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Abstract

Long-chain fatty acid oxidation disorders (LC-FAOD) can cause cardiac hypertrophy and 

cardiomyopathy, often presenting in infancy, typically leading to death or heart transplant despite 

ongoing treatment. Previous data on triheptanoin treatment of cardiomyopathy in LC-FAOD 

suggested a clinical benefit on heart function during acute failure. An additional series of LC-

FAOD patients with critical emergencies associated with cardiomyopathy were treated with 

triheptanoin under emergency treatment or compassionate use protocols. Case reports from 10 

patients (8 infants) with moderate or severe cardiomyopathy associated with LC-FAOD are 

summarized. The majority of these patients were detected by newborn screening, with follow up 

confirmatory testing, including mutation analysis; all patients were managed with standard 

treatment, including medium chain triglyceride (MCT) oil. While on this regimen, they presented 

with acute heart failure requiring hospitalization and cardiac support (ventilation, ECMO, 

vasopressors) and, in some cases, resuscitation. The patients discontinued MCT oil and began 

treatment with triheptanoin, an investigational drug. Triheptanoin is expected to provide 

anaplerotic metabolites, to replace deficient TCA cycle intermediates and improve effective energy 
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metabolism. Cardiac function was measured by echocardiography and ejection fraction (EF) was 

assessed. EF was moderately to severely impaired prior to triheptanoin treatment, ranging from 

12–45%. Improvements in EF began between 2 and 21 days following initiation of triheptanoin, 

and peaked at 33–71%, with 9 of 10 patients achieving EF in the normal range. Continued 

treatment was associated with longer-term stabilization of clinical signs of cardiomyopathy. The 

most common adverse event observed was gastrointestinal distress. Of the 10 patients, 7 have 

continued on treatment, 1 elected to discontinue due to tolerability issues, and 2 patients died from 

other causes. Two of the case histories illustrate that cardiomyopathy may also develop later in 

childhood and/or persist into adulthood. Overall, the presented cases suggest a therapeutic effect of 

triheptanoin in the management of acute cardiomyopathy associated with LC-FAOD.
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INTRODUCTION

Long-chain fatty acid oxidation disorders (LC-FAODs) represent a group of autosomal 

recessive inborn errors of metabolism with an estimated prevalence of ~1:17,000 in the US, 

based on newborn screening data. LC-FAOD are caused by defects in nuclear genes that 

encode six mitochondrial enzymes involved in the oxidation of long chain fats for energy 

during times of fasting and physiologic stress. The genes and their associated diseases 

include carnitine palmitoyl transferase 1 (CPT-I), carnitine palmitoyl transferase 2 (CPT-II), 

carnitine/acylcarnitine translocase (CACT), very long-chain acyl-CoA dehydrogenase 

(VLCAD), long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD), and mitochondrial 

trifunctional protein (TFP) deficiencies. As a result of the enzymatic block, partial or 

incomplete oxidation of fatty acids occurs, leading to accumulation of high concentrations of 

potentially toxic fatty acid intermediates and an energy deficit state in many organ systems. 

Management of LC-FAODs includes diligent avoidance of fasting combined with the use of 

low fat/high carbohydrate diets, carnitine supplementation in some cases, medium chain 

triglyceride (MCT) oil supplementation [1, 2]. A comprehensive clinical survey over 30 

years of experience and 187 cases at one center suggests LC-FAODs as a group have a 

mortality rate of 50% or higher when diagnosed symptomatically, despite increased 

awareness of the disorders and management over the last 2 decades [3]. Newborn screening 

and early treatment have reduced mortality, but carefully followed cohorts indicate major 

medical events continue to occur despite newborn screening diagnosis and management [1, 

2].

Patients with LC-FAOD present at any age with acute crises of energy metabolism and 

severe energy deficiency, even with treatment compliance rates of >80% [1, 3]. The main 

presentations are characterized by involvement of the liver, skeletal muscle, or heart 

associated with hypoglycemia/liver dysfunction early in life, muscle weakness/

rhabdomyolysis later in life, and episodic cardiomyopathy with or without arrhythmias at 

any age. The pattern and severity of organ involvement are generally not predictable based 

on the inherited defect [4–8] [9].
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Cardiomyopathy in LC-FAOD

LC-FAODs display a varying degree of cardiac manifestation that likely reflects the heart’s 

particular reliance on fatty acid oxidation for up to 90% of its energy. Studies in mouse 

models support the importance of fatty acid oxidation to cardiac function; VLCAD-deficient 

mice develop progressive cardiac dysfunction even without the trigger of catabolic situations 

[10]. Cardiomyopathy secondary to LC-FAOD is more likely to present in the first year of 

life than in older pediatric ages [11, 12] and can present as hypertrophic or dilated 

cardiomyopathy (DCM); arrhythmias are also common. In a study of 18 symptomatic 

VLCAD patients prior to newborn screening, infantile CM was the most common presenting 

phenotype [8]. In general, hypertrophic cardiomyopathy carries a higher risk of death and 

the rate of heart transplantation is greater for those who present as infants or with inborn 

errors of metabolism or with mixed hypertrophic and dilated or restrictive cardiomyopathy 

[13]. DCM is the most common form of cardiomyopathy in LC-FAOD [14], and is 

characterized by dilatation and impaired systolic contractile function. Patients with DCM 

may be asymptomatic or demonstrate physical examination findings of congestive heart 

failure depending on the degree of ventricular dysfunction. A 2-dimensional echocardiogram 

(2D ECHO) is the primary imaging modality to establish cardiac anatomy and function. 

Treatment may include diuretics, angiotensin-converting enzyme (ACE) inhibition, and beta-

blockers; if these fail, treatment may be escalated to intravenous inotropic therapy, 

respiratory ventilation, and mechanical cardiac support, including extracorporeal membrane 

oxygenation (ECMO) and ventricular assist devices (VAD). Patients with refractory 

symptomatic heart failure are candidates for transplant.

Rationale for Triheptanoin in the Treatment of Cardiomyopathy Associated with LC-FAOD

Traditional care for LC-FAOD includes supplementation with MCT oil, containing 

predominantly eight and ten carbon triglycerides. Since the long-chain fatty acid oxidation 

enzymes are not required to metabolize MCT, they can bypass the primary metabolic defect 

providing acetyl-CoA for the Krebs cycle. However, the Krebs cycle requires both even and 

odd chain intermediates to function, and thus may become secondarily impaired with this 

therapy, as observed directly in the heart of a murine FAOD model during heart failure [15]. 

The energy deficiency is accentuated by the need for aggressive gluconeogenesis with severe 

hypoglycemia and depletion of glycogen, which has the potential to further drain TCA cycle 

intermediates to feed the gluconeogenesis pathway.

Triheptanoin is an investigational drug comprised of a highly purified, pharmaceutical-

grade, synthetic medium odd chain (C7) triglyceride. It has also previously been used in a 

less purified food grade [15]. It is initially catabolized in the gut to free heptanoate that can 

diffuse across membranes to enter cells. Heptanoyl-CoA is then metabolized by medium 

chain fatty acid oxidation enzymes to acetyl- and propionyl-CoA, as well as 4- and 5-carbon 

ketone bodies (Figure 1). Propionyl-CoA is an anaplerotic molecule that restores the balance 

of the Krebs cycle intermediates pool via conversion to succinyl-CoA [15]. The restoration 

of Krebs cycle function improves flow of electrons to the mitochondrial respiratory chain 

recovering ATP production [16].
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The potential for triheptanoin to provide both acetyl-CoA and anaplerotic substrates for the 

Krebs cycle as well as the known reliance of the heart on fatty acid oxidation for energy, 

provides a biochemical rationale to investigate treatment in pediatric cardiomyopathy 

including patients whose symptoms have progressed despite treatment with MCT. The first 

patient treated with triheptanoin, a young girl with VLCAD deficiency and chronic and 

recurrent cardiomyopathy (case 8 in this report), showed sustained cardiac improvement 

after transitioning to triheptanoin [17]. In a retrospective study, medical records from 14 

patients ranging from 1.5–35 years of age with a history of cardiomyopathy who were 

treated with triheptanoin on a compassionate or emergency use basis were reviewed [5]. 

Following triheptanoin treatment, all improved or had stable ECHO parameters except one 

patient who required subsequent heart transplant. This manuscript reviews 10 cases 

(including the previously reported case 8) that further support the efficacy of triheptanoin for 

the treatment of severe cardiomyopathy due to LC-FAOD.

MATERIALS AND METHODS

Methodology

The reported case histories are from all patients treated with investigational triheptanoin for 

whom clinical data were provided by the treating physicians as of September 2015.The 

series includes patients with VLCAD (n=4), CACT (n=2), TFP (n=2) and LCHAD (n=2). 

Case 8 was previously reported after the original initiation of triheptanoin (at age 6 years)

[17], and with case 10 in a retrospective chart review study [5]. The current case reports 

provide additional information on these patients.

Informed consent was obtained from the parent or legally authorized guardian prior to 

administration of triheptanoin. Triheptanoin was provided on a compassionate use basis 

upon request by the treating physicians, approval of the local institutional review board, and 

an emergency Investigational New Drug approval by the US Food and Drug Administration 

or enrollment in a compassionate use study. Of the 10 patients with cardiomyopathy 

presenting in childhood, 6 were treated under emergency INDs (US FDA) and 4 were 

enrolled in a compassionate use clinical program (JV).

Assessments such as ECHO were performed at multiple institutions with variable protocols 

according to local standards.

Treatment regimen(s)

Patients were provided with triheptanoin as a pharmaceutical-grade investigational product 

supplied by Ultragenyx Pharmaceutical, Inc. (Novato, CA USA), supplied as a clear and 

colorless to light yellow oil intended for oral administration. It is a purified, synthetic 

triglyceride compound manufactured by chemical synthesis from glycerol and heptanoic 

acid, and manufactured in accordance with Current Good Manufacturing Practice 

regulations, applicable International Conference on Harmonisation guidelines, and regional 

regulations. Historically, patients 8 and 10 were treated initially with a food-grade oil (Sasol, 

Germany) at the time of presentation, but were switched to pharmaceutical grade 

investigational product when it became available.
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The dose and regimen with triheptanoin were defined based on information derived from 

over 13 years of clinical experience in LC-FAOD with food-grade triheptanoin [17]. These 

data showed an age-dependent dose related to the relatively higher energy requirements for 

young children versus older children and adults. The target dose was 25–35% of total 

calories, as tolerated, which is equivalent to approximately 2–4 g/kg in infants and young 

children, decreasing to 1–2 g/kg for older children and adolescents, and 1 g/kg for adults. 

The dose level in the cases presented ranged from 1 to 4 g/kg/day based on patient age 

(correlating to inherent energy requirement) and tolerability.

Individual Clinical Summaries

Case 1: VLCAD Deficiency—A female patient presented with neonatal hypoglycemia 

(blood glucose level of 5 mg/dL; 0.3 mmol/L) and metabolic acidosis that improved with 

intravenous dextrose. Newborn screening results were positive for VLCAD deficiency, later 

confirmed by mutation analysis. The patient was managed with MCT enriched formula. 

Biventricular hypertrophy was observed at age 3 weeks. At age 3 months, the patient was 

noted to have moderate left ventricular hypertrophy (LVH); at 7 months, she was 

hospitalized with severely depressed ventricular function (EF data not available), 

cardiogenic shock and pericardial effusion, treated surgically with a pericardial window 

procedure. The patient was started on triheptanoin and her condition improved rapidly. 

Three weeks after starting triheptanoin, echocardiography showed an EF of 63% with only 

mild LVH and a subsequent assessment, 3 months after starting triheptanoin, was normal. At 

the time of this report, the patient continues on triheptanoin treatment (4 years), 

cardiomyopathy has resolved, and cardiac function remains normal. No significant tolerance 

issues have been reported.

Case 2: VLCAD Deficiency—A male patient presented in the newborn period with 

hypoglycemia and cardiac dysfunction, which gradually improved on MCT-containing 

formula. The newborn screening result was positive for VLCAD deficiency. At age 6 months 

he presented with acute viral symptoms (adenovirus and rhinovirus positive) and suffered 

cardiac arrest requiring approximately 45 minutes of resuscitation. The patient was noted to 

have severe DCM and was placed on ECMO for 20 days. MCT was given only 

intermittently because of concern for gastrointestinal absorption. On Day 18 of the 

hospitalization, the patient was started on triheptanoin (EF 39%) with the dose ranging from 

2.6–3.3 g/kg/day, and was weaned from ECMO 2 days later. Eight weeks after starting 

triheptanoin the patient was discharged. He had two further admissions for viral infections, 

but his cardiac status remained stable. A 2D ECHO report showed mild left ventricle 

dysfunction and mild-moderate cardiomyopathy. Two weeks later, triheptanoin was 

discontinued at the request of the parents because of ongoing gastrointestinal symptoms. A 

follow up 2D ECHO 1 month later showed an EF of 69%.

Case 3: TFP Deficiency—A female patient presented in the neonatal period with 

hypoglycemia (37 mg/dL, 2.1 mmol/L) that responded to treatment with high dextrose 

infusion and MCT formula. Newborn screening was positive and the diagnosis of TFP 

deficiency was confirmed. On routine follow up at age 8 months of age, 2D ECHO 

evaluation revealed LVH and an EF of 44%. The patient was started on 1.5 g/kg/d of 
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triheptanoin at 9 months of age. At follow up 3 weeks later, the EF was 52%. At age 18 

months the patient had normal motor function, speech and language development and her 

most recent echocardiography showed normal ventricular function. She continues on a 

triheptanoin (3 years) at a dose of 2g/kg/d with no significant tolerance issues reported.

Case 4: LCHAD Deficiency—A female patient was detected on newborn screening, 

confirmed to have LCHAD and treated with MCT containing formula. She presented at age 

10 months with severe cardiomyopathy and heart failure; 2D ECHO indicated an EF of 27%. 

Soon afterwards, the patient developed bradyarrhythmia and cardiac arrest. Following 

resuscitation, the patient was started on ECMO that continued for 19 days. Additional 

treatment included nasogastric tube MCT with intermittent interruptions due to poor 

absorption, parenteral nutrition with 30% dextrose, an investigational intravenous MCT 

10%/LCT 10% emulsion (Lipofundin, LB. Braun Medical Supplies, Inc.), and cardiac 

pressor drugs. Due to lack of improvement in cardiac status (2D ECHO EF of 22%), the 

patient was started on triheptanoin (4g/kg/day) on day 16 of hospitalization. Three days later 

the patient was weaned from ECMO and showed gradual improvement in cardiac function, 

with an EF of 33% at discharge. She continues on triheptanoin treatment, now for 21 

months. There have been no further metabolic decompensations, and the most recent EF was 

55%. There have been no adverse drug symptoms.

Case 5: CACT Deficiency—A female patient presented at 23 hours of life, with severe 

hypoglycemia, hypothermia, hyperammonemia, increased CK, and 2D ECHO evidence of 

right ventricular hypertrophy. Management consisted of standard treatment, including high 

dextrose infusion and MCT formula. Newborn screening ultimately was positive and 

mutation analysis confirmed CACT deficiency. At age 6 months, the patient had an acute 

decompensation with severe cardiomyopathy, managed with ECMO and MCT supplements 

from which she gradually recovered. At age 10 months, she again presented with severe 

cardiomyopathy, with heart failure and ascites, concurrent with acute viral gastroenteritis 

and dehydration. She developed cardio-respiratory arrest and was managed with cardiac 

pressors, high concentration intravenous dextrose, and G-tube infusion of MCT oil. ECMO 

was unable to be initiated due to inadequate vascular access. The patient was started on 

triheptanoin at 4g/kg/day. Pre-treatment EF was 21% and within 3 days improved to 67%. 

Three weeks later, the patient was successfully discharged from the hospital. She has 

remained stable in spite of two intercurrent illnesses, and at the time of this report (17 

months), treatment with triheptanoin continues at a dose of 4 g/kg/d without significant 

intolerance.

Case 6: TFP Deficiency—A female patient, born at 35 weeks gestation with intrauterine 

growth restriction, presented with hypoglycemia (29mg/dL, 1.6 mmol/L) and elevated CK 

(2223 U/L, normal < 145 U/L) soon after birth. A 2D ECHO at 6 days of age showed mild 

biventricular dysfunction. An abnormal newborn screen suggested a diagnosis of LCHAD or 

TFP; follow up mutational analysis confirmed TFP deficiency likely predictive of a severe 

phenotype [18]. She was managed with MCT-containing formula. Other complications 

included severe neonatal neutropenia and intermittent hyperkalemia of unknown etiology. At 

6 weeks, she developed heart failure with a decreased EF (45%). At 10 weeks of age, 
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triheptanoin was started at a dose of 4g/kg/d. Due to worsening cardiac function the dose 

was increased to 5g/kg/d after 10 days. The patient developed pericardial effusions heralding 

a downward spiral. The patient’s condition rapidly deteriorated, with refractory cardiogenic 

shock and pulmonary hemorrhage that made all resuscitation efforts unsuccessful.

Case 7: VLCAD Deficiency—An abnormal newborn screen in this female led to a 

confirmed diagnosis of VLCAD deficiency, confirmed on plasma acylcarnitine profile. She 

was started on MCT-containing formula without supplementation with levocarnitine or 

additional MCT oil. A 2D ECHO performed at 3 weeks of age showed normal left 

ventricular systolic function (EF 65%) with neither ventricular hypertrophy nor dilatation. 

At 3 months of age, she presented with 24 hours of poor feeding, constipation, and vomiting, 

progressing to lethargy, loss of muscle tone, and respiratory distress. She was hypotensive, 

mildly hypoglycemic (51 mg/dL), with markedly elevated B-type natriuretic peptide (17,067 

pg/mL, normal < 100 pg/mL), depressed EF of 35%, and hepatomegaly and extremely low 

free carnitine levels (2.2 umol/L, reference range 21–53). She was placed on high dextrose 

infusion and insulin, multiple pressors, enteral MCT (2 g/kg/day), and intravenous 

levocarnitine (100 mg/kg/day). EF decreased to 17%, with moderate left ventricular 

dilatation and increased left ventricle mass index (150 g/m2; normal < 68 g/m2). Within 12 

hours of admission the patient had a bradycardia and cardiac arrest and was successfully 

resuscitated. She then experienced ventricular fibrillation and cardiac arrest, and was placed 

on ECMO emergently and taken to the cardiac catheterization lab for a balloon atrial 

septostomy. She required several defibrillations for persistent ventricular fibrillation. MCT 

oil was increased to 4 g/kg/day. Because cardiac function continued to deteriorate, she was 

switched to triheptanoin at 2 g/kg/day. The dose was escalated to 4 g/kg/day, then to 6 g/kg/

day, in conjunction with IV nutrition. Her cardiac EF improved, reaching 42.9% and ECMO 

was discontinued ten days after her acute presentation. EF eventually normalized at 52% 

with only mild left ventricle dilatation on post-triheptanoin. She ultimately died of septic 

shock, necrotizing fasciitis, and multi-system failure, sequelae of her prolonged 

resuscitation.

Case 8: VLCAD Deficiency—This female infant (born prior to newborn screening) 

presented on day of life 3 with hypoglycemia and hypothermia, responsive to IV fluids [17]. 

She subsequently had poor feeding and poor weight gain. At 3.5 months of age, she 

developed acute cardiomyopathy with biventricular hypertrophy, pericardial effusion and 

respiratory failure. She was treated with MCT-containing formula, via gastrostomy tube, 

with a good response; however, she had recurrent admissions for cardiac decompensation, 

hepatomegaly, rhabdomyolysis and muscle weakness. At age 5, because of chronic 

cardiomyopathy, hepatomegaly (8 cm) below right costal margin, and muscle weakness, she 

was enrolled in an investigational study of triheptanoin. Within 2 weeks, her cardiac function 

was normal, hepatomegaly resolved and muscle weakness improved [17]. She continued on 

dietary triheptanoin (3.5–4.0 g/kg/d) in a compassionate use program without further 

metabolic decompensation, and had normal cardiac function until about age 18, when she 

discontinued the medication [17]. Approximately 2 years later, she developed acute 

metabolic decompensation with severely depressed ventricular function, cardiogenic shock, 

and subsequent cardiac arrest. EF prior to arrest was 20–25%). She was managed with 
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ECMO and cardiac pressors. She restarted triheptanoin and ECMO; pressor drugs were 

discontinued after 8 days, with essentially normal cardiac function prior to discharge from 

the hospital (EF 57%). She is currently stable, on triheptanoin for 10 months.

Case 9: LCHAD Deficiency—LCHAD deficiency was diagnosed in this male patient on 

newborn screening following a prenatal history of maternal hemolysis, elevated liver 

enzymes, low platelet count (HELLP) syndrome and delivery at 31 weeks by caesarian 

section due to placental abruption. Preterm infant formula containing MCT was started at 

birth. There was no history of hypoglycemia or cardiomyopathy. He remained well, with 1–2 

episodes/year of rhabdomyolysis until age 8 when he had several closely spaced admissions 

for severe rhabdomyolysis CK up to 50,000 U/L, (normal < 178 U/L) and persistent CK 

elevation between episodes. He was subsequently referred for enrollment in an expanded 

access program with triheptanoin. On the day of admission, he had complaints of abdominal 

pain and vomiting (previously noted with other rhabdomyolysis events). Lab results showed 

a CK of 1500 U/L. A baseline 2D ECHO showed an EF of 47%. He was managed with 

intravenous hydration. The following day, he had bradyarrhythmia and cardiac arrest. An 

acute 2D ECHO showed an EF of 12 %. He was started on triheptanoin, at a dose of 1.25 

g/kg/d, titrated to 2.5 g/kg/d by 1 week of treatment, and managed with cardiac pressors and 

ECMO for 10 days. He was then successfully transitioned to a left ventricular assist device 

and was able to be successfully decannulated 28 days later. Cardiac function gradually 

improved and all pressor and mechanical supports were discontinued. Eight weeks after 

starting triheptanoin, his EF was 45%. He has continued on triheptanoin (1.4 g/kg/d) and has 

remained well for 10 months. His most recent EF was 62%.

Case 10: CACT Deficiency—This male patient was born at term by repeat caesarian-

section prior to initiation of expanded newborn screening, following an uneventful 

pregnancy; he was initially observed for possible amniotic fluid aspiration. At 8 days of age, 

he developed hypothermia and altered level of consciousness, and underwent an evaluation 

for sepsis; hyperammonemia (> 1,000 mg/dL, normal < 170 mg/dL) was noted, and treated 

with intravenous nitrogen scavenger medication. He was also noted to have hepatomegaly 

and lactic acidosis. A chest x-ray showed cardiomegaly, and 2D ECHO on day of life 11 

showed mild LVH and decreased left ventricle function with an EF of 41%. He was 

subsequently diagnosed with CACT deficiency and was started on an MCT-containing 

formula with additional MCT supplementation. Because of increasing cardiomyopathy and 

hepatomegaly, the MCT dose was increased to 4 g/kg/d. At 6 months of age he developed 

cardiac decompensation (no reports of acute EFs were available, one previous was 39%) and 

he was started on triheptanoin. At age 18 months, his triheptanoin dose was 4.8 g/kg/d. A 2D 

ECHO showed mild left ventricle dilatation and moderate hypertrophy with an EF of 67%. 

He has continued on triheptanoin, and his most recent 2D ECHO at age 5 ½ years, showed 

normal ventricular morphology and function. He has remained stable on triheptanoin 

treatment now for 6 years.
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RESULTS

Baseline Characteristics

A LC-FAOD was detected via newborn screening in all patients except case 8, in whom 

VLCAD deficiency diagnosed at age 3.5 months of age, and case 10 in whom CACT 

deficiency was diagnosed during the first month of life. Both of these patients were born 

before the initiation of expanded newborn screening for FAODs in their respective US states. 

Diagnosis was confirmed by mutation analysis in all patients (Table 1). All patients were 

managed with standard treatment, including prior treatment with MCT or MCT-containing 

formula. The majority of patients (7/10) presented with clinical sequelae during the neonatal 

period, with neonatal hypoglycemia being the most common. Most of the patients did not 

present with cardiomyopathy, though cardiac dysfunction was incidentally noted in several 

cases. In nine of the ten cases, cardiomyopathy was diagnosed within the first year of life 

(Table 1). One female VLCAD deficiency patient (case 8) initially presented with acute 

cardiomyopathy with biventricular hypertrophy at 3.5 months of age and was successfully 

managed with triheptanoin continuously through childhood from age 6 years until age 18 

years with normal cardiac function [17]. Following voluntary termination of triheptanoin 

treatment in early adulthood due to the lack of perceived need, the patient presented at age 

20 years with acute cardiomyopathy, cardiogenic shock, and cardiac arrest. One male 

LCHAD deficiency patient (case 9) had no prior history of hypoglycemia or cardiomyopathy 

prior to age 8 years.

Triheptanoin Treatment, Clinical Characteristics and Supportive Care

Patients (parents) consented to receive triheptanoin therapy under an expanded access 

(compassionate use) program or under emergency IND. Therapy with MCT oil was 

discontinued and treatment with triheptanoin (UX007) was initiated while patients were 

acutely ill. The majority of patients began treatment with triheptanoin as infants (aged 2.5 

months–10 months; Table 1), except for case 8 (described above), and case 9 who initiated 

treatment at approximately 8 years of age.

The infants in this report were hospitalized with cardiac arrest, arrhythmia, pericardial 

effusion or heart failure requiring cardiac support. Decompensation due to secondary acute 

infection was reported in 4 of 10 cases (Table 2). The majority of patients received 

mechanical support (ventilation/ECMO) and/or vasopressors and, in some cases, 

resuscitation. The patients often presented with concurrent hepatic and musculoskeletal 

involvement. These common features of LC-FAOD included neonatal hypoglycemia, 

rhabdomyolysis, hepatic dysfunction, and metabolic/lactic acidosis (Table 2).

Cardiac Function and Related Biochemical Markers

2D ECHO was performed to measure reduced EF as an indicator of systolic heart failure and 

deficiencies in heart muscle function. In patients with available data before and after 

treatment (n=9), the mean EF was 28% (range12%–45%) prior to triheptanoin treatment; 

half of the patients had a severely impaired baseline EF of less than 25% (Figure 2). 

Improvements in EF began between 2 and 21 days following initiation of triheptanoin, and 

peaked at mean EF of 60% (range: 33%–71%, with 8/10 patients achieving a peak EF 
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greater than 50% (or in the normal range; Figure 2). In some cases, however, EF’s associated 

with acute decompensation episodes were not available. Within 2–3 days of initiating 

triheptanoin, some patients were weaned from ECMO (cases 2 and 4) or showed rapid 

improvements in EF (case 5). In others, ECMO and/or pressors could be discontinued within 

8–10 days following initiation of triheptanoin (cases 7–9).

Biochemical parameters also improved coincident with increasing EF. In the 8-year old male 

with LCHAD (case 9), CPK and lactate were monitored nearly daily. Once the triheptanoin 

dose was titrated to 2.5 g/kg/d, CPK and lactate decreased along with troponin levels (data 

not shown), and increases in EF were observed beginning on treatment day 13 (Figure 3).

Tolerability and Treatment Continuation

The most common adverse effects associated with triheptanoin treatment were 

gastrointestinal distress, including loose stools. The majority of these were mild and usually 

managed by administering triheptanoin mixed with food and divided dosing. No other 

significant tolerance issues or treatment-related adverse events were reported. Seven of the 

10 patients continue to receive treatment with triheptanoin (up to 36 months and ongoing) 

and have maintained stable cardiac function despite complications from recurrent infections 

in some. One patient discontinued triheptanoin treatment after approximately 14 weeks due 

to gastrointestinal symptoms (primarily vomiting).

Two infants died from other complications. The first was a female with VLCAD deficiency 

(case 7) who died at approximately 3.5 months of age of sepsis/necrotizing fasciitis. A 

female with mitochondrial TFP deficiency (case 6) also died at approximately 3.5 months of 

age. She was born at 35 weeks gestation with IUGR, and presented with early hypoglycemia 

and mild bi-ventricular dysfunction. After 6 weeks, she developed heart failure with a 

decreased EF (45%), severe neonatal neutropenia, and intermittent hyperkalemia. At 10 

weeks, EF declined to 37% and she was treated with triheptanoin (4–5g/kg/d). Her EF 

initially slightly improved to 41%. Two weeks later, she developed metabolic and lactic 

acidosis and respiratory distress requiring ventilation, with an EF of 33%. She developed 

pericardial effusions that were drained; however, re-accumulation 5 days later again required 

drainage. Several hours later, she developed refractory cardiogenic shock with severe 

pulmonary hemorrhage, and could not be resuscitated. None of these events was directly 

attributed to triheptanoin administration by the reporting physician, rather appearing to be 

related to underlying disease.

DISCUSSION

The most severe LC-FAOD phenotypes present in early infancy with severe life-threatening 

cardiomyopathy, arrhythmia, heart failure, hypoglycemia, hepatic dysfunction, and 

rhabdomyolysis [19]. Morbidity and mortality remain high despite treatment, particularly 

where newborn screening for LC-FAOD is not available [3]. Triheptanoin is a medium odd 

chain fatty acid that generates anaplerotic metabolites to increase Krebs cycle function and, 

ultimately, energy output. Ten patients with cardiomyopathy associated with LC-FAOD were 

treated with triheptanoin as part of emergency INDs or expanded access (compassionate use) 

programs. Treatment was associated in some cases with rapid improvements in cardiac 
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function; continued treatment was associated with stabilization of clinical signs of 

cardiomyopathy, even during subsequent infections in some cases.

In the case illustrated in Figure 3, the initial peak in CPK lagged behind the acute 

myocardial decompensation by several days, while the troponin peak was coincident with it. 

While EF increased with triheptanoin treatment on ECMO, cardiac function was insufficient 

to sustain circulation without additional mechanical assistance, and a biventricular assist 

device was placed. Cardiac function improved thereafter and all mechanical assistance was 

discontinued after one further week. It is noteworthy that 6 of 10 patients were treated with 

concurrent triheptanoin and ECMO without apparent gastrointestinal difficulties. In pediatric 

patients with reversible causes of cardiogenic shock, ECMO has been extensively used as a 

bridge to recovery [20], including to bridge patients to recovery after for postcardiotomy 

syndrome after heart surgery, acute graft dysfunction after heart transplantation, and severe 

biventricular dysfunction after viral myocarditis [21–23]. Data on the use of ECMO in 

FAOD is scant; in this report 6 patients were successfully bridged to recovery with ECMO 

supporting potential myocardial recovery in these patients. Four patients in this report 

recovered with ECMO, consistent with other previous reports of its use in acute 

cardiomyopathy [17].

Assessing cardiac recovery while on ECMO is challenging and difficult to standardize since 

EF while on ECMO may not represent a true marker of the patient’s actual cardiac function 

[24]. The objective of ECMO is to support cardiac output, while the heart recovers. ECMO 

decompresses the heart by reducing its preload and, therefore, changes the Starling curve of 

the heart and makes the interpretation of EF numbers difficult. Other markers have been 

used to monitor recovery while on ECMO. This depends on a successful heart 

decompression, allowing recovery from the ischemia generated due to decreased coronary 

perfusion related to increased diastolic pressures secondary to the dilation. Markers of 

dilation such as plasma brain-type natriuretic peptide (BNP) levels have been used to 

monitor and predict acute decompensation in chronic heart failure and can also be used to 

monitor appropriate decompression while on ECMO [25]. Therefore, the use of serial 

plasma BNP may become an important feature not just for follow up, but also in monitoring 

the recovery from acute decompensation in this patient population.

Cardiac energy metabolism is significantly impaired in cardiomyopathy. The heart typically 

utilizes fatty acid oxidation for ~90% of energy even under fed conditions. Fatty acid 

oxidation provides reducing equivalents directly to the mitochondrial respiratory chain, as 

well as acetyl-CoA for the Krebs cycle, which in turn generates additional reducing 

equivalents to maintain energy homeostasis. In an otherwise normal heart, the respiratory 

chain is compromised in cardiac failure, leading to an increase in the NADH/NAD+ ratio 

and a decrease in pyruvate oxidation for gluconeogenesis [26]. This metabolic state 

decreases the utility of glucose as a backup energy source in the failing heart. With an 

accompanying LC-FAOD, utilization of stored long chain fats is also impaired. In this 

setting, acetyl-CoA from MCT oil can provide needed acetyl-CoA for the Krebs cycle. 

However, with excess reliance on this energy pathway, provision of acetyl-CoA to the 

exclusion of odd-chain carbon intermediates leads to depletion of the latter and secondary 

deficiency of the Krebs cycle. Anaplerosis refers to metabolic pathways that replenish the 
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Krebs cycle intermediates, which are essential to energy metabolism. Animal studies have 

shown that depletion of the Krebs cycle (cataplerosis) may contribute to cardiac 

pathogenesis in LC-FAODs [27]. Since many of the factors involved in the regulation of 

Krebs intermediate pool sizes are known to be altered in pathophysiological states such as 

cardiac hypertrophy and failure, this may lead to an increased demand for anaplerotic 

substrates [reviewed in [28]].

The mechanism of action of triheptanoin in restoring energy metabolism in LC-FAOD is 

dependent on its medium chain length as well as its odd-carbon composition, providing 

increased availability of anaplerotic substrates, resulting in improved cardiac and skeletal 

muscle function. Prior reports have demonstrated the feasibility of anaplerotic interventions 

in LC-FAOD [5, 17]. Data from the additional patients treated with triheptanoin in this 

report provide additional evidence of maintained cardiac stabilization and improvement in 

function despite recurrent infections and secondary complications. While the majority of 

cardiac complications from LC-FAOD present in the first year of life, cases 8 and 9 

demonstrate the cardiomyopathy may develop later in childhood, and LC-FAOD patients 

may still be at risk for decompensation later in life.

Two mouse models of LC-FAOD [long chain-acyl-CoA dehydrogenase (LCAD) and 

VLCAD] have been reported and both can develop cardiomyopathy. Metabolic studies in 

VLCAD deficiency mice have questioned the efficacy of treatment with MCT or 

triheptanoin. However, the relevance to VLCAD deficiency in humans is uncertain due to 

the concurrent expression of both long chain dehydrogenases in most mouse tissues 

including heart [29, 30].

The major concern in interpreting our experience with treatment of cardiomyopathy in LC-

FAODs is that the study was neither blinded, nor placebo-controlled. However, in the life 

threatening situations facing clinicians treating these patients, all patients had been on MCT 

oil prior to the development of their cardiomyopathy, and that current therapy was failing. 

The success of triheptanoin in rescuing and stabilizing most patients is thus striking 

especially in those cases where rapid responses were observed over a few days. Overall, 

these results continue to identify triheptanoin as a promising treatment for LC-FAOD, and 

provide impetus for planned phase 3 clinical trials.

CONCLUSION

Infants with LC-FAOD and cardiomyopathy continue to suffer significant morbidity and 

mortality despite management with traditional treatment, including MCT oil. Substitution of 

MCT oil with triheptanoin, currently in clinical trials as a pharmaceutical grade medium 

odd-chain fatty acid, provides an alternative substrate with anaplerotic properties in these 

patients, restoring energy production for gluconeogenesis. The cases presented in this report 

demonstrate the beneficial effect of triheptanoin in the management of cardiomyopathy 

associated with LC-FAOD. Since this treatment is a substrate replacement therapy and not 

an enzyme inhibitor or other type of drug class, dosing will likely need to be individualized 

based on tolerability, metabolism, and energy needs. Further studies are warranted to 

confirm these promising findings.
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Highlights

• Triheptanoin help improve cardiomyopathy in patients with 

cardiomyopathy already on MCT oil.
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Figure 1. Proposed MOA of Triheptanoin in LC-FAOD
Dual mechanism of energy substrate replacement following triheptanoin metabolism. 

Triheptanoin provides both acetyl-CoA and propionyl Co-A for anaplerosis, bypassing LC-

FAOD blocks in fatty acid metabolism and preserving Krebs cycle function.
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Figure 2. Peak Ejection Fraction Improvements Following Initiation of Triheptanoin
Peak ejection fraction (EF) improvements following initiation of triheptanoin. Lines 

represent EF values prior to triheptanoin treatment (where available) and the peak EF 

achieved following initiation of triheptanoin for patients presented in Cases 1–10.
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Figure 3. Changes in Serum Chemistry and ECHO Parameters following Triheptanoin 
Treatment in an 8 year old with LCHAD Deficiency
Relationship between creatine phosphokinase (CPK; IU/L) and lactate (nMol/L) 

improvements, and increasing EF over a 60-day period prior to and following initiation of 

triheptanoin in Case 9. Lines represent linear regression.
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