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Abstract

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. Clini-

cal 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. In all patients

(four MTPD, one LCKATD), disease manifested during childhood (manifesta-

tion age: 2–10 years) with myopathic symptoms triggered by fever or exercise.
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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 ana-

lyses. At 37�C, LCHAD and LCKAT activities were mildly impaired and lcFAO-

fluxes were normal. Remarkably, enzyme activities and lcFAO-fluxes were mark-

edly diminished at 40�C. Preventive (dietary) measures improved symptoms for

most. In conclusion, 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.

KEYWORD S

long-chain fatty acid oxidation disorders, long-chain ketoacyl-CoA thiolase deficiency,
mitochondrial trifunctional protein complex, mitochondrial trifunctional protein deficiency,
myopathy, thermo-sensitivity

Synopsis
Positive treatment effects emphasize the need for early recognition of thermo-
sensitive MTP deficiency, but the frequent absence of characteristic
acylcarnitine abnormalities poses a risk for a diagnostic delay and shows the
importance of both genetic and enzymatic testing for a proper diagnosis.

1 | INTRODUCTION

The mitochondrial long-chain fatty acid oxidation
(lcFAO) is a complex process, involving many different
enzymes and carrier proteins needed for the transport of
long-chain fatty acids from the cytosol into the mitochon-
dria and the subsequent steps of lcFAO. Mitochondrial
trifunctional protein (MTP) is a hetero-octameric (α4β4)
multi-enzyme complex that catalyzes the last three steps
of lcFAO.1,2 MTP harbors three different enzyme activi-
ties, namely long-chain enoyl-CoA hydratase (LCEH),
long-chain hydroxyacyl-CoA dehydrogenase (LCHAD),
and long-chain ketoacyl-CoA thiolase (LCKAT). LCEH
and LCHAD are located on the α-subunit and are both
encoded by the HADHA gene. LCKAT is located on the
β-subunit and is encoded by the HADHB gene.3

MTP deficiencies are inherited disorders of lcFAO
(lcFAOD), and include generalized MTP deficiency
(MTPD, OMIM #609015), isolated LCHAD deficiency
(LCHADD, OMIM #609016), and isolated LCKAT defi-
ciency (LCKATD, no OMIM entry).4,5 In MTPD, all three
MTP enzyme activities are deficient as a result of genetic
variants in either HADHA or HADHB. In LCHADD or
LCKATD, only one of the enzyme activities is deficient.
LCHADD is caused by HADHA variants and LCKATD
by HADHB variants. Although the MTP deficiencies are
considered as the more severe lcFAOD, they can result in

a wide spectrum of clinical disease. Their clinical pheno-
types vary from early-onset disease with cardiomyopathy,
hypoketotic hypoglycemia and/or liver failure to later-
onset forms with myopathy, episodes of rhabdomyolysis,
and peripheral neuropathy and/or pigmentary retinopa-
thy for MTPD and LCHADD.

Conditions leading to increased energy demand, such
as exercise or febrile illness, or decreased energy supply,
such as fasting or gastroenteritis, may induce a metabolic
decompensation in lcFAOD-patients. In febrile illness-
induced metabolic decompensation, reduced enzyme
activity at higher temperatures may play an additional
role. A negative effect of higher temperatures on residual
enzyme activity has already been demonstrated in patients
with other fatty acid oxidation disorders (FAOD), namely
medium-chain acyl-CoA dehydrogenase deficiency
(MCADD), very long-chain acyl-CoA dehydrogenase defi-
ciency (VLCADD) and carnitine palmitoyl transferase
2 deficiency (CPT2D).6–8 This thermo-sensitivity mostly
occurred in patients with relatively mild clinical pheno-
types due to missense variants leading to relatively high
residual enzyme activities.

For MTPD caused by mild HADHB variants, residual
enzyme activity and MTP stability has been found to be
higher at 30�C compared to 37�C.9,10 The lower tempera-
ture was hypothesized to stabilize the mutant subunit in
protein folding and formation of the MTP-complex. To
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our knowledge, effects on residual MTP enzyme activity
and stability of temperatures higher than 37�C, as clini-
cally caused by fever and physical activity, have not yet
been investigated.

In this article, we describe five patients with thermo-
sensitive MTP deficiency caused by HADHB variants. MTP
enzyme activities were not or only mildly impaired at
37�C, whereas enzyme activities significantly diminished
at 40�C. This temperature sensitivity was compatible with
the clinical phenotype, since patients mainly developed
myopathic symptoms after febrile illness or physical activ-
ity. With this case series, we aim to enhance awareness of
thermo-sensitivity in inborn errors of metabolism, includ-
ing MTP deficiency, and improve early recognition of
these potentially severe conditions which may be allevi-
ated by adequate preventive measures.

2 | MATERIALS AND METHODS

2.1 | Clinical outcome and consent

Clinical information was collected from the clinical files.
Informed consent for publication was obtained from all
patients and/or their guardians.

2.2 | Biochemical studies

Primary skin fibroblasts of the patients were cultured in
Ham's F-10 medium supplemented with 10% fetal calf
serum (Invitrogen), 25 mmol/L HEPES, 100 U/ml penicil-
lin, 100 μg/ml streptomycin, and 250 μg/ml amphotericin
in a humidified atmosphere of 5% CO2. Fibroblasts were
cultured at the standard temperature of 37�C. To investi-
gate temperature sensitivity, cells were also cultured at
40�C for 2 weeks followed by enzyme or lcFAO-flux
assays. For all the experiments at 40�C, two or three con-
trol cell lines were cultured and analyzed in parallel.

LCHAD and LCKAT activities were measured in
fibroblast homogenates using 3-keto-palmitoyl-CoA as
substrate, as described previously.11 Short-chain acyl-
CoA dehydrogenase (SCHAD) activity was measured
essentially as described by Wanders et al.12

LcFAO-flux analysis was performed in fibroblasts
by measuring the production of radiolabeled H2O from
[9,10-3H(N)]-oleic acid.13–15 The lcFAO-flux was expressed
as a percentage of the mean activity simultaneously mea-
sured in three healthy control fibroblast lines cultured at
the same temperature.

The palmitate loading test was performed in fibro-
blasts by adding 120 μmol/L [U-13C]palmitate and
0.4 mmol/L L-carnitine to the medium.7 In short, after

incubation of 96 h at respectively 37�C or 40�C,
acylcarnitines in the medium were measured by tandem
mass spectrometry.

2.3 | Genetic analysis

Genetic analysis was performed by either gene panel test-
ing, whole-exome sequencing (WES), or individual gene
analysis as part of the diagnostic process. Methods
depended on the laboratory performing the analyses. For
Patient #1, gene panel testing (for rhabdomyolysis-related
disorders) was performed at Sheffield Diagnostic Genetics
Service, Sheffield Children's Hospital. For Patients #2,
#3a, and #4, WES was performed at BGI Tech, Shenzhen,
China (Patient #2), GATC Biotech, Constance, Germany
(Patient #3a), and Maastricht UMC, the Netherlands
(Patient #4) and the identified variants were confirmed
with Sanger sequencing. For Patient #3b, HADHB gene
analysis was performed by Sanger sequencing at GATC
Biotech, Constance, Germany. Sequence data were com-
pared to the reference sequence NM_000183.2 (HADHB)
for Patients #1, #2, and #4, and NM_000183.3 (HADHB)
for Patients #3a and #3b with nucleotide numbering
starting at the first adenine of the translation initiation
codon ATG.

2.4 | Immunoblot analysis

Immunoblot analysis was performed with fibroblast
homogenates from two controls and the patients. Fibro-
blasts were cultured simultaneously at 37�C and 40�C for
2 weeks. Homogenates (10 μg protein) were separated on
a 10% NuPAGE Bis-Tris gel (Thermo Fisher) in a MOPS
buffer and subsequently transferred onto a nitrocellulose
membrane, blocked with 4% normal goat serum/
PBS/0.1% Tween and probed with polyclonal antibodies
raised against rat liver MTP in a 1:5000 dilution (kind gift
from Prof. T. Hashimoto). As a loading control, the mem-
branes were re-probed with a monoclonal antibody
against tubulin (T6199, Sigma), used in a 1:2000 dilution.
For visualization, we used the secondary antibodies
IRDye 800CW goat anti-rabbit and/or IRDye 680CW
donkey anti-mouse with the Odyssey Infrared Imaging
System (LI-COR Biosciences).

3 | RESULTS

All five patients with thermo-sensitive MTP deficiency
presented with fever- or exercise induced muscle symp-
toms during childhood and had long diagnostic
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TABLE 1 Clinical characteristics of five patients with thermo-sensitive MTP deficiency

Patient #1 Patient #2 Patient #3a Patient #3b Patient #4

Sex Female Male Male Male Female

Current age 24y 11y 23y 16y 12y

Age at first symptoms 10y 2y 3y 3y 3y

Age at diagnosis 18y 6y 18y 9y 10y

Birth weight
(in grams)

Unknown 3655 3210 3290 3700

Pregnancy duration
(in weeks + days)

Unknown A term 38 + 6 38 + 3 A term

Height
(in SD compared to
population)

Unknown �0.67 �2.0 +0.5 +0.02

Weight
(in SD compared to
population)

Unknown �0.67 +0.6 �0.2 +3.57

Episodic muscle
symptoms

Muscle pain,
rhabdomyolysis

Muscle weakness,
hypotonia,
abnormal gait,
loss of balance,
sometimes
muscle pain

Muscle weakness Muscle weakness Muscle weakness,
exercise
intolerance,
sometimes leg
pain

Provoking factors Prolonged exercise,
alcohol, febrile
illness, and
giving birth

Febrile illness Exercise, febrile
illness, skipping
breakfast, or
high
environmental
temperature

Exercise, febrile
illness

Exercise, febrile
illness

Neuropathy/
neurophysiological
investigations

Normal tendon
reflexes, normal
NCS, EMG not
performed

Absent Achilles
tendon reflexes
and weak
patellar tendon
reflexes, NCS not
performed

EMG: reversible
proximal and
bulbar muscle
denervation

Absent deep
tendon reflexes,
normal NCS

EMG:
abnormalities
suggestive of a
proximal axonal
motor
neuropathy

Absent deep
tendon reflexes
in the lower
extremities, NCS
and EMG: not
performed

Normal tendon
reflexes, normal
NCS

EMG: sporadic and
small motor unit
potentials

Muscle biopsy Normal
histological
appearance and
activity of muscle
mitochondrial
respiratory
enzymes

Isolated atrophic
fibers, slightly
hypertrophic
fibers, glycogen
depleted pre-
necrotic fibers,
increased
intracellular lipid
content in some
fibers, many
Type 1 and some
Type 2A fibers.

Normal activity of
muscle
mitochondrial
respiratory
enzymes

Normal activity of
muscle
mitochondrial
respiratory
enzymes

- Normal
histological
appearance and
activity of
mitochondrial
respiratory
enzymes

822 SCHWANTJE ET AL.
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trajectories (range: 4–16 years), which are described
below. Pregnancy and delivery were normal for all but
Patient #4, for whom pregnancy was complicated with
pre-eclampsia and maternal diabetes. All five patients
had a normal early psychomotor development. Clinical
characteristics are summarized in Table 1.

3.1 | Patient #1

Patient #1 is a now 24-year-old female. At 10 years of
age, she developed exercise-induced muscle pain. Over
the following years, she experienced several episodes of
rhabdomyolysis requiring intensive care admission. Pro-
voking factors included prolonged exercise, alcohol,
febrile illness. Also giving birth to her first child caused
rhabdomyolysis. In between episodes, creatine kinase
(CK) levels were normal. Over time, she developed pro-
gressive chronic muscle pain and exercise intolerance.

Laboratory examinations showed minor elevations in
long-chain acyl- and hydroxyl-acylcarnitines in plasma
(C16: 0.37 μmol/L [ref: 0–0.24], C16-OH 0.09 μmol/L [ref:
0–0.02], C18:1-OH: 0.09 μmol/L [ref: 0–0.01]). LcFAO-
flux, CPT2 enzymology and investigations in a muscle
biopsy revealed no abnormalities. At the age of 18, gene
panel testing revealed compound heterozygosity for two
missense variants in HADHB: c.397A>G (p.Thr133Ala)
and c.1289 T>C (p.Phe430Ser). Enzyme activity measure-
ments revealed a thermo-sensitive defect of LCKAT (see
Section 3.7).

After confirmation of the diagnosis LCKATD, a long-
chain triglycerides (LCT)-restricted diet was initiated to
prevent symptoms, but was not tolerated. Although
carbohydrate-rich drinks relieved muscle pain in between
episodes, significant weight gain resulted in reduced use.
After giving birth to her first child caused rhabdomyoly-
sis, subsequent childbirths were successfully managed
with intravenous glucose.

3.2 | Patient #2

Patient #2 is a now 11-year-old boy. From the age of
2 years, he experienced episodes of muscle weakness,

hypotonia, abnormal and deteriorating gait, loss of bal-
ance while standing and sitting, and sometimes muscle
pain. Episodes were provoked by febrile illness and gen-
erally lasted several days. CK levels were always normal.
At 3 years of age, severe muscle weakness caused respira-
tory insufficiency, requiring intensive care admission and
tracheostomy. The tracheostoma could be removed at the
age of 4 years. In between episodes, symptoms clearly
improved, but strength and balance remained weak.
Achilles tendon reflexes were absent and patellar tendon
reflexes were weak. With rapid antipyretic treatment and
intravenous glucose during fever, decompensations were
less severe.

Laboratory examinations showed minor elevations of
long-chain acylcarnitines (C14:2: 0.09 μmol/L [ref: 0.01–
0.08], C16: 2.09 μmol/L [ref: 0.73–1.86], C18:1:
2.54 μmol/L [ref: 0.86–2.03]) and increased CK levels
(maximum: 1293 U/L [ref: <247 U/L]) during episodes of
muscle pain and muscle weakness. During follow-up,
plasma lactate levels were always normal. Plasma pyru-
vate concentration was slightly increased once. Investiga-
tions of a muscle biopsy raised suspicion of a metabolic
myopathy, despite the absence of ragged red fibers,
whereas neuronal atrophy could not be excluded based
on the muscle biopsy (Table 1). Mitochondrial respiratory
enzyme activities were normal. Initial electromyography
(EMG) showed normal results, but during follow-up he
developed reversible denervation of the proximal upper
extremities and later also of the bulbar muscles. Magnetic
resonance imaging (MRI) scan of the brain was normal.

Molecular analysis of various individual genes was
performed (including PDH-A1α), but no abnormalities
were found. WES at the age of 6 years revealed com-
pound heterozygosity for two variants in HADHB:
c.209+1G>C (p.Ala37AspfsX5) and c.397A>G (p.-
Thr133Ala). Enzyme activity measurements showed a
thermo-sensitive defect of both LCHAD and LCKAT (see
Section 3.7).

After diagnosis, an LCT-restricted and carbohydrate-
enriched diet during febrile illness was started. Since ini-
tiation, he has not been admitted to the hospital.
Recently, he restricted LCT-intake also under healthy,
non-febrile, conditions, and started supplementation with
Coenzyme Q10, riboflavin, and thiamin. He now

TABLE 1 (Continued)

Patient #1 Patient #2 Patient #3a Patient #3b Patient #4

Retinopathy/eye
examinations

Mild retinopathy
on slit-lamp
examination,
normal ERG

Not investigated No, normal
ophthalmologic
investigations

No, normal
ophthalmologic
investigations

Not investigated

Abbreviations: EMG, electromyogram, ERG, electroretinogram; NCS, nerve conduction studies; Pt, patient; SD, standard deviation; y, years.
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experiences less fatigue. With an IQ of 78 (WISC-V), he
recently encountered learning problems in primary
school.

3.3 | Patient #3a

Patient #3a is a now 23-year-old male. From the age of
3 years onward, he experienced fever-induced episodes of
muscle weakness, lasting 1–2 weeks. At 9 years of age, he
was admitted to the hospital with a mild generalized
muscle weakness and absent muscle tendon reflexes.
Plasma CK concentrations were increased (630 U/L
[ref: 0–228]), but normalized during follow-up. He had
no myoglobinuria. Plasma lactate, pyruvate, liver trans-
aminases, plasma and urinary amino acids, plasma
acylcarnitines, urinary organic acids, and muscle mito-
chondrial respiratory enzymes were all normal. MRI scan
of the brain and cerebrospinal fluid analysis showed no
abnormalities.

Neurophysiological examinations were performed at
the age of 9 and 14 years. Nerve conduction studies
(NCS) were normal, but EMG revealed progressive
abnormalities suggestive of a proximal axonal motor neu-
ropathy in the vastus lateralis and deltoideus muscles.

At the age of 18 years, WES revealed compound het-
erozygosity for two missense variants in HADHB:
c.248C>G (p.Ala83Gly) and c.694G>A (p.Ala232Thr).
Enzyme activity measurements showed a thermo-
sensitive defect of both LCHAD and LCKAT (see
Section 3.7).

Since diagnosis, treatment consisted of an LCT-
restricted, medium-chain triglycerides (MCT)-
supplemented and carbohydrate-enriched diet to which
he complied poorly. He still experiences muscle weak-
ness, occurring daily to once a week. Provoking factors
include exercise, febrile illness, skipping breakfast, or
high environmental temperature, but muscle weakness
can occur without a clear provoking factor as well.

3.4 | Patient #3b

Patient #3b, the younger brother of patient #3a, is a now
16-year-old male. Similar to his brother, he experienced
febrile illness-induced muscle weakness from 3 years
onward. Laboratory investigations showed normal
plasma CK concentrations, liver transaminases, and
plasma acylcarnitines. Following the diagnosis MTPD in
his older brother, gene analysis revealed the same com-
pound heterozygous variants in HADHB at the age of
9 years.

On last follow-up, he complained of exercise-induced
muscle weakness lasting minutes to 24 h, depending on
the intensity of exercise. Clinical examination revealed
mild generalized muscle weakness (MRC +4/5) and
absence of deep tendon reflexes in the lower extremities.
After initiation of dietary treatment with LCT-restriction,
MCT-supplementation, and carbohydrate-enrichment, he
improved clinically.

3.5 | Patient #4

Patient #4 is a now 12-year-old girl, the daughter of con-
sanguineous parents. Newborn screening was performed
and showed normal OH-C16-carnitine concentrations.
From the age of 3 years onward, she experienced
febrile-illness-induced episodes of muscle weakness, exer-
cise intolerance, and sometimes leg pain, without
myoglobinuria. These episodes usually began when the
fever dropped and generally lasted 2–4 weeks. Between
episodes, she had a diminished exercise tolerance with a
maximal walking tolerance of 15 min. She developed
obesity from the age of 6 years onward. From the age of
9 years, muscle weakness was also induced by exercise.

Muscle weakness of the lower extremities (MRC4)
was occasionally seen. Deep tendon reflexes were nor-
mal. Plasma concentrations of CK, lactate, liver transami-
nases, plasma and urinary amino acids, and urinary
organic acids were all normal. Plasma acylcarnitines
showed no abnormalities during asymptomatic periods
and during an episode of exercise-induced muscle pain,
but were never evaluated during febrile illness. Mito-
chondrial DNA analysis showed heteroplasmy of a proba-
bly pathogenic variant in the MT-TC gene. The mutation
percentage of circa 5% was confirmed with a repeated
biopsy, but deemed too low to cause clinical disease. NCS
showed normal sensory nerve action potential ampli-
tudes and nerve conduction velocities. EMG showed spo-
radic and small motor unit potentials (MUPs). There
were no typical myopathic MUPs. MRI scan of the brain
was normal.

Initial genetic tests comprised individual gene ana-
lyses and WES focusing on mitochondrial genes, and rev-
ealed no abnormalities. Because the patient's parents
were consanguineous, homozygosity mapping was per-
formed using single nucleotide polymorphism (SNP-)
array, yielding HADHA and HADHB as possible candi-
date genes. Re-analysis of these genes in the WES data
revealed homozygosity for the c.397A>G (p.Thr133Ala)
variant in HADHB at the age of 10 years. Functional
enzymatic analyses showed a thermo-sensitive defect of
both LCHAD and LCKAT (see Section 3.7).
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After diagnosis, preventive dietary measures during
febrile illness were initiated, including an MCT-
supplemented and carbohydrate-enriched diet. Clinical effi-
cacy of these dietary measures is yet unclear, as the patient
is not compliant with her diet and still gains weight.

3.6 | Cardiomyopathy and long-term
complications

After confirmation of the diagnosis, additional screening
for cardiomyopathy, pigmentary retinopathy, and periph-
eral neuropathy was performed for most of the patients,
if not yet carried out during the diagnostic trajectory.
None of the patients had abnormalities on echocardiogra-
phy. Ophthalmological investigations were performed in
Patients #1, #3a, and #3b and revealed no abnormalities
in Patients #3a and #3b. Mild retinopathy was noted on
slit-lamp examination in Patient #1, but electro-
retinograms were normal. Peripheral neuropathy in the
form of absent reflexes was seen in Patients #2, #3a, and
#3b. Patients #1 and #4 had normal reflexes. NCS were
performed in Patients #1, #3a, and #4, and showed no
abnormalities. EMG was performed in Patients #2, #3a,
and #4, showing proximal abnormalities in two (Patients
#2 and #3a) and reversible abnormalities in one (Patient
#2) (Table 1).

3.7 | Biochemical assays

3.7.1 | LCHAD and LCKAT activities,
immunoblot analysis, and lcFAO-fluxes

LCHAD and LCKAT activities were measured in four of
the five patients. For Patient #3b, fibroblasts were not
available. Detailed results of the biochemical analyses are
summarized in Table 2 and Figure 1. LCHAD and
LCKAT activities were reduced compared to the refer-
ence mean in all four patients (LCHAD: ranging from
30.1 to 55.9 nmol/(min�mg protein), median: 39.0, range
ref.: 46–117, LCKAT: ranging from 12.2 to 46.2 nmol/
(min�mg protein), median: 28.3, range ref.: 50–99). How-
ever, residual enzyme activities were relatively high in
comparison to most other patients with MTP deficiency
described in literature.16–18 Because temperature sensitiv-
ity is a known phenomenon in several FAOD, we studied
whether culturing the fibroblasts at 37�C and 40�C would
affect enzyme activities. For Patient #1, the LCKAT activ-
ity decreased at 40�C compared to 37�C, whereas the
LCHAD activity remained stable. For Patients #2, #3a,
and #4, both the LCHAD and LCKAT activities signifi-
cantly diminished at 40�C compared to 37�C. Except for
the LCHAD activity in Patient #1, all LCHAD and
LCKAT activities were markedly reduced compared to
the reference values at 40�C (LCHAD: 7.6–55.0 nmol/

FIGURE 1 LCHAD, LCKAT, and SCHAD specific activities in patient and healthy control fibroblasts cultured at 37� and 40�C. Median

(black line) and individual values (white (37�C) and black (40�C) symbols) are shown: Patient #1 = upward triangle, Patient #2 = diamond,

Patient #3a = square, Patient #4 = downward triangle, healthy controls: circles. Enzyme activities are expressed as the amount of produced

3-hydroxypalmitoyl-CoA (LCHAD) or myristoyl-CoA (LCKAT) in nanomoles per minute per milligram of cellular protein (nmol/(min�mg

protein)). The here displayed control values have been used for determination of the reference values at 37�C and 40�C shown in Table 2. All

measurements have been performed at least in duplicate and the mean value of the measurements is shown. Except for the LCHAD activity

in Patient #1, all LCHAD and LCKAT activities in patient fibroblasts were markedly reduced at 40�C compared to 37�C. The differences did
not reach statistical significance
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(min�mg protein), median: 12.0, range ref.: 50–129;
LCKAT: 2.1–9.7 nmol/(min�mg protein), median: 5.0,
range ref.: 28–141). In contrast to LCHAD and LCKAT

activities, SCHAD activities, measured as control,
remained stable at 40�C, when compared to 37�C. Immu-
noblot analysis showed reduced levels of the α- and

FIGURE 2 (A) Immunoblot analysis with antibodies raised against MTP of fibroblast homogenates from two controls (C1 and C2) and

the patients (P1 = Patient #1, P2 = Patient #2, P3 = Patient #3a, P4 = Patient #4) cultured simultaneously at 37�C and 40�C for 2 weeks.

The levels of the α- and β-subunit of MTP are reduced in all patients compared to the controls at 37�C and decreased markedly in Patients

#2, #3a, and #4 at 40�C, but not in Patient #1 and the controls. (B) Temperature-dependent reduction of LCHAD and LCKAT activities, and

lcFAO-fluxes in patient fibroblasts. Enzyme activities and lcFAO-fluxes at 40�C are shown as percentage of the activities in the same cell line

at 37�C, which were set at 100%. Patients are shown as white symbols (Patient #1 = upward triangle, Patient #2 = diamond, Patient

#3a = square, Patient #4 = downward triangle) and healthy controls as black circles. For each patient, fibroblasts were cultured at 37�C and

40�C simultaneously and subsequently enzyme activity and lcFAO-flux measurements were performed. In each experiment, two or three

healthy control cell lines were cultured and measured in parallel under the same conditions

TABLE 3 Palmitate loading test in patient fibroblasts cultured at 37�C (Patients #1–4) and 40�C (Patient #1)

Palmitate loading test (μmol/L)

Temp C2 C4 C5 C6 C8 C10 C12 C14 C16 C16-OH

Ref 37�C 2.3–43.3 0–2 0–2.5 0–1.4 0.1–2.6 0.2–3.1 0–0.8 0–0.4 0–4.3 0–0.07

Pt #1 37�C 18.0 1.7 1.3 1.0 1.5 2.1 1.1 " 0.4 4.0 0.0

40�C 50.9 3.2 0.9 2.1 1.8 2.9 1.3 " 0.7 " 5.5 " 0.2 "
Pt #2 37�C 12.7 0.8 0.9 0.4 0.5 0.6 0.3 0.1 1.1 0.0

40�C - - - - - - - - - -

Pt #3a 37�C 10.0 0.7 1.0 0.6 1.3 1.6 0.3 0.2 2.0 0.0

40�C - - - - - - - - - -

Pt #4 37�C 17.0 1.2 1.4 1.0 2.3 2.5 0.6 0.2 2.4 0.0

40�C - - - - - - - - - -

Abbreviations: Pt, patient; Temp, temperature; Ref, reference range in μmol/L.
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β-subunit of MTP in fibroblast homogenates of all
patients compared to controls at 37�C (Figure 2A). The
levels decreased markedly in Patients #2, #3a, and #4 at
40�C, but not in Patient #1 and the controls.

The lcFAO-fluxes were normal at 37�C for all
patients, but after culturing the cells at 40�C, lcFAO-
fluxes were 12%–70% of the mean activity in the control
cell lines measured in the same experiment (Table 2).

When comparing the LCHAD activity, LCKAT activ-
ity and lcFAO-flux at 40�C as percentage of the activity
and lcFAO-flux at 37�C in the same cell line (Figure 2B),
we observed a clear reduction in patient fibroblasts but
not in healthy control fibroblasts, cultured and measured
simultaneously. This demonstrates the significant influ-
ence of increasing the culture temperature to clinically
relevant fever temperatures on MTP enzyme activities in
patient fibroblasts but not in healthy control fibroblasts.

Finally, we performed the palmitate loading test at
37�C for all patients and additionally at 40�C for Patient
#1. The palmitate loading test at 40�C in fibroblasts of
Patient #1 showed increases of C12-, C14-, C16- and OH-
C16-carnitines to 1.3 μmol/L (ref: 0–0.8), 0.7 μmol (ref: 0–
0.4), 5.5 μmol/L (ref: 0–4.3) and 0.2 μmol/L (ref: 0–0.07),
respectively (Table 3). At 37�C, no accumulation of OH-
C16-carnitine or C16-carnitine was found in the medium
of any of the cell lines loaded with palmitate.

4 | DISCUSSION

To the best of our knowledge, this is the first description
of patients with a thermo-sensitive MTP deficiency and
corresponding clinical phenotype. We report five patients
including two siblings, of whom four had thermo-
sensitive MTPD and one LCKATD. All presented during
childhood with fever or exercise-induced episodes of
muscle weakness and muscle pain. Only after a long
diagnostic trajectory, genetic screening identified variants
in the HADHB gene, leading to the diagnosis of MTP
deficiency. Beneficial treatment effects emphasize the
need of early recognition of thermo-sensitive MTP defi-
ciency and thermo-sensitivity in inborn errors of metabo-
lism in general. The possible absence of characteristic
acylcarnitine abnormalities however poses a risk for a
diagnostic delay, and upfront genetic screening may
therefore be favorable. With this case series, we aim to
enhance early recognition of thermo-sensitive diseases
and expand existing knowledge of the phenotypic spec-
trum of MTP deficiency.

At the standard culture temperature (37�C), enzyme
diagnostics in patient skin fibroblasts showed mildly
decreased LCHAD and LCKAT activities, normal lcFAO-
fluxes and the absence of characteristic acylcarnitine

abnormalities associated with MTP deficiency after pal-
mitate loading. These results were not compatible with
the severe symptoms patients developed after provoca-
tion. We therefore evaluated the effect of temperature on
LCHAD and LCKAT activities in vitro and cultured fibro-
blasts at 40�C in addition to 37�C. Culturing at 40�C sim-
ulates the stress imposed by elevated temperatures.
Indeed, LCHAD and/or LCKAT activities decreased sig-
nificantly, whereas SCHAD activity, which is not part of
the MTP-complex, remained stable. In addition, control
fibroblasts showed no or only mild reduction of MTP
enzyme activities and lcFAO-fluxes at 40�C. These results
indicate that the thermo-sensitivity is specific for the
patients' MTP-complexes, and thus a result of the
HADHB variants.

Thermo-sensitivity of enzymes is a well-known phe-
nomenon, reported for many genetic disorders, including
other FAOD.6–8,19,20 Although the exact underlying
mechanism leading to the thermo-sensitivity of the vari-
ant MTP-complexes have not been elucidated yet, the
general effect of thermal stress on the conformational sta-
bility of proteins is the likely cause. This is supported by
the marked decrease in levels of the α- and β-subunit of
MTP on immunoblot at 40�C compared to 37�C in
Patients #2, #3a, and #4. Correct folding of proteins is
crucial for their physiological functions, and although
many different factors such as temperature, pH, and
ligand binding are involved, the amino-acid sequence
plays a crucial role.21–23 Missense variants could lead to
amino-acids changes with a small negative effect on pro-
tein folding and ligand binding, affecting the enzyme
activities only minimally. These amino-acid changes may
however affect the overall conformational stability of the
protein complex. In that case, elevated temperatures may
lead to relevant protein unfolding and/or aggregation, as
shown for MCADD.8 This increases the negative effect of
the amino-acid change, resulting in thermo-sensitive
functional deactivation. In case of functional deactivation
due to protein misfolding, unfolding, and/or aggregation
at higher temperatures, pharmacological chaperones that
bind to the variant MTP-complex and induce conforma-
tional stabilization could be a therapeutic option. This
functional rescue combined with dietary interventions
could then provide a specific treatment for patients with
thermo-sensitive MTP deficiency.

The identified variants in HADHB included two
known pathogenic variants, two previously reported as
VUS and one novel variant (see Table S1 for additional
information). For the c.248C>G (p.Ala83Gly) (not previ-
ously reported) and c.694G>A (p.Ala232Thr) (previously
reported as VUS) variants, their pathogenicity is now
confirmed by enzyme analysis. The c.397A>G (p.-
Thr133Ala) variant, located on the N-terminal domain of
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HADHB, was previously found in three siblings (two
homozygous, one heterozygous) with periodic paralyses
and described in an abstract.24 In these siblings, the vari-
ant's relationship to the clinical picture is questionable
due to the insufficient genetic segregation combined with
a phenotype atypical for MTP deficiency. Another variant
in HADHB at the same position but resulting in a differ-
ent amino acid replacement (c.397A>C (p.Thr133Pro))
has previously been found in a patient with a muscular
phenotype.16 This study now enzymatically confirms that
the c.397A>G (p.Thr133Ala) variant is pathogenic and,
like the reported c.397A>C (p.Thr133Pro) variant, causes
MTP deficiency with a mainly muscular phenotype.

The variants c.209+1G>C (p.Ala37AspfsX5) and
c.1289T>C (p.Phe430Ser) were previously reported in
generalized MTP deficiency and isolated LCKAT defi-
ciency, respectively, with fatal neonatal outcome.17,18

However, in the patients described here, both variants
were combined with the c.397A>G (p.Thr133Ala) vari-
ant, resulting in milder thermo-sensitive phenotypes. In
homozygous form, this variant causes thermo-sensitive
MTP deficiency, as demonstrated in Patient #4. Similarly,
in Patient #2 the c.397A>G (p.Thr133Ala) variant is
most likely homozygous at the mRNA (and protein)
level, because the splice site variant (c.209+1G>C
(p.Ala37AspfsX5)) has been shown to result in nonsense
mediated mRNA decay and hence only the p.Thr133Ala
allele is expressed. Also in Patient #1, the combination of
this milder variant with a severe variant causes the
milder thermo-sensitive phenotype.

In Patient #1, LCKAT activity diminished after cul-
turing the fibroblasts at 40�C, while LCHAD activity
remained stable and normal compared to healthy con-
trols. This resulted in the final diagnosis of LCKATD.
LCKATD has only been reported in four patients: three
with cardiomyopathy and all with fatal outcome before
13 months of life.11,17,25 Here, we describe the first adult
LCKATD patient with a relatively mild muscular pheno-
type, showing that LCKATD has a wider clinical spec-
trum than described thus far, similar to other lcFAOD.

All five patients presented during childhood with
fever- or exercise-induced episodes of muscle weakness
or muscle pain, in combination with signs of peripheral
neuropathy in some patients. This presentation is compa-
rable with the known neuromuscular phenotype of MTP
deficiency.26 Moreover, it is a recognized phenomenon in
lcFAOD that (muscle) symptoms can be triggered by
exercise or fever due to the increased energy demand. In
the here reported patients, however, metabolic decom-
pensations were more severe than expected based on
plasma acylcarnitine concentrations and enzyme activi-
ties at 37�C. Although the patients' symptoms fit the diag-
nosis of MTP deficiency, the decrease of MTP enzyme

activities and as a result the decrease of the lcFAO-flux at
elevated temperatures are likely to have played a major
role in the severe metabolic decompensations.

The long diagnostic trajectory in all patients (range:
4–16 years) may be related to their normal or only
slightly aberrant plasma acylcarnitine concentrations
both at newborn screening (for Patient #4) and later in
life. Hypothetically, fever or exercise may increase
acylcarnitine concentrations in patients with thermo-
sensitive MTP deficiency. Performing metabolic screen-
ing during symptomatic episodes may therefore increase
the chance to find abnormalities and reduce the diagnos-
tic delay. However, we found that acylcarnitine concen-
trations may also be normal or only minimally increased
when patients have symptoms, implicating that normal
metabolic screening does not rule out the presence of
MTP deficiency. This increases the risk of missing the
diagnosis. Therefore, genetic screening early in the diag-
nostic trajectory may be useful.

Preventive dietary interventions, comprising LCT-
restriction, MCT-supplementation and/or carbohydrate-
enrichment, were advised to all patients, either on a daily
basis or only during febrile illness. Beneficial effects were
reported for patients who were compliant with the diet.
Additionally, glucose infusion prevented episodic symp-
toms during labor in Patient #1, and during febrile illness
in Patient #2, when combined with antipyretic drugs.
These positive treatment effects show the importance of
early recognition of the disease.

The importance of early recognition of thermo-
sensitive disorders not only applies to MTP deficiency,
but to inborn errors of metabolism in general. Clini-
cians should be aware of the phenomenon of protein
thermo-sensitivity, and pay attention to the onset of
novel symptoms and signs in febrile patients. Early rec-
ognition is critical to allow prompt aggressive anti-
pyretic treatment and other disease-dependent preven-
tive measures, in order to reduce disease burden and
complications.

5 | CONCLUSION

We report five patients with thermo-sensitive MTP defi-
ciency (four MTPD, one LCKATD) who all had an epi-
sodic muscular phenotype, mainly provoked by fever or
physical activity. Initial metabolic diagnostics did not
lead to the proper diagnosis of MTP deficiency and only
after HADHB variants were revealed by broad genetic
screening, MTP deficiency was suspected. Extensive
enzyme studies in fibroblasts at different culture temper-
atures showed a significant reduction of LCHAD and/or
LCKAT activities at 40�C compared to 37�C, compatible
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with the patients' phenotype. This case series shows that
thermo-sensitive MTP deficiency is a potentially severe
and disabling, but at least partly treatable condition. The
possible absence of characteristic acylcarnitine abnormal-
ities associated with MTP deficiency however poses a risk
of missing patients, and therefore both genetic and enzy-
matic testing are required for a correct diagnosis. More-
over, the beneficial treatment effects emphasize the need
of early recognition of thermo-sensitive MTP deficiencies
and thermo-sensitive forms of inborn errors of metabo-
lism in general.
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