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Abstract

Introduction: Medium-Chain Acyl-CoA Dehydrogenase Deficiency (MCADD) is the
most common inherited metabolic disorder of p-oxidation. Patients with MCADD pre-
sent with hypoketotic hypoglycemia, which may quickly progress to lethargy, coma,
and death. Prognosis for MCADD patients is highly promising once a diagnosis has
been established, though management strategies may vary depending on the severity
of illness and the presence of comorbidities.

Methods and Results: Given the rapid developments in the world of gene therapy and
implementation of newborn screening for inherited metabolic disorders, the provi-
sion of concise and contemporary knowledge of MCADD is essential for clinicians to
effectively manage patients. Thus, this review aims to consolidate current informa-
tion for physicians on the pathogenesis, diagnostic tools, and treatment options for
MCADD patients.

Conclusion: MCADD is a commonly inherited metabolic disease with serious implica-
tions for health outcomes, particularly in children, that may be successfully managed

with proper intervention.

KEYWORDS
dietary management, fatty acids, medium-chain Acyl-CoA dehydrogenase, metabolic
myopathy, B-Oxidation

1 | INTRODUCTION

B-oxidation is the process of fatty acid metabolism, and in eukary-
otes is performed in the mitochondria of cells. Medium-Chain Acyl-
CoA Dehydrogenase (MCAD) is an enzyme key to the B-oxidation
of medium-chain fatty acids (MCFAs).Medium-Chain Acyl-CoA
Dehydrogenase Deficiency (MCADD) is the most common inherited
metabolic disorder of p-oxidation, in which patients have insufficient
levels of functional MCAD.! MCADD is typically diagnosed within the
first two years of life and is characterized by hypoketotic hypoglycae-
mia and vomiting that may progress to seizures and coma in times of

catabolic stress or prolonged fasting. MCADD is thought to be respon-
sible for a small portion of sudden infant death syndrome (SIDS) cases
worldwide, with an estimated prevalence of 1 in 50,000 births.?®

Mitochondria are key to the pathogenesis of MCADD.
Mitochondria are membrane bound organelles found almost ubig-
uitously among eukaryotes. Mitochondria possess two lipid bi-layer
membranes (outer and inner)—this double membrane facilitates the
performance of many key functions for survival of an organism, in-
cluding R-oxidation and cellular respiration.*>

Several shuttle transport systems exist across the outer and
inner membranes that are essential to the central functions of
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mitochondria. The glycerol 3-phosphate (GP) shuttle connects mi-
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tochondrial and cytosolic processes, thereby playing a crucial role
in cell bioenergetics.6 More significantly for the metabolism of fatty
acids (FAs), the carnitine transport system is an important meta-
bolic shuttle for the metabolism of long-chain fatty acids (LCFAs).
The carnitine transport system is crucial to -oxidation, allowing FAs
to cross the inner mitochondrial membrane (IMM) and committing
them to oxidation.® A deficiency of MCAD may result in a build-up
of acylcarnitines in the urine and low serum carnitine concentra-
tions, which may be observed in patients with biochemical testing.”
Importantly, FAs of carbon number up to C; permeate the IMM
passively, independent of the carnitine transport system.® As such,
function of B-oxidative enzymes, including MCAD is dependent on
functionality of this transport system for access to C;-C,, FA's.”
Mitochondrial p-oxidation of saturated fatty acids is (@ central
metabolic pathway for energy provision in an organism. Some tissues
utilize the products of p-oxidation for ketogenesis; the resultant ke-
tone bodies are alcrucial energy source in extrahepatic tissues, partic-
ularly(under fasting conditions. The whole-body response to fasting
state, indicated by a low insulin: glucagon ratio, initiates lipolysis and
ketogenesis.10 Simultaneously, glycogenolysis occurs for the rapid
mobilization of glucose for use in extrahepatic tissue; the rationing of
glucose through providing an alternate energy source in ketogenesis
is crucial for the body to adequately respond to fasting conditions.!
Thus, B-oxidation of FAs and its regulation are imperative for an organ-
ism's metabolic functioning, particularly in times of catabolic stress.
MCAD is an endogenous regulatory enzyme in FA -oxidation, spe-
cifically in the oxidation of MCFAs that arise from dietary triglycerides.**
MCAD catalyses the 2-electron oxidation of fatty Acyl-CoA thioesters
to 2-enoyl-CoA, acting on MCFAs of carbon numbers C, and C,,"%
This is the first step of p-oxidation. As an Acyl-CoA dehydrogenase,
MCAD is a key regulator of metabolic flux in p-oxidation (Figure 1).
Individuals who survive initial presentation of MCADD access

significantly more health resources in the first few years of life when
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compared with their healthy peers, and often manage life-long chal-
lenges related to their condition.? This review will therefore provide
the reader with a comprehensive understanding of the clinical pre-
sentation, pathogenesis, and genetics of MCADD before discussing
modern developments in the diagnosis and treatment that may pro-
vide improved patient outcomes.

2 | CLINICAL PRESENTATION

Individuals with MCADD present as healthy at birth; first clinical
presentation is typically within the first 24 months of life, though
presentations up into adulthood have been reported. Presentation
of symptoms typically coincides with incidence of prolonged fast-
ing; in infancy, a reduction in overnight feedings can trigger onset of
symptoms. Commonly, intercurrent or common infections will cause
onset of symptoms in previously asymptomatic individuals.'® It is
thought infection, particularly fever, increases metabolic require-
ments while simultaneously causing reduced appetite and calorie
consumption, thus causing hypoglycaemia or other symptoms.** A
summary of documented symptoms is summarized in Figure 2.

Hypoglycaemic episodes are the characterizing feature of
MCADD. Individuals may present with (hypoglycaemia-related sei-
zures, which are indicative of severe metabolic stress, and may
quickly progress to complete metabolic decompensation, vomiting,
coma, and death.** Hepatomegaly is a sign of severe, life-threatening
illness, and should therefore be considered an acute medical emer-
gency.'® This is characterized by the presence of hypoketotic hy-
poglycaemia as discussed above and will likely be accompanied by
lethargy. Initial laboratory results may also indicate increased anion
gap, elevated liver transaminases and hyperammonaemia.*®

Sudden death has historically been the first manifestation of
MCADD in a portion of patients; up to 25% of MCADD-affected
individuals will die during their first clinical manifestation of the

Mitochondrial

Acyl-CoA Dehydrogenase

Enoyl-CoA Hydratase

FIGURE 1 Beta-Oxidation & its
relation to MCADD. The metabolic
pathway of MCFA oxidation is depicted
including absorption, carnitine transport
into the mitochondrial matrix, and -
oxidation. The normal activity of MCAD is
bolded, and impact of MCAD deficiency
indicated with a red box.
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condition. MCADD is an established cause of sudden infant death
syndrome; this is most common when infants display no defining
features of MCADD or receive normal newborn screening results
prior to the onset of illness.>31¢17

Arrhythmias can be induced by the accumulation of imedium-
chain acylcarnitines in MCADD, particularly in infancy. In neonatal
cases, prolongation of the(QT interval has also been reported.'®?
Though relatively rare, ventricular tachyarrhythmias are the most
commonly reported MCADD-associated arrhythmia. Other re-
ported arrhythmias include (supraventricular arrhythmia and ulti-
mately (ventricular fibrillation resulting in cardiac arrest.? Cardiac
arrest is typically only observed after presentation with (vomiting
andheadaches along with hyperammonaemia and hypoketotic hy-
poglycaemia. Isolated cases of (pulmonary haemorrhage have also
been observed.?° Lastly, it has been reported in individual cases that
MCADD was discovered in infants following presentation with car-

diomyopathy, though this has not been widely observed.*

3 | PATHOGENESIS

Under normal conditions, MCADD patients compensate for a lack of
energy production from p-oxidation by expending glycogen stores
elsewhere in the body. However, glycogen stores quickly become de-
pleted in times of catabolic stress, specifically during illness and pro-
longed fasting.*®* MCADD interferes with other significant metabolic
pathways, preventing the production of ketone bodies and subse-
quent mobilization of glucose. Specifically, MCAD deficiency prevents
the dehydrogenation step of B-oxidation within the mitochondria
resulting in decreased production of Acetyl-CoA and a build-up of
acylcarnitines from the carnitine transport of MCFAs.! Acetyl-CoA is

a requirement for ketogenesis to produce ketone bodies for energy
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M

usage in extrahepatic tissues.* The reduction in energy sources exas-
perates the impact of reduced gluconeogenesis from a lack of carbo-
hydrate intake; the body quickly/progresses to severe hypoglycaemia,
which in turn heightens patient decompensation.13 The depletion of
glycogen, paired with an inability to utilize MCFAs to produce ketone
bodies for energy, ultimately results in rapid progression to hypogly-
caemia and metabolic decompensation (Figure 3).

In addition to the pathogenic consequences of Acetyl-CoA
deficiency from MCADD, secondary defects may contribute to
MCADD-associated symptoms. Evidence suggests that MCAD defi-
ciency results in ineffective mitochondrial oxidative phosphorylation
(OXPHOQOS); in vitro experimentation using MCAD-deficient cell lines
revealed impaired mitochondrial oxygen consumption and reduced
levels of OXPHOS protein complexes.?! Decreased OXPHOS func-
tion is linked to reduced skeletal muscle function, such as muscle
weakness that is often observed in MCADD affected individuals.??
It is theorized that the accumulation of MCFAs and their derivatives
lead to dysfunction in neurological energy functions, resulting in the
observed neurological complications such as encephalopathy.?®

Altogether, the inability to metabolize MCFAs and subsequent
metabolic imbalances in the form of Acetyl-CoA deficiency andlac-
cumulation of MCFAs and acylcarnitines result in several pathogenic
processes.

4 | GENETICS

4.1 | Genetic aetiology

MCADD is an autosomal recessive inherited metabolic disorder
caused by mutations to the ACADM gene on chromosome 1p31,
ultimately impacting the function of MCAD.?* Zhang et al first

Signs and Symptoms of MCADD

Cardiopulmonary System
Arrythmias: ventricular
tachyarrhythmias and
supraventricular arrhythmias
Ventricular fibrillation and
Cardiac Arrest

Pulmonary Haemorrhage

Digestive System
Nausea and Vomiting

Elevated n-hexanoylglycine, 3-
phenylpropionylglycine, and

suberylglycine

FIGURE 2 Signs and Symptoms of
MCADD. The clinical presentation of
MCAD deficiency is described along with
the organ system most heavily impacted
by each observed symptom.
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FIGURE 3 Mechanism of MCADD-
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described the organization of the ACADM gene in 1992, demon-
strating that the gene has 12 introns and spans 44kb of DNA,; the

large size of the gene coupled with the number of introns results in a

wide range of possible mis-splicing events and other large mutations
such as insertions or deletions.?> Fundamentally, it is understood
that pathogenic mutations in the ACADM gene result in protein mis-
folding and subsequent loss of function.?

Approximately 60% of symptomatic homozygous patients
present with a missense mutation in ACADM (c.985A>G) in
which lysine is exchanged for glutamate at position 304, ulti-
mately resulting in complete protein misfolding and loss of func-

tion (Figure 4).%7

Most MCADD patients are either homozygous
or heterozygous for c.985A > G; heterozygous patients may have
a mild phenotype, indicating there may be other factors con-
tributing to both severity of presentation and age of onset.h?8
Individuals of Northern European descent have higher inci-
dence, with an estimated prevalence of 80%, of the pathogenic
c.985A>G mutation.m?’ Tanaka et al. evaluated the mutations
of 178 symptomatic MCADD patients in 1992, first reporting a
90% incidence of the K304E mutation and identifying three lesser
prevalent mutations.?® Such mutations include the point mutation
Tyrd42His at an allelic frequency of 6%. Since the first reports of
the genetic basis for MCADD, over 30 distinct mutations, the ma-
jority of which being missense mutations, have been identified in

association with the pathology.?’

4.2 | Molecular genetic sequencing in diagnostics

Definitive diagnosis of MCADD requires sequencing of the ACADM
gene for identification of mutations, as well as reduced MCAD activ-
ity in patient fibroblasts as determined through LC-MS/MS, typi-
cally ranging between 10% and 35% of regular enzyme activity.3°'31
Prenatal sequencing is possible in the case of maternal MCADD.

Genetic testing may include a combination of gene-targeted testing

 Citric Acid Cycle

N

1 ATP Synthesis

“~—__ | Ketogenesis

—

or comprehensive genomic testing; comprehensive genetic testing
may reveal MCADD in patients who present at an older age without
newborn screening (NBS) or for whom MCADD has not been consid-
ered as a diagnosis for symptoms.*

Gene-targeted testing techniques like single-gene testing or a
multigene panel for ACADM is more likely in the case of a presump-
tive MCADD diagnosis following an abnormal elevation of acylcar-
nitines and other supportive biochemical results; single-gene testing
may also be used for patients who have heritage in an at-risk popula-
tion. Patients of Japanese descent should be screened for Japanese
pathogenic variants, which account for 60% of alleles reported in the
Japanese population: p.Thr150ArgfsTer4, p.Argl7His, p.Gly362Glu,
and p.Arg53Cys.%? Similarly, patients of Northern European descent
should undergo targeted analysis for European pathogenic variants:
p.Lys329Glu and Tyr67His.Table 1 summarizes common genetic mu-

tations in affected populations.??32-%7

4.3 | Genetic counselling
Genetic counselling is available in some nations for relatives of af-
fected individuals. Genetic sequencing is often recommended for
first-degree relatives upon the diagnosis of MCADD within a fam-
ily with no prior known affected individuals, particularly given the
autosomal recessive nature of disease inheritance.>*® These indi-
viduals may appear as asymptomatic, exhibiting no measurable dif-
ferences in acylcarnitines, and as such require genetic sequencing
for the exclusion of MCADD; nevertheless, testing should be com-
pleted on siblings of probands due to the largely unknown rela-
tionship between genotype and phenotype of MCADD, which may
result in individuals remaining asymptomatic until a sudden onset
later in life.?

Importantly, the link between genotype and phenotype is am-
biguous at best; even well-established pathogenic mutations like
c.985 A> G display a wide range of symptoms and outcomes. Thus,
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FIGURE 4 Genetic mutations of ACADM gene resulting in MCAD Protein Misfolding. (A) Normal protein structure of MCADD. The
location of the ACADM gene is indicated on Chromosome 1 with a red line. The MCAD protein is depicted in blue, in complex with the
electron transport chain (ETC). (B) Location, protein misfolding, and inheritance of K329E mutation. The structure of the MCAD protein
harbouring the K329E mutation is depicted. The autosomal recessive inheritance pattern of the mutation is depicted in a pedigree chart on

the right.

it is supported that the disease is also dependent upon other inher-
ited or environmental variables, though these factors remain to be

established.?%%®

5 | DIAGNOSIS

5.1 | Newborn screening

NBS for MCADD was established in most ‘developed’ nations by
the 1990's, although some jurisdictions, including the Canadian
province of Ontario, did not introduce MCADD screening into
regular NBS until as late as 2006.3%4° The introduction of NBS
has widened our understanding of both the epidemiology and ge-
netic heterogeneity of the disease. Prior to NBS for MCADD, the
incidence of the c.985A > G mutation was thought to be respon-
sible for ~90% of cases worldwide, it is now understood to be the
cause of only ~60% of cases as less common mutations have been

identified.?’ The number of children testing positive for known
and novel MCADD-associated mutations exceeded expected in-
cidence, with many children being completely asymptomatic; this
has allowed a more accurate evaluation of worldwide incidence
rate, currently estimated between 1:18,000 and 1:20,000, higher
in some European countries, including Denmark and England.3?43
Interestingly, presentation in infancy or diagnosis of MCADD
from NBS has also allowed the identification of the disorder in
mothers who had gone undiagnosed prior to presentation in their
children.

That said, false-positive results can arise from newborn screen-
ing testing. A 2016 study evaluating false positivity in a Canadian
paediatric cohort found that patients who received a false-positive
test for MCADD had significantly more interactions with healthcare
services in the first year of life compared with those who received
true negative tests.** This may indicate that the psychosocial impact
of MCADD diagnoses may play a significant role in health behaviour

and service utilization.
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TABLE 1 Common MCADD genetic mutations

High risk population

Northern European
Descent

Northern European
Descent

Japanese Descent

Japanese Descent
Japanese Descent
Japanese Descent
Japanese Descent

Chinese Descent

Disease presentation

The most prevalent mutation causing MCADD, ~80%
of patients with the c.895A > G are homozygous
for the mutation, while 20% are heterozygous.
Homozygous patients have highest levels of
neonatal octanoylcartinine (C8).1*

The ¢.199 T> C mutation is less common, associated
with less serious symptoms, and lower levels of
plasma octoylcarnitines (C8). In some cases, this
mutation is present without any sort of clinical
presentation.*®

This mutation accounts for ~45% of cases in Japanese
populations. Phenotypes range from asymptomatic
to severe metabolic decompensation.!**°

These four mutations account for ~60% of pathogenic
variant alleles evaluated within the Japanese
population.*¢%”

This mutation has only been reported among Chinese

Pathogenic variant Type of Predicted protein
nucleotide change mutation change

c.985A>G Missense p.Lys329Glu
c.199T7>C Missense p.Tyr67His
c.449_452delCTGA Deletion p.Thr150ArgfsTerd
c.1085G>A Missense p.Gly362Glu
c.50G>A Missense p.Argl7His
c.157C>T Missense p.Arg53Cys
c.843A>T Missense p.Arg281Ser
c.727C>T Missense p.Arg243X

Medium chain length acylcarnitines, specifically octanoyl-carnitine
(Cg) and decanoyl-carnitine (C,,) are measured on newborn screening
blood spot cards using tandem mass spectrometry. Cg levels must be
above a 0.40pumol/L threshold to qualify for further testing and diag-
nosis, which is above the 99th percentile, while a triplicate of Cg levels
of 0.50pumol/L is often required for definitive diagnosis using NBS.#2
Some evidence suggests that octanoylcarnitine levels may be im-
pacted by a time lapse between time of sample collection and testing,
so repetition of tests in the case of abnormal results is indicated and
included in standard practice for most NBS protocols.*’

Infants who display abnormally high levels of C4 or C,, should
be referred to secondary treatment centers for definitive diagnosis
or further genetic screening. Early diagnosis is preferable so as to
establish long-term management strategies and prevent symptom
onset when feeding intervals lengthen, as well as reduce the like-
lihood of developmental delays and other complications associated
with the disease.*®

5.2 | LC-MS/MS blood analysis of acylcarnitine
While NBS using dried blood samples has been successful in its iden-
tification of affected children, there is concern over its associated
false positivity rate; LC-MS/MS has been suggested as an additional
or alternative test to blood spot analysis to reduce the incidence of
false-positive tests.*¢

Liquid chromatography tandem mass spectrometry is the standard
method for diagnosis of MCADD.# Lymphocytes isolated from whole

patients in mainland China, however no national-
scale epidemiology studies have been completed to
elucidate the frequency of this variant in the wider
Chinese population.®

blood samples or newborn dried blood spots taken from the umbilical
cord or heel stick are quantified via LC-MS/MS, in which C8:1-CoA,
C8:0-CoA, and C8:0OH-CoA are isolated first with high pressure liquid
chromatography and subsequently analysed for structure using tan-
dem MS/MS.8 pPatients with homozygous ¢.985A> G mutations con-
sistently present with MCAD activity below 2.5%, while heterozygous
or mild MCADD patients may range between 5.7 and 13.9% of normal
activity, defined as 2.78nmol/(min emg protein).*> This method is the
most applicable for widespread screening methods and has been im-
plemented in newborn screening programs in developed nations.

5.3 | Urinalysis

Asymptomatic individuals may show normal acylcarnitine levels
using tandem mass spectrometry, and therefore require urine acyl-
glycine assays to demonstrate elevated n-hexanoylglycine (HG),
3-phenylpropionylglycine, octanoylglycine (OG) and suberylglycine
(SG).! These assays are completed once again using LC-MS/MS,
wherein HG has been identified as the most significant diagnostic
marker for MCADD. Newer methods utilize ultra-performance lig-
uid chromatography tandem mass spectrometry (UPLC-MS/MS) to
compare ratios of acylglycines; HG/acetylglycine (AG), OG/AG, and
SG/OG have been demonstrated as excellent markers for MCAD de-
ficiency.3%% Crucially, presence of ketones in preliminary urinalysis
should not be taken as evidence against an MCADD diagnosis be-
cause acute metabolic decompensation may cause the presence of
some ketones.??
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5.4 | Autopsy

Death in the first manifestation of MCADD for previously undi-
agnosed individuals has been reported in between 18 and 25% of
cases.’? In these cases, results of urinalysis or NBS may not have
been used to conclusively diagnose MCADD as an underlying cause
of metabolic decompensation and as such autopsy may provide
certainty to a cause of death. Findings at autopsy in the case of
MCADD-related sudden death commonly include cerebral oedema

and fatty infiltration of the heart, liver, and kidneys.*>>°

5.5 | Differential diagnoses

Reye-like syndrome is characterized by acute metabolic encepha-
lopathy caused by inborn errors of metabolism, MCADD among
them. All causes of a Reye-like syndrome should be considered in the
differential diagnosis of MCADD. Reye's syndrome may be distin-
guished from MCADD by the age of onset; often, Reye's syndrome
presents in older children with a history of aspirin ingestion.” Other
deficiencies in fatty acid p-oxidation should be considered, spe-
cifically other disorders in the acyl-dehydrogenase gene family like
short-chain-specific Acyl-CoA dehydrogenase, long-chain-specific
Acyl-CoA dehydrogenase, and very-long-chain-specific Acyl-CoA
dehydrogenase. The presence of cardiomyopathy along with hy-
poketotic hypoglycaemia indicates long chain dehydrogenase defi-
ciency,51 Deficiencies in any of these enzymes, or a combination of
these enzymes as in Multiple Acyl-CoA Dehydrogenase Deficiency
(MADD), should be seriously evaluated before making a final diag-
nosis.”? Additionally, deficiencies in ketogenesis such as HMG-CoA
lyase deficiency may be considered.>® Ornithine transcarbamylase
(OTC) deficiency, a rare X-linked genetic disorder resulting in accu-
mulation of ammonia, may result in similar clinical findings like leth-
argy and vomiting, though biochemical findings should display high
concentrations of ammonia typical of urea cycle disorders.’*

6 | TREATMENT

6.1 | Initial presentation

Management of MCADD varies depending on the severity and stage
of the disease. In acute illness, patients are at high risk of experi-
encing metabolic crisis, which should be considered a medical emer-
gency.® Reversal of catabolism and prevention of hypoglycaemia
should be the immediate priority, and to this end simple carbohy-
drates may be given by mouth; provision of the substrates for gly-
colysis and subsequently the citric acid cycle, allows for sufficient
energy production and symptom reversal. If the individual is unable
to receive sufficient oral intake of glucose, IV administration of 2 ml/
kg of 25% dextrose solution should be started immediately.*>>¢ This
should be followed by IV administration of 10% dextrose at 1.5
times the maintenance rate until a steady blood-glucose reading of

Endocrinology, Diabetes 7of11
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5mmol/L or higher is achieved; in the event that 25% dextrose solu-
tion is unavailable, administration of 10% dextrose as described may
be sufficient.>>>758

6.2 | Long-term management

The therapeutic goal of long-term MCADD management is to pre-
vent acute incidents of metabolic decompensation through avoid-
ance of fasting. In times of normal ‘health’ and the absence of an
intercurrent infection with fever or stressing conditions, fasting
times should be kept to a minimum.>’ Avoidance of fasting is of par-
ticular importance in times of illness when MCADD patients are at
high risk for metabolic crisis. Patients who follow a strict feeding
regimen have successfully prevented the onset of hypoketotic hy-
poglycaemia or other MCADD symptoms.>? The provision of a medi-
cal alert bracelet may speed intervention should an acute incident
require emergency care.

6.3 | L-carnitine supplementation

Dietary supplementation of L-carnitines is controversial.®® L-
carnitines have historically been prescribed as a supplement to
MCADD patients as part of a long-term management plan at a dos-
age of 100 mg/kg/day; some patients require a lower dose of 50mg/
kg/day due to the side effect of fish-smelling body odour resulting
from the drug.%®? It has been theorized that L-carnitine supple-
mentation may alleviate the secondary carnitine deficiency from
acylcarnitine ester accumulation.®?¢® The benefits of such supple-
mentation remain unclear and are largely unverified.®*-¢¢ One study
evaluating the impact of L-carnitine supplementation at 50mg/kg/
day on performance of moderate intensity exercise found that while
the carnitine group had significantly higher plasma concentrations
of octanoylcarnitine, suggesting that supplemented patients had in-
creased clearance of accumulated acylcarnitines, both groups had
elevated free carnitine levels in plasma and urine; thus, they found
no significant biochemical advantage for carnitine supplementation
in MCADD patients.61 Further, L-carnitine supplements have been
shown to have no preventative effect on the development of com-
plications or comorbidities such as obesity.%*

6.4 | Development of comorbidities
MCADD-affected individuals are at risk of developing related condi-
tions; long-term management should include regular screening for
symptoms by a physician. Evidence suggests that individuals with
MCADD and similar FA metabolic disorders are at higher risk of de-
veloping chronic renal disease as they age, namely fatty infiltration
of the kidney and tubulointerstitial fibrosis.>’

It is recommended that dietary management be supervised by
a general physician or dietician. In addition to avoidance of fasting,
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formula that contain medium chain fatty acids. MCADD patients
are at high risk of developing obesity as a side effect of increas-
ing their number of meals, so ensuring proper balance of nutrition
is important.»® In addition to obesity, the development of dia-
betes mellitus Il has been reported in a number of patients who
were diagnosed in infancy and followed an MCADD-specific diet;
managing both diabetes mellitus Il along with MCADD presents a
unique challenge and should be managed under the supervision of
an endocrinologist.®’

Muscular concerns are prominent in individuals who have experi-
enced uncontrolled metabolic decompensation with their MCADD.¢®
Chronic muscle weakness, fatigue, pain, and reduced exercise tol-
erance have been reported; interestingly, no abnormality in cardiac
function is associated with these symptoms.13 Physical therapy in
consultation with a physician may be indicated in patients who de-
velop muscular concerns following an episode of MCADD symptoms.

Additionally, MCADD patients with first clinical presentation in
infancy are at higher risk of developing neurologic conditions from
uncontrolled metabolic decompensation. Loss of developmental
milestones have been reported, as have been aphasia and attention
deficit disorder (ADD).®? ADD is thought to be caused by brain in-
jury during acute metabolic crisis, and is associated with disordered
eating patterns and obesity.®> MCADD affected individuals have
been reported to be at risk for eating disorders such as anorexia ner-
vosa.”® In the case of neurological findings, support and treatment

by mental health professionals is recommended.

6.5 | Considerations for adult patients

Some patients may not present with a hypoglycaemic episode
associated with MCADD well into adulthood. While adult pres-
entations of MCADD are rare, many occur after recent ingestion
of alcohol and subsequent vomiting; it is thought that alcohol in-
gestion was accompanied by prolonged fasting.68 Interestingly,
cardiac symptoms are reported more frequently in adult patients
than their younger counterparts. This may be due to prolonged
uptake of free MCFA's into cardiomyocytes through childhood
and adolescence, ultimately resulting in cardiovascular damage or

arrhythmias.®®7!

7 | TREATMENTS IN DEVELOPMENT

Currently, there are no cures or enzyme-replacement treatments
available for MCADD. This is an area of research of particular inter-
est considering the high incidence and long-term burden for both the
affected individual and the healthcare sector. Development of sev-
eral experimental treatments have been initiated in the last number
of years including pharmacological intervention and gene therapy,
though comparisons of intervention efficacy across different trials is
significantly hindered by different groups utilizing different outcome

measures. Moving forward, the inclusion of core outcome measures
in MCADD therapeutic clinical trials would be of great value, par-
ticularly given the challenges of gathering large cohorts for rare dis-
eases such as MCADD.”?73

Currently, the drug glycerol phenylbutyrate, called Ravicti®
(Clinical Trial Identifier: NCT02246218), has been evaluated as an
experimental treatment for MCADD patients to improve MCAD
stability and reduce metabolite build-up. Ravicti® has previously
been FDA approved for use in urea cycle disorders and has recently
finished Phase | clinical trials at the University of Pittsburgh for the
treatment of MCADD and related urea cycle disorders.”* As a ni-
trogen scavenger, it is thought that Ravicti® may help address the
secondary hyperammonaemia that occurs in some severe MCADD
cases, often in the presence of hepatomegaly and supraventricular
tachycardia.l'm’75 The clinical study was severely limited by sample
size, restricting their ability to perform many analyses evaluating
the efficacy of the drug. Primary results were promising in reduc-
ing hyperammonaemia in children aged less than 2 months, though
use of glycerol phenylbutyrate is not a widely used intervention for
MCADD affected children as of the time of this publication.”®

As with many inborn errors of metabolism, gene therapy provides
an exciting avenue for treatment development, particularly given ev-
idence that even moderate increase in enzyme function can improve
patient outcomes. In situ gene therapies have been explored for
MCADD, focused on skeletal muscle tissue as the primary location
of [5—0xidation.77 While there are a variety of pathogenic mutation
types that result in MCADD ranging from single-nucleotide poly-
morphisms (SNPs) to large deletions, the majority of symptomatic in-
dividuals harbour single point mutations. Thus, a precise gene editing
technique allowing for base-to-base conversion, for example the use
of a prime editor for targeted mutagenesis without double stranded
DNA breaks, may represent an exciting avenue of therapeutic devel-
opment for clinically relevant mutations like c.985A > G.8

In vitro and in vivo animal studies have been performed using
recombinant adenovirus (rAD) vectors as a potential for clinical use,
but no human clinical trials have been published using this vector
for gene therapy.”’ Recent work evaluating the role of secondary
defects in oxidative phosphorylation on MCADD used the lentiviral-
based Crisper/Cas9 system to create an MCAD knockout cell line;
while helpful in elucidating mechanisms of MCADD pathogenesis,
no published studies have used this system in a therapeutic capac-
ity.?! These cell models would provide an invaluable resource for
future preclinical studies. This is a rapidly developing field and is of

particular interest for new MCADD treatments.

8 | CONCLUSION

MCADD is the most common inherited disease of fatty acid oxi-
dation, impacting patients worldwide, and is sometimes lethal
despite the introduction of widespread newborn screening.29
MCADD is most commonly characterized by hypoketotic hypogly-
caemia in the context of prolonged fasting or common illness.*®
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It may be initially treated with glucose supplementation orally or
via IV. The gold standard for diagnosis is LC-MS/MS as part of
NBS, and genetic testing is sometimes recommended to identify
the specific mutation causing the condition.®° Long-term manage-
ment of MCADD by dietary management is largely successful,
though physician monitoring for development of related condi-
tions should be continued in times of relative health.! Future study
should include the development of alternative therapeutic inter-
ventions to address complications managing dietary intake; gene
therapy using adenovirus vectors provides a unique therapeutic
avenue for comprehensive treatment and should therefore be a
focus of future study.”’
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