rescue mechanisms. Personalised models of a 
cohort of control individuals and MCADD patients (both symptomatic and asymptomatic) were 
then made using patient fibroblast-derived proteomics by adjusting Vmax values in the model 
to see if the suggested rescue mechanisms also appear in the patient data.

Results: The model suggested that MCADD causes simultaneous CoASH depletion and 
reduced mFAO flux. Pathway flux and free CoASH concentration were simultaneously and 
rescued by SCAD and MTP, which were also increased in the fibroblast of an asymptomatic 
MCADD individual. Personalised models based on these proteomics data confirmed that the 
asymptomatic patient might have been able to compensate for pathway flux and CoASH 
depletion thanks to these proteomic adaptations.

Discussion: Patient phenotypes in MCADD are complex and probably have a multifactorial 
etiology. We have identified some key nodes that might explain phenotypic differences 
between asymptomatic and symptomatic MCADD individuals. Personalised models of the 
mFAO might serve as a future prognostic tool for MCADD, and potentially also other diseases. 

References: Derks, T. G., Reijngoud, D. J., Waterham, H. R., Gerver, W. J. M., Van Den Berg, M. P., Sauer, P. J., & Smit, G. P. A. 
(2006). The natural history of medium-chain acyl CoA dehydrogenase deficiency in the Netherlands: clinical presentation and 
outcome. The Journal of pediatrics, 148(5), 665-670.

Jager, E. A., Kuijpers, M. M., Bosch, A. M., Mulder, M. F., Gozalbo, E. R., Visser, G., ... & Derks, T. G. (2019). A nationwide 
retrospective observational study of population newborn screening for medium-chain acyl-CoA dehydrogenase (MCAD) 
deficiency in the Netherlands. Journal of Inherited Metabolic Disease, 42(5), 890-897.

van Eunen, K., Volker-Touw, C. M., Gerding, A., Bleeker, A., Wolters, J. C., van Rijt, W. J., ... & Bakker, B. M. (2016). Living on the 
edge: substrate competition explains loss of robustness in mitochondrial fatty-acid oxidation disorders. BMC biology, 14(1), 1-15.

Martines, A. C. M., Van Eunen, K., Reijngoud, D. J., & Bakker, B. M. (2017). The promiscuous enzyme medium-chain 3-keto-acyl-
CoA thiolase triggers a vicious cycle in fatty-acid beta-oxidation. PLoS computational biology, 13(4), e1005461.

Abegaz, F., Martines, A.C.M., Vieira-Lara, M.A., Rios-Morales, M., Reijngoud, D.J., Wit, E.C.,& Bakker, B. M. (2021). Bistability in 
fatty-acid oxidation resulting from substrate inhibition. PLoS computational biology, 17(8), e1009259.

Mitchell, G. A., Gauthier, N., Lesimple, A., Wang, S. P., Mamer, O., & Qureshi, I. (2008). Hereditary and acquired diseases of acyl-
coenzyme A metabolism. Molecular genetics and metabolism, 94(1), 4-15.
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Tissue-specific characterization of deoxy-glucose and palmitoyl-carnitine uptake in 
medium- chain acyl-CoA dehydrogenase-Deficient (MCAD -/-) mouse under fasting and 
cold challenge

Authors: Ligia Akemi Kiyuna,1 Miriam Langelaar-Makkinje,1 Anne-Claire M.F. Martines,1 
Albert Gerding,1 Justina C. Wolters,1,2 Dirk-Jan Reijngoud,1 Maaike H. Oosterveer,1 Barbara 
M. Bakker.1

Affiliations: 1-Laboratory of Pediatrics, University of Groningen, Groningen, University 
Medical Centre Groningen, The Netherlands; 2-Department of Analytical Biochemistry, 
Groningen Research Institute of Pharmacy, University of Groningen, Groningen, The 
Netherlands

Corresponding author: l.a.kiyuna@umcg.nl, (+31) 0639135696.

Background: Medium-chain acyl-CoA dehydrogenase deficiency (MCADD) is the most 
prevalent fatty-acid oxidation disorder. Among its symptoms, life-threatening hypoketotic 
hypoglycemia remains poorly understood. To gain insight into the role of peripheral tissues 
in this severe phenotype, we used 14C-labelled substrates to assess tissue-specific energetic 
demand in mice under metabolic stress.

Methods: Wild-type (WT) and MCAD KO mice (C57BL/6) were exposed to 14h-overnight 
fasting followed by 4h-fasting at either 4°C or 25°C. In separate experiments, animals were 
injected with 14C-deoxyglucose (DOG) or 14C-palmitoyl-carnitine (PC). Blood glucose, 
blood ketone bodies, and glycogen stores were quantified. Finally, the expression of acyl-
CoA dehydrogenases (ACADs) was evaluated in the liver and skeletal muscles.

Results: At 4°C, MCAD KO mice presented lower blood glucose and ketone bodies than 
their WT counterparts. No differences in ACAD expression and 14C-DOG uptake were 
observed between both groups in any condition. Regarding cold response, 14C-DOG uptake 
by the brown adipose tissue was increased at 4°C in both groups. In all tissues 14C-PC 
detection was lower at 4°C than at 25°C, except for the liver of MCAD KO mice, suggesting 
the accumulation of 14C-PC and/or intermediates by this tissue in the latter group. At 4°C, 
glycogen was reduced in the quadriceps muscle of MCAD KO mice compared to the WT 
group, which correlated with changes in blood glucose and body temperature.

Discussion: A combination of fasting and cold triggered a mild hypoketotic hypoglycemic 
phenotype in MCAD KO mice, but this could not be attributed to an increased peripheral 
glucose demand. This suggests that hypoglycemia is largely due to impaired glucose 
production rather than its increased peripheral consumption.
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Impaired cytokine production upon LPS stimulation in long-chain fatty acid oxidation 
disorders

Authors: Signe Mosegaard,1,6 and Krishna Sundar Twayana,2,6 Simone W. Denis,3 Jeffrey 
Kroon,4 Bauke V. Schomakers,3,5 Michel van Weeghel,3,5 Christian Kanstrup Holm,2,7 Rikke 
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Background: Patients with inborn errors affecting the long-chain fatty acid oxidation (lcFAO) 
pathway have reduced energy capacity with lipotoxicity and oxidative stress, and an increased 
risk of cardiac and muscle myopathies, and multi-organ failure during infections. Some studies 
have shown dysregulated inflammatory responses in these patients, yet the underlying cellular 
mechanisms remain unknown. In this study we investigated the inflammatory responses 
in dermal fibroblasts obtained from patients with inherited long-chain fatty acid oxidation 
disorders (lcFAOD), either very long-chain acyl-CoA dehydrogenase deficiency (VLCADD) or 
multiple acyl-CoA dehydrogenation deficiency (MADD).

Results: We detected a significantly impaired cytokine response in dermal fibroblasts 
from patients with a severe disease phenotype upon stimulation with lipopolysaccharide 
(LPS), while fibroblasts from milder patients displayed a normal IL-6 response. This was 
accompanied by reduced gene expression of the LPS receptor, i.e. toll-like receptor 4 (TLR4), 
in both lcFAOD patient groups. Metabolomics studies showed an increase of both essential 
and non- essential amino acids, and a significant decreased level of choline in severely 
affected VLCADD cells as compared to controls and mild VLCADD cells. Choline increased 
significantly upon LPS stimulation in controls and mild VLCADD cells but not in severe 
VLCADD cells. Increased amino acids and decreased choline are both linked to the regulation 
of NF-κB and its inhibitor lκBα.

Discussion: Our results illustrate that dermal fibroblasts from lcFAOD patients have an 
impaired immune response and TLR4 expression that may be associated with increased levels 
of amino acids and decreased levels of choline.
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Background: Major clinical events (MCEs) of LC-FAOD in triheptanoin (trihep) clinical trials 
included rhabdomyolysis, hypoglycemia, and cardiomyopathy. The primary objective of this 
study is to compare real-world MCEs of LC-FAOD by treatment (tx) periods; a secondary 
objective is to assess MCEs before and during trihep tx.

Methods: The Odyssey Program collects patient (pt)-level medical records in the US and 
pt reported outcomes with the PicnicHealth digital platform, and has a target enrollment 
of 50+ pts in 2022. This first data cut of Odyssey was used with pts enrolled from August 
2020 to September 2021. MCEs were defined as rhabdomyolysis-, hypoglycemia-, or 
cardiomyopathy-associated hospitalizations or emergency room visits. Rhabdomyolysis was 
defined as diagnosis (dx) or physician notes of acute muscle pain or creatinine kinase level 
>2000U/L, hypoglycemia as dx or blood glucose level <60mg/dL, and cardiomyopathy as 
dx or ejection fraction value <55%. Primary outcomes were assessed using a cross- sectional 
design that compared different tx periods (of ≥6 months duration) of no-trihep, medium-
chain triglycerides (MCT), or trihep.

Results: Twenty-seven pts were included with a median of 7.6 years of data (range, 1.4-21) 
and a median age of 16 at enrollment (range, 4-44 years). Nineteen and 21 pts received 
trihep and MCT, respectively; 14 trihep pts switched from MCT. At least 1 MCE of any of the 3 
types occurred in 31% of pts during trihep tx versus 70% and 65% during MCT and no-trihep 
periods (Figure 1). Total annualized MCEs during trihep tx, MCT tx, or no-trihep periods were 
0.2, 0.8, and 0.6, respectively (Figure 2). For a subgroup of trihep only pts with ≥6 months 
tx (n=13), total annualized MCE rate was 0.2 during trihep and 1.4 before trihep (Figure 3).

Discussion: Real-world pts with LC-FAOD experienced fewer MCEs overall during trihep tx 
compared with MCT or no-trihep period. Future analyses with larger sample sizes and longer 
tx durations are planned.
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Figure 1. Percentage of Patients Diagnosed with Rhabdomyolysis, Hypoglycemia, and 
Cardiomyopathy* by Different Treatment Periods.

Figure 2. Annualized Major Clinical Events (Inpatient and Emergency Room Visits Only) by 
Different Treatment Periods.

Figure 3. Annualized Major Clinical Events Before and During Triheptanoin Treatment – 
Triheptanoin-treated Patients with at Least 6 Months of Treatment (n = 13)
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Background: The most common pathogenic variants associated with four genes for 
fatty acid oxidation disorders (FAOD) are c.848T>C (ACADVL), c.1528G>C (HADHA) 
c.985A>G (ACADM), and c.338C>T (CPT2), for the deficiencies of very long-chain acyl- 
CoA dehydrogenase (VLCADD), long chain 3-hydroxyacyl-CoA dehydrogenase (LCHADD), 
medium-chain acyl-CoA dehydrogenase (MCADD), and carnitine palmitoyltransferase II 
(CPT2D), respectively. FAOD are not included in the Brazilian neonatal screening program 
and population-based studies are essential to early diagnosis and neonatal screening 
considerations. 

Objectives: Assessing the c.848C (ACADVL), c.1528C (HADHA), c.985G (ACADM) and 
c.338T (CPT2) frequencies in a healthy population from Rio Grande do Sul (RS)/Brazil, and 
estimating the prevalence of their associated FAOD. 

Methods: A thousand blood donors from RS/Brazil were included. DNA was extracted from 
blood samples in EDTA. Genotyping was performed by real- time PCR through Taqman 
system. Exceptionally, c.985G was analyzed by RFLP-PCR using the StyI enzyme. 

Results: c.848C was detected in heterozygosis in four individuals (1:250), c.1528C in two 
(1:500), c.985G in three (1:333), and c.338T in one (1:1,000). The allele frequencies were 
0.0020, 0.0015, 0.0010, and 0.0005, respectively. FAOD estimated prevalences were 
1:250,000 (VLCADD), 1:1,000,000 (LCHADD), 1:444,444 (MCADD), and 1:4,000,000 (CPT2D). 

Discussion: Despite RS European ancestry, c.1528C and c.985G carrier frequencies were 
lower than for most Europe (1:173-680 and 1:79-149), and northern Brazil (c.985G=1:246). 
The allele frequencies were slightly inferior than those reported worldwide at genomAD 
(c.1528C=0.0013, 985G=0.0033, and c.338T=0.0013), excepting c.848C=0.0012. This is 
the first study assessing VLCADD, LCHADD, and CPT2D prevalence in a healthy Brazilian 
population, highlighting the need to expand FAOD investigation in the country, since the 
sample size and the allele heterogeneity should be considered.

Abstracts

	 Abstract selected for oral presentation at INFORM 2022.

	 Abstract Tavel Grant Awardee



Abstracts

LCHAD – Long-Chain 3-Hydroxiacyl-Coa Dehydrogenase Deficiency – A Case Report
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Introduction: LCHAD is an inherited autosomal recessive fatty-acid disorder that impairs the 
body from converting fatty acids to energy. Treatment consists in avoiding fasting, severe 
reduction of dietary fat and providing medium-chain triglycerides (MCT).

Case report: a 32-week premature female was born from a HELLP complicated pregnancy 
of non-related parents. Neonatal screening test at D4 of life revealed high levels of 
3-hydroxyacylcarnitines suggestive of LCHAD deficiency. Confirmation results were 
obtained (μmol/L: C14-OH=0.09; C16-OH=0.19; C18:1-OH=0.25; C18-OH=0.22), and 
molecular test identified mutations in c.1528G>C and c.1759_1760delCT of HADHA gene.

During five years, the infant attended to appointments, in which anthropometric parameters 
were recorded and dietary plan was adjusted according to nutritional requirements. Optimal 
growth and development were observed. She has had several infectious intercurrences, 
with rhabdomyolysis and liver and heart dysfunction, with need of hospitalization. At the 
age of four, she needed a stomatological surgery for caries removal, which required a pasty 
consistency diet, which she still maintains.

Nutritional support consisted in a lipid-restricted diet, with a formula with low content of 
long chain fatty acids and high content of MCT, frequent meals, fasting avoidance and 
energetic supplementation with dextrinomaltose. Mean energy intake was 1800 Kcal, 
macronutrient distribution for protein, lipids and carbohydrates was, respectively, 12%, 22% 
and 66% of Total Energy Intake (TEI). MCT represented 10% and cornstarch represented 10% 
of TEI. Docosahexaenoic acid (DHA) supplementation was initiated at 6 months to prevent 
pigmentary retinopathy.

Discussion: The restriction of dietary fat decreases the accumulation of acylcarnitines. 
Compliance to a lipid-restricted and MCT-enriched diet, as well as avoidance of long periods 
of fasting, seems to improve the outcome of LCHAD patients.

Key-words: LCHAD, diet, nutrition, MCT, acylcarnitines
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Background: Carnitine palmitoyltransferase II (CPTII) deficiency is an autosomal recessive 
disorder that restricts long chain fatty acids entry into mitochondria causing energy and 
other dysfunctions. Similar to other long chain fatty acid oxidation disorders (FAODs), 
insufficient supply of propionyl-CoA, the precursor of succinyl-CoA, is hypothesized to 
be key component of the pathomechanism. Its depletion would adversely affect energy 
output and lysine succinylation of hundreds of mitochondrial proteins including OXPHOS 
proteins. We used immunofluorescence cell staining with a succinyllysine antibody and 
O₂ consumption assays to evaluate the effectiveness of anaplerotic compounds including 
medium branched chain fatty acids in replenishing succinyl-CoA and assess mitochondrial 
energetics in CPT II deficient cells.

Methods: Fibroblasts from patients diagnosed with FAODs were screened to determine 
their level of lysine succinylation, using immunofluorescence staining and compared to 
control cells. Two CPT II fibroblast cell lines were treated with anaplerotic compounds 
including medium branched chain fatty acids at 30 μM and 90 μM and observing their 
effect on succinyllysine antibody staining. The effect of the anaplerotic compounds on O₂ 
consumption parameters was examined using a Seahorse analyzer.

Results: Significant reduction in staining with the succinyllysine antibody in the FAODs cells 
was observed compared to control cells. Succinyllysine antibody staining was significantly 
increased with the treatment and restored to similar control cells staining level at 90 μM. 
O₂ consumption parameters were also consistent with improvement in mitochondrial 
bioenergetics.

Discussion: Other than the TCA cycle, sources of succinyl-CoA include amino acids and 
branched and odd chain fatty acids. The results confirm the efficacy the alternative 
compounds tested and provide evidence for these assays as valuable biomarkers to assess 
the efficacy of anaplerotic therapy.
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Background: Newborn screening (NBS) allows prompt identification and management of 
FAODs but there is scarce data on the prevalence of sudden death by FAODs in the new era 
of NBS.

Case study:  Case 1.  Female newborn from unrelated parents born at 37 weeks gestation, 
diagnosed at birth of Dandy-Walker syndrome. At 13 days of life developed prolonged 
bradycardia and died of unexplained cause.

Case 2.  Female newborn from unrelated parents born at 40 weeks gestation, asymptomatic 
at birth. She was diagnosed through NBS of CTP-2 deficiency. Up to 3 years of age, she did 
not present any clinical/biochemical hepatic, cardiac or muscular alteration.  Her cardiac echo 
studies were normal.  Her phenotype was catalogued as a possible adult myopathic form.  She 
was treated with oral carnitine and special diet with MCT.

Case 3.  Female infant from unrelated parents born at 37 weeks gestation, asymptomatic at 
birth.  She came to our hospital when she was two-month-old.  Results of NBS, performed 
in other laboratory, were reported normal.  She had a twin sister who died suddenly at 
one month of life (without any precipitating factor).  We repeated NBS, revealing a profile 
compatible with CPT-1 deficiency.

Case 4.  Female newborn from related parents born at 39 weeks gestation, asymptomatic 
at birth. At 36 hours of life, she presented a sudden death episode of unexplained cause at 
hospital.

Results:  Case 1.  Neonatal CPT-2 deficiency was diagnosed through NBS. A pathogenic 
variant in homozygosity (c.534_558del25bpinsT) was identified in the CPT2 gene.

Case 2. At the age of 3,5 years, she presented at home with an episode of infant sudden death 
syndrome not related to any known precipitating factor. No autopsy was performed.

Case 3.  CPT-1 deficiency was confirmed.  Fat-restricted diet with MCT was started and she is 
currently doing well.

Case 4.  Her NBS results were suggestive of LC-FAODs.  A pathogenic variant in 
homozygosity (c.965_967delAGA) was identified in the ACADVL gene.  Despite being 
resuscitated, sustained hypoxemia caused multiple organ failure and she died on her 5th day 
of life.

Discussion: In our experience, episodes of sudden death were only related to LC-FAODs.  NBS 
did not prevent the consequences of disease in all cases.  It was not possible to determine the 
cause of death in all cases (arrhythmia or energy deficit).  Many of LC-FAODs patients may 
be at risk of sudden death at any time or age, which supposes a challenge for their clinical  
management and a need to improve the knowledge of these disorders.
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Background: Long-chain fatty acid oxidation involves the removal of successive two 
carbon units in a four-reaction cycle. Mitochondrial trifunctional protein (TFP) catalyzes the 
last three reactions of the cycle. It is a heteromeric enzyme composed of two α and two 
β-subunits, encoded by HADHA and HADHB genes, respectively. More than 150 mutations 
in HADHA and HADHB are reported, typically resulting in complete TFP deficiency, while 
a common HADHA missense mutation (p.E510Q) usually leads to an isolated LCHAD 
deficiency. We investigated the biochemical heterogeneity of fibroblasts from TFP/LCHAD 
deficiency patients.

Methods: Genotype was confirmed by sequencing of gDNA from skin fibroblasts. α 
and β-TFP, and MLCL-AT proteins were analyzed by western blot (WB). Mitochondrial 
bioenergetics were measured with a Seahorse Analyzer. Cardiolipins (CLs) and monolyso-
CLs were quantified by LC-MS/MS. Acylcarnitine profiles were determined by ESI-MS/MS in 
cultured fibroblast media.

Results: WB of patient cells harboring splice site mutations in HADHA or a single base 
deletion with frameshift in HADHB revealed significant decrease in levels of both subunits. 
Cells homozygous for the common LCHAD mutation or compound heterozygous for 
HADHB missense mutations had protein levels comparable to controls. Isolated LCHADD 
cells showed drastically impaired mitochondrial bioenergetics while a cell line with HADHB 
missense mutations were close to controls. Significantly increased C16-OH levels were seen 
in cells with the common mutation and other HADHA mutations. All patient cells showed a 
variable decrease in mature CLs and an increase in MLCLs.

Discussion/Conclusion: We show that splice site mutations and a single base deletion 
cause a decrease in both TFP subunits, confirming that TFP tetramer formation and/or 
stability requires the presence of both. Bioenergetics are especially affected in cells with the 
common LCHAD mutation or null mutations, and both interfere with CL remodeling.
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Concordance between research sequencing and clinical genotyping of genetic variants in 
HADHA and HADHB from mitochondrial trifunctional protein deficiency patients
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Background: Next-generation sequencing (NGS) of genetic variants are becoming routinely 
employed in clinical settings. However, clinical genetic testing laboratories sometimes fail to 
confirm identified variants by Sanger sequencing, a necessity before using cells from such 
patients in a research study. Here, we aimed to confirm clinical sequencing on blood samples 
through research testing of genetic variants in HADHA and HADHB from fibroblasts of patients 
diagnosed with mitochondrial trifunctional protein deficiency.

Methods: Patients: Dermal fibroblasts were obtained from 5 patients with TFP/LCHAD 
deficiency. Genotypes: The following genotypes were determined on clinical genetic laboratory 
settings:

Cell 
line

Gene 
Affected

Allele 1 Amino acid 
change	

Allele 2 Amino acid 
change

Sex

864 HADHA c.919-2A>G -- c.703C>T p.R235W F
847 HADHA c.2146+1G>A -- c.403A>G p.K135E M
822 HADHA c.1528G>C p.E510Q c.1528G>C p.E510Q M
854 HADHB c.1165A>G p.N389D c.1289T>C p.F430S F
861 HADHB c.693delC p.A232Lfs*20 c.881C>G p.P294R M

DNA: DNA was extracted from cultured fibroblasts using the Gentra Puregene Cell Kit (Qiagen). 
Primers: Information on primers was provided by Dr. Lodewijk IJlst, Amsterdam,  Netherlands.

PCR: The exons and adjacent intronic regions of HADHA and HADHB were amplified by PCR 
using Promega PCR Master Mix. Qiagen Taq DNA polymerase and Invitrogen AccuPrime™ High-
fidelity Pfx DNA Polymerase were used in case of amplification failure.

Sanger sequencing: PCR products were purified with MiniElute® PCR Purification Kit (Qiagen) 
and then sent to an external facility for Sanger DNA sequencing (Genewiz, Inc; South Plainfield, 
NJ).

Results: DNA Sanger sequencing confirmed the compound heterozygous state of cell lines 
864 and 854, with the presence of one intronic splice site mutation and one missense mutation 
in each cell line. HADHB exon 9 point deletion with frameshift and HADHB exon 10 missense 
mutations in cell line 861 were validated. The two HADHB missense mutations in cell line 854 
were corroborated. Cell line 822 genotype was confirmed as an LCHAD common mutation in a 
homozygous state.

Conclusion: Although the analytic and clinical sensitivity of NGS workflows can vary, we 
observed a concordance of clinical laboratory and research sequencing of 100%.
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Background: TANGO-2 related disease is an autosomal recessive disorder caused by 
mutations in TANGO-2. Symptoms include episodic rhabdomyolysis, cardiac arrhythmia, 
hypothyroidism, metabolic crisis, encephalopathy, intellectual deficit (ID), developmental 
delay. Acute pancreatitis has been seen in one patient during prolonged hospitalization.

Case study: Patient is a 11-year-old female born to consanguineous parents. She had 
developmental delay and developed seizure-like episodes at age 2. Neuroimaging and EEG 
were normal, but she received anticonvulsants. After age 6, she was frequently hospitalized 
due to weakness, dyspnea, and hyperCKemia, and developed ataxic gait. She underwent 
genetic evaluation at age 8, during an acute episode of myalgia, weakness and lab results 
consistent with rhabdomyolysis and hypothyroidism, arising suspicion of TANGO-2 disease, 
later confirmed by the finding of exons 3-9 homozygous deletion. At 9, she presented 
with ventricular tachycardia (VT) and cardiac arrest, followed by cardiogenic shock 
(CS), and dialysis-requiring AKI, and an ICD was placed. At 11, she was admitted due to 
weakness and elevated CK, with no known triggers. Initial echo was normal and metabolic 
crisis was identified. At D9, she presented VT followed by CS. At D21, acute pancreatitis 
was diagnosed, with high amylase and lipase, and decreased pancreas echogenicity; CT 
scan showed fatty tissue densification at the pancreas tail, no necrosis or collections. 
Management included aggressive IV hydration, urine alkalinization, antiarrhythmic 
drugs, prolonged mechanical ventilation, parenteral nutrition, pain management. She 
was discharged at D54, after slow cardiac recovery, with no signs of metabolic crisis or 
rhabdomyolysis.

Discussion: This case highlights the possibility of pancreatitis as part of the TANGO-2 
disease clinical phenotype. Thus, in the setting of an acute presentation, it is important to 
include serum lipase and/or amylase in the laboratory investigation.
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Whole Genome Sequencing (WGS) results interpretation challenges in the investigation 
of fatty acid oxidation disorders: a case report
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Background: Mitochondrial trifunctional protein deficiency (MTPD) is a rare FAOD, 
caused by biallelic pathogenic variants in HADHA or HADHB, manifesting as sensorimotor 
neuropathy with episodic rhabdomyolysis, recurrent hypoketotic hypoglycemia, early-
onset cardiomyopathy and ultimately death. We report a child with a complex disorder and 
inconclusive WGS, with candidate variants in HADHB.

Case study: Five-year-old male patient with hearing loss, speech delay, behavioral 
alterations, seizures, and brain MRI with extensive alteration of signal in the T2 and FLAIR 
weighted images, involving the parietal lobes white matter, sparing the subcortical fibers, 
without contrast enhancement. Physical examination was unremarkable and a thorough 
investigation for leukodystrophy including acylcarnitines, amino acids profile, urine organic 
acids chromatography, ammonia, lactate, fasting glucose, ketones, CPK, hepatic and renal 
function were all normal, as well as a lysosomal enzymes panel including hexosaminidases. 
Patient was referred for WGS, which reported a heterozygous (Htz) likely pathogenic (LP) 
variant in HEXA (NM_000520.6):c.1305C>T, p.(Tyr435Tyr), and 2 Htz variants in HADHB 
(NM_000183.3), the LP c.182G>A, p.(Arg61His) and the variant of uncertain significance 
c.1178T>C, p.(Met393Thr). Segregation analysis is ongoing. No other candidate single 
nucleotide, copy number, or structural variants were detected.

Discussion: WGS is a helpful technology for the diagnosis of genetic diseases. However, 
several challenges arise for the widespread use of WGS in clinical practice, mainly due to 
limitations on how to interpret the wide breadth of genetic variants identified. Our patient 
presented with non-specific symptoms and normal biochemical screening, thus, the 
variants detected by WGS in HADHB cannot be called causative at this time, evidencing 
the importance of integrating functional studies and segregation analysis into the clinical 
practice for interpretation of WGS findings.



Rare genetic disease patient management at the center of improved diagnostics and 
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Background: Management of fatty acid disorders is complex and highly personalized. Clear 
correlations of specific mutations with enzyme activity and patient severity suggests that 
standardized treatments guidelines with genetic information may be possible. Indeed, a 
routine practice in clinical care is to use treatment regimens that been established in an 
affected sibling with the same causal mutations.

Methods: To enable systematic centralized collection of genotype-treatment-outcome 
information, our group is developing a patient management application which allows 
patients to track strict medical diets accurately, medications and symptomatic information. 
This information, along with the patient’s genetic information is centrally collected to enable 
clinicians to view and learn effective treatment strategies through a clinician portal. We 
envision our platform will enable improving resolution of variants of unknown significance 
as well as collect real world data on what interventions improve patient care and where 
there are current gaps in treatment. Additional features for patients and providers include a 
location to store critical care notes and content explaining the condition for non-specialist 
providers and family. Patients may also opt-in to receive notification of new clinical trials or 
treatments they are eligible for and community features.

Results and Discussion: We anticipate our digital tool for patients and providers within 
the INFORM community can leverage the expertise and insights from all members to 
be centrally collected and enable a systematic effort in addressing gaps in diagnostics, 
management, and therapy.

Abstracts



Abstracts

High-throughput homology directed repair using paired Cas9 nickases for mutational 
scans of ACADVL
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Background: Currently, 30% of genetic tests will return an uncertain result. Despite high 
interest in transitioning to DNA sequencing-based approaches for screening conditions, 
false positives and negatives must be reduced to enable such a future. Ambiguous variants 
can be resolved using deep mutational scans that introduce mutations into model systems 
and measure phenotypes correlated with disease. Mutations can be introduced with 
CRISPR-Cas9 based approaches, but available systems require laborious cloning of libraries 
and large amounts of starting cells.

Case Study/Methods: We developed a method for high-throughput homology directed 
repair at endogenous loci of HAP-1 haploid cells. We employed a paired Cas9-nickase 
system in which gRNAs are designed with PAMs in an ‘outward’ orientation. Cas9 and 
gRNA complexes are nucleoporated with a single strand DNA library encoding single point 
mutations in the ACADVL gene. Cells were grown in media to mimic conditions that cause 
distress in patients (no glucose) to selectively deplete cells with a defective enzyme.

Results: We have shown cells were efficiently edited with perfect HDR rates between 10-
70% (region-dependent). We also demonstrated that the no glucose media condition led to 
reduced growth of an ACADVL KO cell line compared to wild-type. Library preparation and 
time points for high- throughput mutational profiling are currently being optimized.

Discussion: Scalable experimental methods for introducing precise mutations into cells in 
high-throughput may be useful in improving diagnostic workflows enabling prediction of 
disease that may be missed by current screening approaches at birth.



Novel therapies for patients with medium-chain acyl-CoA dehydrogenase (MCAD) 
deficiency
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Background: For patients with MCAD deficiency (MCADD), morbidity and mortality persist 
even after early identification by newborn screening. Pre-clinical and early clinical data 
suggest promising novel treatments for patients with MCADD. Animal models and early pilot 
human studies demonstrated that phenylbutyrate can act as an active site chaperone for 
MCAD destabilized by the common MCAD K304E (c985A>G) mutation. Preclinical studies 
also demonstrated that heptanoyl, the active ingredient in triheptanoin, is metabolized by 
short-chain acyl-CoA dehydrogenase, suggesting that triheptanoin supplementation may be 
beneficial as an energy source for patients with MCADD.

Methods: Four MCADD patients with at least one copy of the K304E mutation were fasted 
for 12 hours and metabolic parameters assessed. They were re-fasted after each dose of 
3, 4 and 6 gm/m2 of phenylbutyrate. Acadm-/- mice were treated with various doses of 
triheptanoin for up to 7 days and histological assessment and serum acylcarnitines were 
measured. Fibroblast cells from 3 patients with MCADD were treated with heptanoic acid 
and O2 consumption parameters were monitored.

Results: In subjects treated with phenylbutyrate, three of the four subjects had a dose-
dependent decrease in medium-chain acylglycines when fasted while on the study drug. 
Two subjects developed elevated levels of phenylbutyrate but none had clinical toxicity. 
Acadm-/- mice on triheptanoin showed a dose dependent reversal of hepatic steatosis, 
increased hepatic glycogen storage, and increased C3-, C5- and C7-carnitine in blood. In the 
human MCAD deficient fibroblasts, cell extracts were able to utilize the heptanoyl ester, but 
not octanoyl ester, as substrate. 

Discussion: Phenylbutyrate and triheptanoin show promise to improve metabolic flux 
through fatty acid oxidation in patients with MCADD. Phenylbutyrate clinical trials with 
additional patients as well as initiating triheptanoin clinical trials for treating MCADD are 
commencing.
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Psychosocial issues and coping strategies in families affected by long-chain fatty acid 
oxidation disorders
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Background: Long-chain fatty acid oxidation disorders (lc-FAODs) are associated with a 
high disease burden due to both the risk of metabolic decompensation as well as chronic 
complications in some defects. Little research has been performed on the impact of these 
disorders on the daily life of parents and caregivers. 

Methods: We performed a web-based questionnaire study among parents/caregivers 
of patients affected with lc-FAODs in German-speaking countries. The questionnaire 
specifically focused on different aspects of the disease, including diagnosis, clinical course, 
dietary management, siblings, job situation, social life, sports, travelling, as well as the 
parents’  attitude towards their child’s disease. 

Results: Data were collected from parents/caregivers of 63 patients (87 respondents, 63% 
mothers, 36% fathers) with lc-FAODs (mean age of patients 8.1 years, LCHADD 40%, MTPD 
14%, VLCADD 41%, CPT2D 5%). The overall disease burden of parents was considered 
highest during infancy and decreased with increasing age of their child. Although most 
patients attended a regular school, more than one third of parents were afraid that their 
child’s disease might have an impact on his/her career choice and adult life. Negative effects 
of the child’s disease on the job situation and career development were more commonly 
reported by mothers compared to fathers.  While 44% of parents reported, that their child’s 
disease was a source of conflict within their partnership and in 6% even the cause for 
separation/divorce, 48% of parents experienced that their child’s disorder brought them 
closer together. Although the majority of parents consider their child’s metabolic disorder a 
severe disease, most parents thought that life with a lc-FAOD is well-manageable.

Conclusions: Although a lc-FAOD disorder of a child poses a significant burden on the daily 
life of parents and caregivers, most parents have a positive attitude towards their child’s 
disease and seem to cope well with their situation. 
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A prospective, multicenter, non-interventional study to investigate the disease 
characteristics of adult patients with long-chain fatty acid oxidation disorders
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Background: Mitochondrial fatty acid β-oxidation disorders (FAODs) are a heterogeneous 
group of defects in fatty acid transport and mitochondrial β-oxidation with autosomal 
recessive inheritance. This non-interventional study examined the natural history of long 
chain-FAODs (LC-FAODs) in adult patients to characterize them in advance of clinical trials.

Methods: We followed patients (≥18 yrs) with LC-FAOD (confirmed mutations in CPT2, 
ACADVL or HADHA/B genes leading to CPT2, VLCAD, TFP or isolated LCHAD deficiencies) 
in a multicenter, prospective study in 15 centers worldwide. Participants had to receive 
stable treatment for ≥30 days prior to baseline assessments. Disease characteristics, 
symptoms, and endurance (12-minute walk test [12MWT]) were assessed at baseline (BL) 
and Month 4 (M4) (14–18 weeks after the baseline visit).

Results: Of 58 patients enrolled, 30 (51.7%) had CPT2, 16 (27.6%) LCHAD/TFP, and 
12 (20.7%) VLCAD deficiencies. Mean (SE) age at diagnosis and informed consent, 
respectively, was 18.1±2.0 yrs and 33.9±1.8 yrs; 33 (56.9%) were male, 46 (79.3%) had 
history of rhabdomyolysis, 10 (17.2%) myoglobinuria, 3 (5.2%) hypoglycemia, and 36 
(62.1%) hospitalization. Symptoms of neuropathy (n=8), weakness (n=6), foot drop (n=5), 
fasciculations (n=4), muscle wasting (n=4), cramps (n=4), weak hand grip (n=1), were only 
reported in LCHAD deficiency. Overall BL 12MWT mean (SE) distance was 835.5±25.5 m 
(median: 808.4 m [326.1–1310.0 m]) (CPT2 888.6±31.9 m; VLCAD 818.1±35.2 m; LCHAD 
723.0±63.1 m). At M4, overall distance increased by 24.4±10.0 m (median: 22.7 m; -179.9–
203.8m) (CPT2 24.4±12.9 m; VLCAD 37.9±17.4 m; LCHAD 11.9±26.7 m). Mean (SE) BL physical 
functioning score in the SF-12 scale was 67.0±3.8 (CPT2 73.3±4.5, VLCAD 70.8±7.4, LCHAD 
47.9±9.0). At M4, overall score changed by 4.7±2.9 (3.4±2.7 CPT2, 4.2±8.6 VLCAD, 8.3±7.1 
LCHAD).

Discussion: This study provides valuable data about disease characteristics and natural 
history of adults with LC-FAOD followed for 4 months, including their overall exercise 
endurance levels measured by the 12MWT, which will be useful in the development of new 
therapies for these rare disorders.
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Results from the Odyssey study: complexity of long-chain fatty acid oxidation disorder 
(LC-FAOD) management and patient-reported outcomes in real-world clinical practice in 
the USA
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Background: The Odyssey study assesses real-world management and outcomes of LC- 
FAOD. Community feedback directly informed study design and patient- and caregiver- 
reported outcomes (PROs).

Methods: Non-interventional cohort study of US medical record data, extracted using 
PicnicHealth technology, and prospective survey data of PROs. Anonymized PRO data 
(collected quarterly for first year) include treatments/management strategies, symptoms, 
and home management strategies to prevent emergency room (ER)/hospital visits. PROs 
are reported at enrollment.

Results: As of Nov 2021, 39 patients had enrolled (median age at enrollment, 16 years), 
and 27 were included in the analysis: 41% LCHAD, 33% VLCAD. Median data available 
per patient: 7.6 years of retrospective clinical data, visits to 19 providers and 5 care sites. 
Patients supplement their diets with triheptanoin (TH; n=16, 59.3%) or medium chain 
triglyceride (MCT; n=7, 25.9%), and all reported using ≥1 additional management strategy: 
91.3% dietary fat restriction, 69.6% carnitine supplementation, and high-carbohydrate diets 
when sick (65.2%) and well (60.9%). ER/hospital-preventive strategies in the past 4 weeks 
included drinking more fluid (96.2%), consuming food/drink high in sugar (92.3%) and 
resting (92.3%), a mean (median) number of times of 2.4 (0.5) overall, 0.7 (0.5) in TH and 
5.5 (0.5) in MCT users. Fewer TH than MCT users reported heart conditions (87.5% vs 100%), 
hypoglycemia (87.5% vs 100%), eye conditions (81.2% vs 100%), peripheral neuropathy 
(75.0% vs 83.3%), motor delays (87.5% vs 100%), speech delays (81.3% vs 100%), cognitive 
delays (81.3% vs 100%). Fewer MCT than TH users reported muscle weakness/impairment 
(83.3% vs 100%).

Discussion: Patients with LC-FAOD manage their disease with multiple healthcare providers, 
multiple management strategies and often use ER/hospital-preventive strategies at home. 
TH users reported using home preventive strategies less often and had fewer symptoms 
than MCT users.
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An open-label study to determine the safety and tolerability of 12 weeks’ treatment with 
oral REN001 in subjects with long-chain fatty acid oxidation disorders (LC-FAOD)
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Background: REN001 is an oral peroxisome proliferator-activated receptor delta (PPARδ) 
agonist being investigated as a potential treatment for LC-FAODs. This open-label, Phase 1b 
study evaluated safety and tolerability of REN001 in patients with LC-FAODs and explored 
potential efficacy measurements for use in future trials.

Methods: Participants with confirmed mutations and history of elevated creatine 
phosphokinase, hypoglycemia, rhabdomyolysis and/or cardiomyopathy received 50 mg/day 
(n=3) or 100 mg/day (n=21) of REN001 for 12 weeks. Number and severity of adverse events 
were recorded. Changes in endurance and fatigue were measured using the 12-minute walk 
test (12MWT), 36-Item Short Form Health Survey (SF-36), and Modified Fatigue Impact 
Scale (MFIS) at baseline and Week 12.

Results: Of 24 patients, 8 (33.3%) had CPT2, 5 (20.8%) LCHAD, 9 (37.5%) VLCAD and 2 
(8.3%) TFP deficiency. Median age was 23 years; 13 (54.2%) were male. Treatment-emergent 
adverse events (TEAEs) were reported by 18 (75%) patients, 33 (30%) TEAEs were reported 
as drug-related. The majority of drug-related TEAEs were mild or moderate in severity, with 
3 patients discontinuing treatment. Rhabdomyolysis was the most common TEAE, reported 
by 4 (16.7%) patients. Baseline to Week 12 changes in 12MWT, SF-36 energy/fatigue domain, 
and MFIS are presented by genetic subgroup in Table 1. The LCHAD and CPT2 subgroups 
exhibited 73.7m and 51.9m increase in 12MWT. LCHAD and TFP subgroups exhibited 19.5 
and 25.0 point increase in SF-36 energy/fatigue domain, along with 9.8 and 8.0 point 
decrease in MFIS.

Discussion: 12-weeks’ treatment with REN001 was generally well tolerated in this Phase 
1b study. Patients with LCHAD exhibited the greatest improvement in endurance with an 
accompanying reduction in fatigue. Data from this study support further evaluation of 
REN001 in patients with LC-FAOD.
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Table 1. Changes in endurance and fatigue by genetic subgroups from baseline 
to Week 121

12 MWT (meters) SF-36 Energy/Fatigue MFIS Total 

Baseline 
Mean 
(±SE)

Mean 
Change 
(±SE)

Baseline 
Mean 
(±SE)

Mean 
Change 
(±SE)

Baseline 
Mean 
(±SE)

Mean 
Change 
(±SE)

LCHAD 574.7 
(133.4)

73.7 
(18.0)

44.3 
(10.4)

19.5 
(11.7)

32.8 
(6.5)

-9.8 
(4.2)

CPT2 949.6 
(119.1)

51.9 
(49.4)

57.7 
(3.2)

0.8 
(4.9)

23.5 
(6.7)

1.0 
(3.3)

VLCAD 864.3 
(65.1)

-36.7 
(42.1)

57.3 
(9.3)

-17.8 
(7.8)

17.8 
(6.8)

15.6 
(8.5)

¹Patients with baseline and Week 12 data 

TFP not summarized as n=2
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Case Study of Physical Therapy for LCHAD Deficiency
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Purpose: This case study aims to describe the outpatient physical therapy program 
for a 15-year-old female with long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency 
(LCHADD).

Summary: Summary: The patient presented for outpatient physical therapy following 
hospitalization due to metabolic crisis.  Significant findings included impaired balance, 
gross extremity and core weakness, and impaired endurance.  She was dependent for all 
functional mobility and unable to attend school.  

After 12 months of combined aquatic and land-based physical therapy, the latter including 
robotic-assisted gait training, the patient demonstrated independence with transfers, 
ambulation with a rolling walker, and stair navigation.  Functional mobility, gross motor skills, 
and participation in activities of daily living (ADLs) significantly improved per standardized 
outcome measures including the Timed Up and Go (TUG), Gross Motor Function Measure 
(GMFM), and Pediatric Evaluation of Disability Inventory (PEDI).

Conclusion and Recommendations for Clinical Practice: Patients with LC-FAOD manage 
their disease with multiple healthcare providers, multiple management strategies and often 
use ER/hospital-preventive strategies at home. TH users reported using home preventive 
strategies less often and had fewer symptoms than MCT users.
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