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Abstract

Background—The treatment of long-chain mitochondrial B-oxidation disorders (LC-FOD) with
a low fat-high carbohydrate diet, a diet rich in medium-even-chain triglycerides (MCT), or a
combination of both has been associated with high morbidity and mortality for decades. The
pathological tableau appears to be caused by energy deficiency resulting from reduced availability
of citric acid cycle (CAC) intermediates required for optimal oxidation of acetyl-CoA. This
hypothesis was investigated by diet therapy with carnitine and anaplerotic triheptanoin (TH).

Methods—Fifty-two documented LC-FOD patients were studied in this investigation (age range:
birth to 51 years). Safety monitoring included serial quantitative measurements of routine blood
chemistries, blood levels of carnitine and acylcarnitines, and urinary organic acids.

Results—The average frequency of serious clinical complications were reduced from ~ 60 %
with conventional diet therapy to 10 % with TH and carnitine treatment and mortality decreased
from ~ 65 % with conventional diet therapy to 3.8 %. Carnitine supplementation was
uncomplicated.

Conclusion—The energy deficiency in LC-FOD patients was corrected safely and more
effectively with the triheptanoin diet and carnitine supplement than with conventional diet therapy.
Safe intervention in neonates and infants will permit earlier intervention following pre-natal
diagnosis or diagnosis by expanded newborn screening.
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1. INTRODUCTION

The long-chain fat oxidation disorders (LC-FOD) include inherited deficiencies of (i) the
enzymes of the “Carnitine Cycle”: carnitine palmitoyltransferase | (CPT-1), Carnitine
acylcarnitine translocase (CACT), and CPT Il), and (ii) enzymes required for 3-oxidation:
very long-chain acyl-CoA dehydrogenase (VLCAD), Trifunctional protein (TFP) and long-
chain acyl-CoA dehydrogenase (LCHAD). These disorders continue to manifest serious
clinical complications including cardiomyopathy, and recurrent episodes of rhabdomyolysis,
weakness, hepatic failure, hypoglycemia, and hyperammonemia. These complications have
persisted despite decades of diet therapy with low fat-high carbohydrate, a diet rich in
medium-even-chain triglycerides (MCT), or a combination of both. [1-4]

Previous reviews of patients receiving conventional diet treatment have described the
continued high frequency of these clinical complications and extremely high mortality.
Increasingly, these complications are considered to be the result of compromised CAC
function and reduced ATP availability, in spite of the ample supply of acetyl-CoA derived
from dietary carbohydrates or MCT. The most likely explanation of such biochemical
pathology is an insufficient supply of CAC intermediates that carry acetyl groups as they are
oxidized. There is no evidence of defective anaplerosis in LC-FOD. Thus, we hypothesized
that excessive cataplerosis, uncompensated by physiological anaplerosis, results in
suboptimal CAC operation. We further hypothesized that replacing medium-even-chain
triglycerides with medium-odd-chain triheptanoin would boost anaplerosis and compensate
for excessive cataplerosis. The heptanoate component of triheptanoin is oxidized to both
acetyl-CoA and anaplerotic propionyl-CoA. Unlike anaplerosis from pyruvate or glutamate/
glutamine, anaplerosis from propionyl-CoA is irreversible. In addition to being a direct
anaplerotic substrate, heptanoate is indirectly anaplerotic in peripheral tissues via the
utilization of C5-ketone bodies (B-hydroxypentanoate + f-ketopentanoate) formed from
heptanoate in the liver.

Previous studies involving TH in dietary management have reported beneficial clinical
outcomes for VLCAD deficiency [5], late-onset CPT I deficiency [6], adult polyglucosan
body disease (APBD) [7] and the glucose-1-transport defect [8]. These studies have provided
support for the existence of an underlying energy deficiency that benefits from anaplerotic
therapy.

The present report evaluates the potential value of diet therapy with triheptanoin + carnitine
compared to prior conventional diet therapy in 52 LC-FOD patients. Unlike previous reports
[1-4], this analysis distinguishes between the cardiac and mild forms of VLCAD deficiency,
and separates TFP from LCHAD patients, thus allowing a more comprehensive evaluation
of this therapeutic regimen.

2. METHODS

Triheptanoin Source and Diet Management

TH oil (“Spezialdl 107”) was provided by SASOL, GmbH, Witten DE and was used
exclusively with all patients in this investigation. This oil contained heptanoate esterified to
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glycerol (99.5 %) and TH at > 97.4 % purity. All infants and children with documented LC-
FOD also received a daily L-carnitine supplement of 100 mg/kg (in 4 divided doses). All
adults received a maximum dose of a 330 mg tablet of L-carnitine three times daily. (Sigma
Tau Pharmaceuticals)

Portagen formula (Mead-Johnson Nutritionals) had previously been used as a source of
MCT to treat patients in this study. The dose of MCT in Portagen used in other pediatric
patients (30-35% of daily caloric intake) and in uncomplicated preliminary meal tests with
LC-FOD patients [5] was chosen as a safe TH dose prior to initiating this protocol.

Composition of the TH formula: 1. Total daily long-chain fat intake was reduced to < 20%
of the daily caloric requirement and essential fatty acids were added to meet the daily
requirement. TH was maintained at ~ 30-35% of the daily caloric requirement. 2. Imwitor
375 (SASOL, GmbH) was added at 2% as an emulsifier for TH oil prior to completing the
final daily formula. 3. The complex carbohydrate, Polycose (Abbott Nutrition), was
substituted for “simple sugar” intake (mono- and di-saccharides) to avoid unnecessary
weight gain. Protein, vitamins and minerals were added as recommended by the dietitian. 4.
The completed daily TH formula was appropriately divided for infant feedings (e.g. every 3
hours). For children, adolescents and adults, a low fat-low carbohydrate diet was maintained
along with four “snacks” of TH mixed with low fat-low carbohydrate yogurt at each meal
and bedtime. With the gradual decrease in caloric requirement with age, the amount of TH
for infants and children was equivalent to ~ 3—4 gm/kg/day and for adolescents and adults it
was ~ 1.0 gm/kg/day. All patients and/or parents were given dietary instruction and
experience in preparation of diet/formula during their initial hospitalization.

Management of problems with the TH diet: If gastric cramps occurred, the TH dose was
transiently decreased until the discomfort resolved (~ 2 days) and the previous dose was re-
started without recurrence of discomfort.

Following an initial admission for up to 9 days, follow-up clinical and laboratory
evaluations occurred up to 12 months. At that time, all patients and parents consented to
continue participation in the trial.

Metabolic Monitoring

Blood chemistries included glucose, potassium, CO,, anion gap, BUN, creatinine, albumin,
AST (SGOT), ALT (SGPT), ammonia, GGT, creatine kinase (CPK), cholesterol,
triglycerides, HDL, and LDL. Blood levels of 3-OH-butyrate (BHB), acetoacetate (AcAc), 3-
OH-pentanoate (BHP), 3-ketopentanoate (BKP), heptanoate (C7) and octanoate (C8) were
obtained as previously described. [9,10, 12]

Blood levels of free carnitine and the following acylcarnitines were measured by
electrospray mass spectrometry [5]: acetyl- (C2AC), propionyl- (C3AC), heptanoyl- (C7AC),
octanoyl- (C8AC), 5-cis-myristenoyl- (C14:1AC), palmitoyl- (C16AC), 3-OH-palmitoyl-
(C16-OHAC), oleoyl- (C18:1AC) and long-chain odd-carbon acylcarnitines.
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Plasma levels (nmol/L) of s-adenosyl-methionine (SAM), and s-adenosyl-homocysteine
(SAH) were measured by a modification of the stable-isotope dilution liquid
chromatography-electrospray injection tandem mass spectrometry (LC-ESI-MS/MS)
previously described. [11]

Quantitative urinary organics acids by GC-MS (mmol/mol creatinine) included 3-OH-
propionate, heptanoate, octanoate, methylmalonate (MMA), 3-OH-pentanoate (BHP), 3-
keto-pentanoate (BKP), pimelate, methylcitrate, pyruvate, acetoacetate (AcAc), lactate, 3-
OH-butyrate (BHB), 2-oxoglutarate, succinate, fumarate, malate, aconitate, isocitrate, citrate
adipate, suberate, and sebacate. [12]

Statistical Analyses

were performed with Graph Pad Prism (GraphPad Software, Inc. version 6) and were tested
(non-parametric) with Welch’s Correction except when geometric means were required for
data sets with abnormal distributions.

Ethical Approval and Consent

Informed consent was obtained from all patients or their parents as approved by the Baylor
Research Institute’s Institutional Research Board (IRB protocol 099-135). The investigation
was performed under FDA Sponsor-Investigator IND 59,303.

3. RESULTS

3.1 Patient D

escription

Between 1999 and 2009, 52 patients with proven long-chain fat oxidation disorders along
with prior clinical and dietary history were referred to this clinical trial. Except for CPT-I
patients, the remaining 50 patients received supplemental liquid carnitine. These patients
included 8 infants, 28 children, 7 adolescents, and 9 adults representing the following
disorders: CPT-1, CACT, CPT Il, VLCAD, TFP, and LCHAD. The number of patients with
each disorder, their age at entry into the protocol, their pre-protocol diet, and duration of
their TH diet are described in Table 1.

Prior to the trial with TH, 41 of the patients were receiving the MCT diet. Of these, the daily
dose of MCT was available in 32 patients and ranged from 0.2 to 6.8 gm/kg/day (mean= 2.5)
compared to the subsequent TH dose range of 1.0 to 4.5 gm/kg/day (mean= 2.6) in all 52
patients. Although the doses appear equivalent, the daily dose of TH used with infants and
children < 12 years old was ~ 3.0 — 4.0 gm/kg/day and for adolescents and adults the dose
was ~ 1.0 gm/kg/day. These doses corresponded to ~ 30-35% of the daily caloric
requirement that decreases with age and ideal body weight. These dosages permitted
detection and measurements of intermediates reflecting oxidation of heptanoate to
propionyl-CoA (as C3AC). [5, 6]

The Supplement File also describes the age at entry, duration of participation, diets, daily oil
doses, results of routine blood chemistries, lipid panels, carnitine, acylcarnitines, and urinary
organic acids for each patient.
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The cardiac and non-cardiac phenotypes of VLCAD deficiency were differentiated by the
ratio of [2H3]C16AC :[2H3]12AC following incubation of fibroblasts with [-2Hs]palmitate.
[13] LCHAD deficiency was distinguished from TFP deficiency by direct enzyme assays of
long-chain L-3-hydroxy acyl-CoA dehydrogenase (LC-HAD) and long-chain L-3-ketoacyl-
CoA thiolase (LKAT) from isolated inner mitochondrial membranes from fibroblasts. The
C1528 mutation was analyzed in all TFP and LCHAD patients, and was positive only in
LCHAD cell lines. [14]

3.2 Metabolic Observations

3.2.1: Safety Monitoring of High Risk Patients—Nine of the 52 patients were
considered to be potentially at high risk: those under 6 months of age: (CACT (2), VLCAD
(3) and LCHAD (2)) and two affected VLCAD women when pregnant at > 20 weeks
gestation. Recognizing the severity of the disorders in these infants, and knowing that early
intervention with MCT was a routine clinical practice, TH was started during their initial
hospitalization. Frequent metabolic monitoring was used to detect and respond to any
unanticipated adverse effects. The pregnant women were admitted to the High Risk
Obstetrical Facility for frequent metabolic monitoring and twice daily sonograms.

3.2.1.1 TH Interventions before one month of age

I ntervention at Birth: This family had already lost two infants with CACT deficiency
during the first week of life. This third pregnancy was also diagnosed with CACT deficiency
by amniocentesis. Gastrostomy was performed following delivery, and MCT feeds with
carnitine were provided for the first 18 hours after which TH began and carnitine
supplement was continued. At birth, all laboratory values were normal except for the serum
CPK =659 (NI 38-174 IU/L) that became normal after 2 days on TH. Blood levels of
C16AC decreased from ~ 7.5 to 4.2 uM (normal for neonates), and C3AC increased from
1.9to 3.1 uM. The creatinine level was normal at birth but decreased progressively from 0.8
to 0.3 mg/dl (normal: 0.6-1.2 mg/dl). Urinary organic acid analyses were unremarkable
except for transient elevations of heptanoate, pimelate and methylcitrate. (Fig 1, Left Panel)
However, extreme and simultaneous elevations of both succinate and lactate occurred that
had not been observed in any other patients. Cardiomyopathy, arrhythmia, rhabdomyolysis,
acidosis, hepatomegaly and hypoglycemia did not occur during the first month of treatment
or during the ensuing 7 months of treatment. (Fig 1, Right Panel)

TH Interventionsin Infants: Early in the trial, patient VLCAD-C-9 (22 days old) whose
affected sibling died from hypertrophic cardiomyopathy, and patient LCHAD-5 (15 days
old) entered the TH trial. For the first 2 days, both infants received Portagen formula (~ 3.0
gm MCT/kg/day) and carnitine. Then, the TH dose was increased step-wise from 2.0 to 3.5
gm/kg/day and carnitine without complications. On admission, patient VLCAD-C-9 had a
normal physical exam, echocardiogram, and liver ultrasound. While receiving MCT, glucose
and CPK levels were normal, but creatinine was low (0.3 mg/dl, NL 0,6-1.2). C3AC levels
were also decreased. Although C14:1AC was increased, CL6AC was normal. With TH
treatment, the level of C3AC increased from 0.3 to 4.9 uM (normal for age < 5.38 pM).
C16AC remained normal but C14:1AC remained unchanged. (Fig 2, Left Panel) Serial
blood chemistries remained normal except for creatinine that remained low. After 14 years
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on TH and carnitine, he remains asymptomatic without cardiomyopathy with normal
growth, development and physical activity.

LCHAD-5 was 15 days old and had been treated with MCT and carnitine supplement when
she was admitted. After two days, TH was gradually increased from 2.0 to 3.5 gm/kg/day
and carnitine supplement was continued. Her physical exam, blood levels of glucose, liver
enzymes, CPK, and C16AC were normal but creatinine was also decreased (0.3 mg/dl).
Initially, C16-OHAC was elevated at 0.19 (NL < 0.05 uM) and C3AC was low at 1.2 uM.
C3AC increased to 6.0 uM and both C16AC and C16-OHAC decreased as the TH dose was
increased. (Fig 2, Right Panel) At 15 years of age, she continues the TH diet with carnitine
and has not developed hypoglycemia, cardiomyopathy, hepatomegaly, or retinopathy but has
occasional rhabdomyolysis with illness.

CACT Infant during Metabolic Crisis: Patient CACT-2 developed ventricular tachycardia,
ventricular fibrillation with concentric ventricular hypertrophy, hyperammonemia,
hepatomegaly and hypotonia with respiratory insufficiency requiring tracheostomy. He was
initially hospitalized for five months and treated with MCT and protein restriction via
gastrostomy, supplemental carnitine, phenylbutyrate and intermittent peritoneal dialysis.

At 6 months of age, he was referred to the TH protocol in a near terminal state. MCT
formula was maintained initially via gastrostomy and TH was substituted at 2.5 gm/kg/day
during the first week, and increased stepwise to 4.0 gm/kg/day thereafter with continuous
carnitine supplement.

Phenylbutyrate and protein restriction for his mild hyperammonemia were discontinued on
admission and 10 % IV glucose was reduced to 5%. On the TH diet, the highest blood level
of C3AC was 4.7 uM (NI <2.98 uM). C16AC decreased from 6.8 to 2.5 uM. Oleoylcarnitine
(C18:1AC) also decreased from 4.3 to 1.6 uM. (Fig 3, Left Panel) All liver enzymes and
ammonia levels progressively decreased. (Fig 3, Right Panel) He tolerated TH well and by
the end of the fifth week, there was no evidence for hypertrophic cardiomyopathy,
hepatomegaly, hyperammonemia, hypotonia and respiratory insufficiency. His growth,
physical, and social responses were normal and appropriate over the ensuing 5 months.

3.2.1.2. TH Intervention in Pregnant Affected VL CAD Mothers: The TH diet was
initiated after 20 weeks gestation during pregnancies of VLCAD-3 age 36 and VLCAD-4
age 34. Both women had major complaints of muscle pain and weakness. During her first 2
pregnancies, VLCAD-3 had suffered multiple severe episodes of rhabdomyolysis during the
third trimesters. At 26 weeks during this third pregnancy she was referred to the TH trial. On
admission mild hepatomegaly, muscle weakness, and decreased endurance were noted.
Initial abnormal labs, with MCT intake, included CPK of 1172 IU/L, C14:1AC of 1.68 (NL
< 0.05 uM), and reduced C3AC of 0.46 (NL < 2.64 uM). While receiving TH (1.0 gm/kg/
day) and carnitine, her muscle strength and endurance increased and hepatomegaly resolved.
CPK decreased from 1172 IU/L to 45 IU/L, C14:1AC decreased from 1.68 to 0.12 uM and
C3AC increased from 0.46 to 1.93 pM. All twice-daily fetal sonograms were normal. She
had no muscle pain, weakness, or episodes of rhabdomyolysis and serum CPK levels
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remained normal for the remainder of the pregnancy. She delivered a normal boy who is
unaffected at 14 years of age.

VLCAD-4 (Non -Cardiac): This 34 year old woman had no history of hypoglycemia or
cardiomyopathy but, after puberty, she had multiple hospitalizations due to profound
weakness and rhabdomyolysis. She was referred at 20 weeks gestation for the TH trial. After
four days on the TH diet (1.0 gm/kg/day) weakness was absent, C14:1AC decreased from
0.36 to 0.06 uM (NI <0.05 uM), C3AC increased from 0.70 to 1.25 uM and CPK levels and
all twice-daily fetal sonograms were normal. She did not experience any muscle pain,
weakness or rhabdomyolysis during the remainder of the pregnancy. She delivered a normal
unaffected girl who is normal at 15 years of age.

3.2.2. Metabolic Observations during the Long-Term TH Trial: (Supplement
File)—Most routine blood chemistries were normal in these patients. Hypoglycemia, and
metabolic acidosis did not occur and except for CACT-2, described above in crisis when
entering the trial, hyperammonemia was also not observed. Serum enzyme levels (CPK,
AST, ALT, GGT) varied but were also not consistently abnormal. However, creatinine levels
were significantly decreased below the normal range in all FOD patients on either the MCT
or TH diets. (P < 0.0001). In contrast, the levels for those on a low fat diet were at the lower
end of the normal range but significantly higher than those observed with patients receiving
the MCT or TH diets. (P < 0.0002) Comparison of the VLCAD phenotypes revealed that
creatinine levels for the more severe cardiac phenotype were significantly lower than the
clinically milder form (P=0.0006).

Blood levels for free carnitine, C2AC, and C3AC were obtained from 35 patients initially
treated with MCT and compared with their subsequent levels when treated with TH and
carnitine supplement. Free carnitine levels were significantly lower with the MCT diet than
with the TH diet plus carnitine. (P < 0.006) C2AC levels were below the normal range but
not significantly different between diets. The levels of C3AC with the MCT diet were much
lower than with the TH diet (P < 0.0001). As expected, free carnitine, C2AC, and C3AC
were all extremely elevated in CPT-1 patients.

Although C16AC was not consistently elevated in the late-onset CPT-II, VLCAD, TFP, or
LCHAD deficiencies, it was elevated with both CACT patients and the neonatal CPT II
patient. However, C14:1AC was consistently above normal in all VLCAD patients as C16-
OHAC levels were for all TFP and LCHAD patients but neither was increased by
supplemental carnitine intake.

During treatment with TH and carnitine, CL6AC levels actually remained normal or
decreased. (Fig 2 and 3) In particular, the 21 VLCAD patients maintained normal levels
without any complications despite carnitine supplementation.

3.3 Clinical Observations during the Long-Term TH Trial

3.3.1 Severe Adverse Events (SAE)—There were 47 SAE reported to the FDA for
patients receiving TH for up to 62 months. They were not associated with hypoglycemia,
recurrent or sustained hepatomegaly, excessive weight gain, or persistent gastric
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disturbance. The adverse events involved intermitternt episodes of illness associated mainly
with intercurrent infection (respiratory, gastroenteritis, rotavirus) or, rarely, following
elective surgical procedures. These were not considered to be related to TH. All reported
SAE’s were associated only with mild to moderate rhabdomyolysis and a single case of
death due to severe cardiomyopathy. Are more detail needed for this case? Twenty-four of
the 52 patients had one or more SAE that accounted for 44 of the 47 reports. They all
resolved promptly with treatment. The cause of the SAE in 3 patients with only a single
SAE report were also associated with infection and mild rhabdomyolysis as documented by
the parents and their physicians. None of these were attributed to triheptanoin.

3.3.2 Comparison of Clinical Symptoms and Complications with both Diets—
The clinical complications recorded with prior conventional diet therapy were compared
with those observed during the long-term trial in the same patients. These included Cardiac
(cardiomyopathy), rhabdomyolysis, persistent weakness, hypoglycemia, and hepatomegaly.
(Table 2) Each complication was markedly reduced when treated with TH and carnitine
compared to those associated with conventional diet therapy. (P < 0.0001)

Cardiomyopathy occurred during the first year of life prior to entering the TH protocol in 18
of the 52 patients. VLCAD patients accounted for 14 of these cases. There were 7 patients
that entered the TH trial when less than one year of age. One of these (CACT-2) had
cardiomyopathy on entry that resolved completely with TH and carnitine. (Fig 3) Of the
remaining six patients, only one developed cardiomyopathy at 18 months of age and died at
a local hospital. (VLCAD-14).

There were fewer rhabdomyolytic episodes requiring hospitalization (reduced from 85% to
31%) and fewer complaints of weakness (reduced from 92% to 12%). Hypoglycemia was
frequent with patients on conventional diets (42%) but did not occur in any patients during
the TH trial. Hepatomegaly and elevated liver enzymes were present in 24 patients (46%)
prior to the trial compared to 3 patients (6%) during inter-current illness that resolved
rapidly with treatment. Retinopathy developed in only 3 of the 10 LCHAD patients and was
not observed in any of the TFP patients.

3.3.3 Mortality: (Table 3)—Six of the 52 patients (11.5%) died during this study. These
deaths were due to: Parental Withdrawal of all Therapy: CACT-1 died from Rotavirus
infection after discontinuing TH at 7 months of the trial. CACT-2 decompensated with a
severe methylation disorder (SAM = 25 nmol/L (NI 59-84 nmol/L) and extreme elevation of
SAH at 58 nmol/L (NI 16-25 nmol/L) and died after 11 months of TH therapy when the
parents withdrew all therapy; Surgical and Medical Malpractice: VLCAD-3 exsanguinated
due to a tear in the superior vena cava during a mediport replacement. TFP-5 died after five
uneventful years on the TH diet due to extreme delay of treatment of diarrhea and
dehydration in a local hospital emergency room; and Metabolic Failure on the TH Diet:
VLCAD-C-14 died while in the TH protocol from intractable cardiomyopathy that did not
respond to repeated emergency treatments. TFP-2 died suddenly from acute respiratory
failure after nearly 9 months on the TH diet. None of these deaths could be attributed to TH
toxicity. There were no deaths with CPT-1, late-onset CPT Il, or LCHAD patients.
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The overall mortality in the TH study was 11.5% compared to 65.1% in a recent study [3,4]
of the same FOD treated conventionally. (P < 0.0001) These earlier reports contained more
patients with CACT and neonatal CPT Il than in the TH study. When mortality was
compared with only VLCAD, LCHAD, and TFP deficiency patients treated with MCT
(N=74) with the same groups treated with TH (N=37) the difference was equally significant.
(P < 0.0001) Taking into account the causes of death, the mortality rate due to metabolic
failure while being treated with TH, was only 3.8%.

4. DISCUSSION

Conventional diet therapy has not improved the clinical course or reduced mortality for LC-
FOD patients for nearly two decades. [1-4] It is now generally thought that the clinical
complications with these patients are largely due to an energy deficiency resulting from
insufficient availability of CAC intermediates that compromises ATP production. This
clinical trial with TH and carnitine supplement was undertaken to determine if heptanoate
oxidation could replenish CAC intermediates, increase ATP production and reduce clinical
complications including mortality.

4.1 The Biochemical Rationale for this Clinical Trial

Fig 4 compares our view of the biochemical consequences of conventional diet therapy
(Upper Panel) with those of TH and carnitine during illness (Lower Panel). The following
basic concepts for this rationale are: 1. Availability of propionyl-CoA (C3-CoA) is necessary
to replenish CAC intermediates from succinyl-CoA to OAA; 2. OAA must be available
continuously for the following functions: as co-substrate with acetyl-CoA for the citrate
synthase reaction, as an intermediate of gluconeogenesis, and to enable uninterrupted urea
cycle function by providing aspartate 3. Intra-mitochondrial carnitine is required for
conversion of excessive amounts of acyl-CoA intermediates into acylcarnitines for export
while maintaining adequate amounts of CoA to enable other catabolic reactions (e.g. amino
acid oxidation); and 4. AMPK is activated when the ratio of ATP:AMP is reduced during
energy deficiency. The net result is stimulation of catabolic pathways to provide
intermediates for the CAC and inhibition of synthetic pathways that require ATP. [15]

The combination of TH and carnitine would be expected to replenish CAC intermediates,
including OAA, and stimulate the CAC and ATP production. AMPK would be inactivated
by increased ATP availability and facilitate synthetic pathways while reducing catabolic
pathways such as lipid mobilization and -oxidation that is already severely compromised.
(Fig 4, lower panel)

The acute management of the CACT patient referred during metabolic crisis as proposed in
Fig 4 reflects the abnormalities and their correction by TH and carnitine. Evaluation on
admission revealed concentric ventricular hypertrophy with congestive heart failure,
tracheostomy for respiratory insufficiency, severe hypotonia, hepatomegaly (6 cm below
RCM) extremely elevated level of C16AC, and no response to pain. Prior treatment included
the MCT diet, IV glucose, dietary protein restriction, phenylbutyrate, and intermittent
peritoneal dialysis for hyperammonemia. Reversal of the urinary BHB:AcAc ratio reflected
intra-mitochondrial acidosis that can accompany a reduced NADH:NAD ratio with
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decreased ATP production. The need for anaplerosis was indicated by very low levels of
C3AC. Following initiation of the TH diet with carnitine supplementation and elimination of
phenylbutyrate and protein restriction, all of the above abnormalities were corrected by the
fifth week and growth and development had returned to normal thereafter. (Fig 3,
Supplement File)

4.2 Interventions with Infants and During Pregnancy

Although early interventions with conventional diets have been employed safely with
infants, results of treatment with TH in infants or during pregnancies of affected mothers
have not been previously reported. Three infants were treated with TH and carnitine at birth,
and at 15 and 22 days old. CACT-1 was given MCT at birth via gastrostomy for 2 days and
changed to TH and carnitine 18 hours later. Increased levels of CPK and C16AC, and low
levels of C3AC (C3-CoA) were observed at birth and were corrected within 2 days with TH
intake. Unlike any other patient in this study, there was intermittent extremely elevated
excretion of both succinate and lactate without clinical consequence. (Fig 1) This may have
been the result of excessive OAA production inhibiting succinic dehydrogenase and
Complex Il in this immature neonate. [18,19] Her growth and social development over the
next five months were normal in contrast with her two siblings that died during the first
week of life. Unfortunately, she also died due to rotavirus infection at six months.

Treatment of the other neonates was also uncomplicated. VLCAD-C-5 had a sibling who
died with cardiomyopathy and was admitted when 15 days old. He is now an adolescent and
has not developed cardiomyopathy. LCHAD-5 was admitted at 22 days and is also an
adolescent now who has occasional episodes of rhabdomyolysis. (Fig 2) These 3 infants did
not develop cardiomyopathy, arrhythmia, hypoglycemia, acidosis, hepatomegaly,
hyperammonemia or gastric intolerance. These results support early intervention with TH
and carnitine supplement following diagnosis by expanded newborn screening.

TH intervention with mothers affected with VLCAD deficiency, only during the third
trimester of pregnancy, was equally uncomplicated. The previous symptoms of daily muscle
pain, weakness, and fatigue that existed were eliminated during the remainder of their
pregnancies. Both offspring are heterozygotes and now normal adolescents.

4.3 The Issue of Carnitine Supplementation

This is the first study to evaluate the risk of carnitine supplementation in FOD patients.
Carnitine has been largely avoided in these patients mainly due to animal studies suggesting
that carnitine might elevate long-chain acylcarnitine levels (C16AC) and cause arrhythmias
or exacerbate cardiomyopathy. [1, 20] These animal studies investigated the effect of
extreme levels of palmitoylcarnitine without carnitine supplement. [21-25] The presumed
danger of long-chain acylcarnitines for LC-FOD patients does not reflect their actual fate in
mitochondria. After crossing into mitochondria, long-chain acylcarnitines are re-activated to
long-chain acyl-CoA intermediates by CPT Il. Carnitine levels were already decreased in
these patients. Extreme elevations, due to the B-oxidation defects, of long-chain acyl-CoA
compounds like palmitoyl-CoA, deplete mitochondrial CoA during fasting or illness. A
recent study with the LCAD™~ mouse model that develops hypertrophic cardiomyopathy
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with lipid deposition and hypoglycemia when fasted demonstrated the benefit of carnitine
supplementation with TH: Myocardial triglyceride content was reduced, cardiac
performance was preserved without arrhythmia by exporting toxic acyl-CoA intermediates
as acylcarnitines and there was no increased accumulation of long-chain acylcarnitines. [26]
The energy deficiency based on reduced CAC intermediates and low levels of C3AC (C3-
CoA) also responded to anaplerosis in this mouse model [27] as was observed with the
CACT patient in crisis. (Fig 3)

In this patient study, free carnitine levels from 35 patients originally receiving the MCT diet
were significantly lower compared to their normal levels on the TH diet with carnitine. (P <
0.006) C3AC levels were also reduced in those receiving MCT compared to those with TH
and carnitine reflecting the need for more C3-CoA for anaplerosis. (P < 0.0001) Arrhythmia
or exacerbation of cardiomyopathy did not occur in any of the patients in this clinical trial.
The level of C16AC did not increase in infant VLCAD-C-9 and actually decreased in infant
LCHAD-5 and both CACT patients while receiving carnitine. (Fig 2, 3) Long-chain
acylcarnitines were not persistently elevated in any of the other patients including the 21
VLCAD patients. (Supplement File)

We conclude that carnitine supplement does not elevate long-chain acylcarnitines in LC-
FOD patients on the TH diet. Instead, carnitine supplement facilitates export of excess toxic
long-chain acyl-CoA intermediates as acylcarnitines and preserves levels of free CoA.

4.4 Serum Creatinine Levels: A Methylation Problem?

Decreased creatinine levels have lead to identification of many defects affecting creatine
biosynthesis and transport in humans. [28] However, a methylation problem has not been
suspected or demonstrated in association with LC-FOD patients. In this study, creatinine
levels were significantly decreased in FOD patients on the MCT and TH diets (P < 0.0001).
Creatine biosynthesis and therefore creatinine production, utilizes ~ 70% of the total labile
methyl groups in the body from S-adenosyl-L-methionine (SAM) as methyl donor. Synthesis
of SAM, creatine, and creatine-PO,4 require large amounts of ATP. [28] In an energy deficit,
as proposed for LC-FOD, it seems reasonable to consider that the requirement for ATP and
SAM may not be sufficient for efficient creatine biosynthesis during severe illness. The
possibility may exist that the availability of creatine-PO4 would also be reduced and
exacerbate the energy deficit in both skeletal and cardiac muscle and contribute to
rhabdomyolysis and/or cardiomyopathy during illness. The TH diet with carnitine had no
effect on this abnormality in any of the patients. Unfortunately, since a methylation problem
was not suspected, routine measurements of creatine, SAM, SAH, etc. were not included in
this study.

4.5 Comparison of Clinical Complications and Mortality

Patients treated with conventional diets before the TH trial did not routinely receive
carnitine supplement. The frequency of each clinical complication was markedly reduced
with the TH diet and carnitine compared with conventional diets. (P < 0.0001) (Table 2)
Acidosis, hypoglycemia, and hyperammonemia did not occur during the TH trial. A recent
retrospective chart review study of 20 of these same patients concluded that extension of the
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TH diet for three years reduced days required in hospital for clinical complications. [29]
Recent animal studies with TH report significant benefit for serious complications such as
correction of ventricular hypertrophy and pressure overload in rats [30], relief of ischemic
stroke [31] and reduced seizures [32]. These observations indicate that an unrecognized
energy deficiency exists in broad areas of disease and may also benefit from TH and
carnitine therapy in humans.

Mortality for LC-FOD patients receiving conventional diet therapy has not improved over
the past decade. Previous reports of mortality included many more patients with the
neonatal-onset form of CPT Il deficiency and CACT patients and did not describe the causes
of death. [2-4] The TH trial included only 1 patient with neonatal CPT Il and two patients
with CACT deficiency. This difference made comparison unequal. For example, mortality in
the previously reported studies was 51.2% [2], and 65.1% [3,4] and was reduced to 11.5% in
the TH trial. (Table 3)

In order to equate these mortality rates, comparison was also examined between the previous
studies and the TH trial only with CPT-I, late-onset CPT Il, VLCAD, and LCHAD/TFP
deficiencies. The adjusted mortality rates were only slightly reduced from 51.2% to 45% [2]
and from 65.1 % to 60 % [3,4] compared to 8% for the 49 patients in the TH trial. The
mortality rate with the TH trial was significantly reduced by either analysis. (P < 0.0001)

When the cause of death due to surgical/medical malpractice (VLCAD-3 & TFP-5), and
parental withdrawal of all therapy (CACT-1 & CACT-2) were excluded from this analysis,
the mortality rate due to metabolic failure despite being treated with TH and carnitine was
only 3.8%.

Conclusions

1.) This study supports the existence of an energy deficiency in LC-FOD patients that can be
corrected more effectively and safely with anaplerotic diet therapy and carnitine supplement
than with conventional diet therapy. Clinical complications were reduced from ~ 60% with
conventional diet treatment to 10 % with TH and carnitine and mortality reduced from ~ 65
% to 3.8 %. 2.) Carnitine supplementation was uncomplicated and did not increase long-
chain acylcarnitine levels and is important for maintaining mitochondrial homeostasis
during illness. 3.) TH interventions with infants were safe and could be implemented
following early diagnosis by either expanded newborn screening or pre-natal diagnosis. 4.)
Enteric delivery of TH was anaplerotic for all patients even during crisis. 5.) Evidence for an
associated methylation defect, unaffected by anaplerosis, was observed in all patients and
may reflect reduced creatine-PO,4 availability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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LC-FOD
CoA
EMS

citric Acid Cycle
Long-Chain Fat Oxidation Disorder(s)
co-enzyme A

electrospray mass spectrometry

Enzyme Deficiencies

CPT-I
CACT
CPTII
VLCAD
VLCAD-C
TFP
LCHAD
MCT

TH

Acylcarnitines

C2AC
C3AC
C7AC
C8AC
C16AC
C18:1AC
C16-OHAC

Free Fatty Acids

carnitinepalmitoyl transferase |
carnitine-acylcarnitine translocase
carnitinepalmitoyl transferase Il

very-long chain acyl-CoA dehydrogenase
cardiac phenotype

trifunctional protein

long-chain 3-hydroxyl acyl-CoA dehydrogenase
medium-chain triglyceride(s)

triheptanoin

acetyl-
propionyl-
heptanoyl-
octanoyl-
palmitoyl-
oleoyl-

3-hydroxy-palmitoyl-

C7 heptanoate

C8 octanoate
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Urinary Metabolites

OAA oxaloacetate

BHP 3-hydroxypentanoate

BKP 3-ketopentanoate

BHB 3-hydroxybutyrate

AcAc acetoacetate

Cr creatinine

GGT gammaglutaryltransferase

SAM s-adenosyl-methionine

SAH s-adenosyl-homocysteine
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Left Panel: Intermittent increases in heptanoate, pimelate and methylcitrate excretion
reflected transient problems with mitochondrial entry of heptanoate and increased excretion
of methylcitrate from enhanced propionyl-CoA utilization in the citrate synthase reaction.
Right Panel: Extreme and often simultaneous elevations of succinate and lactate were

observed only in this neonate.
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Fig2. Acylcarnitine Analysis of TH Interventions during Infancy
Both infants were initially treated with the MCT diet (3.0 gm/kg/day) and carnitine

supplement (100 mg/kg/day). The TH dose was then increased from 2.0 to 3.5 gm/kg/day
with continued carnitine supplement. Left Panel: Patient VLCAD-C-9 at 22 days of age.
Right Panel: Patient LCHAD-5 at 15 days of age.
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Fig3. Effect of Triheptanoin during Metabolic Crisis in CACT deficiency
Blood levels of acylcarnitines, ammonia and liver enzymes were obtained while initially

treated with MCT and subsequently with TH during this 5 week admission. Left Panel: The
diagnostic acylcarnitines, CL6AC and C18:1AC progressively decreased and C3AC
increased as the TH dose was increased. Right Panel: Serial serum liver enzyme and
ammonia levels decreased to near normal levels.

Mol Genet Metab. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Roe and Brunengraber Page 20

LC-FOD Crisis on Conventional Therapy
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Fig 4. Proposed Biochemical Alterations during Iliness in LC-FOD Patients
During illness, lipolysis is activated, blood levels of long-chain acylcarnitines are increased,

and acidosis, hypoglycemia, and hyperammonemia can occur due to insufficient anaplerosis
and availability of intra-mitochondrial free CoA is reduced (Upper Panel). The TH Diet
with carnitine supplement would replenish CAC intermediates and stimulate CAC function
and ATP production, enhance gluconeogenesis and urea cycle function and maintain intra-
mitochondrial homeostasis (Lower Panel). (ASP = aspartate; blue spheres represent the
relative sizes of the individual CAC intermediate pools. Turnover of the largest citrate pool
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is ~ 5-10 times/minute compared to the highest turnover of 100-200 times/minute of the
OAA pool. [16, 17])
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