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Genetic Diagnosis of Inherited Metabolic Disorders using
Next-Generation Sequencing

Chang-Seok Ki, MD, PhD

GC Genome, Yongin-si, Gyeonggi—do, Korea

Inherited metabolic disorders (IMD) are a group of disorders involving various metabolic path-
ways. Genetic diagnosis of IMD has been challenging because of extremely heterogeneous
nature and extensive laboratory and/or phenotype overlap. Conventional genetic diagnosis
was a gene-by-gene approach that needs a priori information on the causative genes that
might underlie the IMD. Recent implementation of next-generation sequencing (NGS) techno-
logies has changed the process of genetic diagnosis from a gene-by-gene approach to simul
taneous analysis of targeted genes possibly associated with the IMD using gene panels or
using whole exome/genome sequencing (WES/WGS) covering entire human genes. Clinical
NGS tests can be a cost-effective approach for the rapid diagnosis of IMD with genetic
heterogeneity and are becoming standard diagnostic procedures.

Key words: Next-generation sequencing, NGS, Inborn errors of metabolism, Gene panel,
Whole exome sequencing, Whole genome sequencing
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Fig. 1. Paradigm changes of genetic diagnosis. A) Traditional gene—by—gene approach
using Sanger sequencing. B) Syndrome—based genetic diagnosis process by using
next—generation sequencing (NGS).

Table 1. Questions for the genetic diagnosis of inherited metabolic disorders

Are the patient's symptoms, signs, or laboratory findings related to an inherited metabolicdisorder (IMD)?
Have the causal genes for the IMD been identified?

How many causative genes are there underlying the IMD?

Are there any major genes for the IMD?

How to test for genes that cause the IMD?

Are there any variants found in genetic testing?

How do we verify that the genetic variant we find is the cause of the IMD?

If genetic testing didn't find any causative variants, what should we do now?
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N

. 7Y oA B2 R4t T

A 42t g2 B4 A<&(Targeted Exome) E=
1d(Targeted Panel) 522 S8, F44 thAt
g o Ao RS AAste] s At
g} QIR QIEE -9l tis NGS 7[H<

7IMEEA S Alshe oA, 4 Kde] 7t

kA
bRy

i)
r
i
¢

Az o 7] el e T4 1) o fH4E
Egsfot sl Aglof Ak, B 44 o] 2
Tk 842 WA ulgel F7Kta, AR fTt ot

Aol w2t G7IMGRAellM A7 it 1ot w4

Table 2. Comparison of clinical next—generation sequencing test

ot ERL QIFo R, A

Ve o A

& E90], 9=9] National Health Service (NHS)]|
A A E5H= Genomic Medicine Service (GMS) mjd A
H APl EoA §34 tiabdett BE sidS HAs)
Hel debd g 2 XA §344 diardgo] 2gkE of
g So] AAELY, o] Alo|EdfA 44 tiabdgt B
A Az fd2 F 87 585 =T, 4 1
A7 ot A A ol Wt Green,
Amber, Red 502 Z+ fHAzE0] BE5E|o] Qlth(Table
3). ThoF ol Ak HA o ® {4 dAES fidS A
stz o 744, Green 1472k Z4A 0= HJHE|0]
oF 3}l Red -HAAH= A|2]=]olof SHAAIRE, Amber
A7} ofA] ZEo] AERR] 92 FAAke] ¢ wide

wHe) WA FEst Basit

-l

S}
=
!

o
a1
H

=

A% dE AEAE F A I f-3HMende-
= ZAZH(Whole Exome)e] TH
A& gl QY RIEE RHE A5 NGS 24 HHio]

< B 5247 wide] 7k 3
SHA g A FAR NGS 7]&o] AAl f4d¢

Aol E8E & as H2= HofE 7jed B4 of

g
H
rir
i
In
o
=
Jo

TPS WES WGS
Genome Coverage Low Intermediate High
Sequencing Depth High Intermediate Low
Number of Genes Up to thousands More than 20,000 More than 20,000
Capture Bias Yes Yes No
Diagnostic Yield
SNV/INDEL High High to Intermediate High
Intron Variant Low Low High
CNV Intermediate Intermediate High
Gene Rearrangement Low Low High
Re—analysis Potential Low Intermediate to High High
Cost Low Intermediate High

Abbreviations: CNV, copy number variation; INDEL, insertion and deletion; SNV, single nucleotide variant; TPS, targeted
gene panel sequencing; WES, whole exome sequencing; WGS, whole genome sequencing.
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Table 3. Targeted next—generation sequencing panels for inherited metabolic disorders at Genomics England PanelApp*

Curation status

Panel name Version No. of genes -
Green' Amber ™ Red® No list

Undiagnosed metabolic disorders 1.607 754 654 22 76 2
Cerebral folate deficiency 1.2 4 4 0 0 0
Congenital disorders of glycosylation 4.13 117 95 5 17 1
Hyperammonaemia 1.21 106 42 0 64 0
Ketotic hypoglycaemia 1.8 45 27 0 18 0
Mitochondrial disorders 4.113 483 271 41 160 5
Mucopolysaccharideosis, Gaucher, Fabry 1.2 18 17 0 1 0
Peroxisomal disorders 1.19 38 35 0 3 0

*Genomics England PanelApp; https://panelapp.genomicsengland.co.uk (Date accessed: 22 Nov 2023).
THigh level of evidence for this gene—disease association, demonstrates confidence that this gene should be used for genome

interpretation.

"Moderate evidence for this gene—disease association, and should not yet be used for genome interpretation.
$Not enough evidence for this gene—disease; this gene should not be used for genome interpretation.
I Added for review of gene—disease association or removed after review because of the variant type (short tandem repeat, etc.).
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Clinical Phenotypes and Dietary Management of
Hepatic Glycogen Storage Disease Type 0

Young-Lim Shin

Department of Pediatrics, Soonchunhyang University Bucheon Hospital,
Soonchunhyang University College of Medicine, Bucheon, Korea

The hepatic glycogen storage disease type 0 (GSD type 0) is an autosomal recessive disorder
caused by a deficiency of hepatic glycogen synthase encoded by the glycogen synthase 2
(GYS2) gene, leading to abnormal synthesis glycogen. The clinical findings of GSD type 0 are
hyperketotic hypoglycemia at fasting state and accompanying postprandial hyperglycemia and
hyperlactatemia. GSD type O has only been reported in a very small number so far, and the
diagnosis is likely to be missed because symptoms are mild, severe hypoglycemia is rare or
asymptomatic, or symptoms gradually disappear with age. Essential management strategies
include feeding high-protein meals to stimulate gluconeogenesis, frequent meals to prevent
hypoglycemia during the day and feeding complex carbohydrates such as uncooked cornstarch
to slowly release glucose during nignt. GSD type O has a good prognosis, with appropriate
treatment, normal growth can be achieved and no complications occur. Significant hypogly-
cemia occurs less common in adulthood, but ongoing dietary management may be necessary.

Key words: Glycogen storage disease O, Liver, Carbohydrates, Hypoglycemia, Ketosis, Hypergly-

cemia, Hyperlactatemia

Introduction

Carbohydrates absorbed from the intestines are re-
leased into the circulation, and as blood sugar levels
increase, insulin is secreted to increase the uptake of
glucose into cells, which produces ATP or are stored
primarily as glycogen in the liver or muscles. Several
hormones contribute to glycogen synthesis and break-
down, such as insulin, glucagon, adrenaline and

cortisol™?.

Corresponding: Young—Lim Shin

Department of Pediatrics, Soonchunhyang University Bucheon
Hospital, 170 Jomaru—ro, Wonmi—gu, Bucheon 14584, Korea
Tel: +82-32-621-5407, Fax: +82-32-621-5016

E-mail: ylshin@schme.ac.kr

Glycogen is a multibranched polysaccharide polymer
composed of a straight chain of glucose molecules as
the main form of glucose storage. The mature form of
glycogen can consist of up to 55,000 glucose units
and is rapidly consumed when glucose levels drop.

Glycogen biosynthesis is accomplished through the
cooperative action of three enzymes: glycogenin (GN),
glycogen synthase (GS) and glycogen branching enzyme
(GBE)”.

The process of glycogen synthesis requires a base
protein known as glycogenin. The first step in the
process involves glucose molecules being attached by

UDP-glucose to the tyrosine residues of glycogenin
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via autoglucosylation. Glycogenin forms glucose chains
of 8-12 residues with alpha 1,4 linkages. These chains
continue to be elongated by glycogen synthase. Gly-
cogen branching enzyme attaches new lateral chains by
alpha 1,6 linkage to the growing glycogen molecules,
which completes glycogen structure containing glyco-
genin at the center™” (Fig.1).

The glycogen storage diseases (GSD) are inherited
metabolic disorders of glycogen metabolism resulting

in abnormal storage and/or utilization due to enzyme

defects in the synthesis or degradation of glycogen.
The hepatic GSD type 0 (GSD type 0) is an autosomal
recessive disorder caused by a deficiency of hepatic
glycogen synthase encoded by the glycogen synthase 2
(GYS2) gene, leading to abnormal synthesis glycogen.
GSD type 0 can be divided two different tissue—specific
hepatic isoform (GSD type Oa, encoded by GY52) and
muscle isoform (GSD type Ob, encoded by GYSI). The
hepatic GSDs can be categorized into three types”:

defective glycogenolysis and gluconeogenesis (type 1),

Branching
E
(GnSZET\?) Glycogen
Glycogen Phosphorylase
Glycogen (GSD Vi)

Synthase
(GSD 0)

UDP-Glucose

g

Glucose-1-Phosphate

l

Pentose
EP Glucose-6-Phosphate (¢mm)| phosphate
I shunt

Alanine |¢mmmmmmd | Pyruvate ¢mmmsssmd Lactate

|

Ketones ¢mmmmmm) Acetyl-CoA \

l Free Fatty Acids

l

Triglycerides

Fig. 1. Simplified pathway of glycogen synthesis in hepatocytes. GSD, Glycogen storage
disease; UDP Glucose, Uridine diphosphate glucose; Acetyl-CoA, Acetyl
coenzyme A; TCA, Tricarboxylic acid.
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defective glycogenolysis but intact gluconeogenesis
(types 1II, VI, IX), and altered storage of glycogen
(types 0, IV, XI) The overall GSDs incidence is appro-
ximately 1:10,000 live births®.

Overview

GSD type 0 was first recognized in 1963”. To date,
there have been a small number of cases, approximately
40 cases reported in the literature, accounting for less
than 1% of all GSDs*”. Many cases of GSD type 0 are
thought to remain underdiagnosed due to mild symp-
toms but recently reported cases with various symptoms
and severity have been increasing®.

The clinical findings of GSD type 0 are fasting hy-
perketotic hypoglycemia. Postprandial hyperglycemia
and hyperlactatemia are caused by carbohydrates de-
rived from the meal being converted to lactate due to
the inability of glucose to be converted to glycogen'”.
Unlike other hepatic GSDs, there is no hepatomegaly
because glucose cannot be stored as glycogen in the
liver, although liver enlargement has been reported in

0" Symptoms of fasting

some cases of GSD type
hypoglycemia usually appear in late infancy after
stopping overnight feedings or in childhood"”. Most
patients experience their first symptoms at an average
of 3.5 years®. Affected children experience pallor,
sweating, nausea, vomiting, lethargy, drowsiness and

sometimes seizures'®'*1)

. Hypoglycemia may occur
more than 3 hours after the last feeding'”. Generally,
patients develop ketosis with hypoglycemia during fas-
ting, stress, or infection. Because patients are unable
to synthesize glycogen, lower blood sugar levels trigger
the processes of gluconeogenesis and fatty acid oxida-
tion, which increase ketones used as alternative fuels.
Hyperketonemia and ketonuria are observed with
hypoglycemia, but it is advisable to measure the ketone

level in the blood since ketonuria is not constant'”. It

is known that approximately 2% of patients with iso-
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lated ketotic hypoglycemia are GSD type 0 patients'"
19 Hyperglycemia occurs due to the inability to synthe-
size glycogen and decreased glucose uptake by the liver
after consuming a carbohydrate-rich meal'?. Hyperlac-
tatemia is observed because excess glucose is converted

11,12

anaerobically to lactate!*'?. Patients with GSD type 0
generally have normal birth weight and height, but
some patients exhibit failure to thrive, short stature,

121718 Neurocognitivel development in

and osteopenia
GSD type 0 patients is usually unaffected®°1, Asymp-
tomatic patients may be diagnosed incidentally, after
being hospitalized for another disease, or after a sibling
is diagnosed”. Phenotypes of varing severity may be

associated with different liver enzyme activities'”.

Diagnosis

GSD type 0 should be considered in patients with
postprandial hyperglycemia or glycosuria following
ketotic hypoglycemia. Additionally, GSD type O requires
differential diagnosis from early stages of diabetes and
Fanconi-Bickel syndrome?. The difference from GSD
type O is that Fanconi—Bickel syndrome is not associated
with postprandial hyperlactatemia™. In the past, it was
diagnosed through liver biopsy, but now it is confirmed
through genetic analysis. More recently, patients with
similar clinical and biochemical findings have been able
to simply, quickly and usefully diagnose metabolic
diseases with genetic heterogeneity by applying next
generation sequencing technology (as gene panel or

clinical exome)??,

Genetics

Hepatic glycogen synthase is encoded by GY52 gene
located on chromosome 12pl12.2, consisting of 16
exons®. According to the literature so far, 40 patients
with hepatic GSD type 0 with 25 different variants in
the GYS2 gene have been documented®'?.
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Treatment

The therapeutic goal of GSD type 0 is to prevent
fasting hypoglycemia, hyperketosis and postprandial

interventions'>?",

hyperlactatemia  through  dietary
Therefore, essential management strategies include
feeding high—protein meals to stimulate gluconeog-
enesis, frequent meals to prevent hypoglycemia during
the day and feeding complex carbohydrates such as
uncooked cornstarch to slowly release glucose during
nignt! 115,

Since the 1970s, researchers have tried to find car-
bohydrates that can maintain blood sugar levels for
more than 3 hours, and they found that cornstarch
was the most effective’”. Cornstarch was introduced
as a treatment for GSD in 1982, which gradually im-
proved metabolic control and long—term prognosis®.
If the pump fails or leaks during continuous feeding,
blood sugar levels drops rapidly in a high insulin state.
Insulin also has the effect of suppressing the production
of alternative fuels such as ketones and lactic acid,
which can worsen hypoglycemia and even cause con-
vulsions. Cornstarch has the effect of further lowering
insulin concentration because the amount of glucose
required to maintain normal glucose concentration is
less than that of a continuous feeding”’. In the ketotic
GSDs (type 0, III, VI, IX, and XI), when glucose levels
decrease, ketones are produced through fatty acid oxi-
dation, and ketones can be used as an alternative fuel,
preventing excessive glycogen storage or hypoglycemia”.
Although GSD type 0 patients have milder symptoms
than other GSDs patients, some still require overnight
treatment. To prevent fasting hypoglycemia in the
morning, it is necessary to take uncooked cornstarch
before bedtime, and it should be taken regularly during
infection. And consuming small amounts of uncooked
cornstarch frequently during the day may better main-
tain blood glucose levels and improve metabolic con-

trol””. Cornstarch requirements are lower for GSD
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type VI and IX compared to GSD type I, and may be
even lower for GSD type 0.

The dose of cornstarch is initially administered in
small amounts and then gradually increased depending
on blood glucose level and tolerance?®. Children who
consume 1 gram of cornstarch per body weight at
bedtime can maintain normal blood glucose levels for
4 to 8 hours. Infants younger than 12 months may not
be able to digest cornstarch well due to insufficient
amylase, a digestive enzyme>”. Adults require less
cornstarch per kg of body weight compared to children
because they have lower calorie requirements and are
better able to control oral intake. Excessive doses of
cornstarch can cause diarrhea, weight gain and insulin
resistance, and treatment with less than appropriate
dose can cause hyperketonemia at relatively normal
glucose concentrations because the process of gluco-
neogenesis and fatty acid oxidation processes are
normal®. According to recent studies, uncooked corn-
starch should be taken every 3-5 hours to maintain
euglycemia and improve metabolic control, so it was
necessary to consume cornstarch at least once in the
middle of the night””.

In order to maintain normal blood glucose levels
longer and reduce nighttime feeding, waxy maize ex-
tended-release cornstarch (Glycosade) was developed
and has been approved worldwide since 2009*”. The
extended-release cornstarch formulation has been
approved for use in children over 2 years of age in
several countries, but has been approved for use in
patients over 5 years of age in the United States. This
may be because there is little research on efficacy and
safety for infants and young children, and the low
tolerance due to the rapid growth and immaturity of

3139 Adverse effects are known

the gastrointestinal tract
to include abdominal distension, diarrhea, and flatulence,
and in the case of GSD type 1b, inflammatory bowel
disease and gastrointestinal intolerance are likely to

occur, so caution is required®™*?. Tn 2015, a study
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reported that treatment with an extended-release corn-
starch from waxy maize in GSD types 0, I, VI and
IX had the effect of maintaining euglycemia for longer
during the night®”. However, not all GSD type 0
patients require a middle-of—the—night feeding and this
treatment should be considered in patients who fre-
quently develop fasting morning hypoglycemia and
ketosis’”. There is a lack of research on carbohydrate
requirements in GSD type 0 patients, and for types VI
and IX, it is recommended that carbohydrates provide
45-50% of daily calories®.

Since protein is used as a precursor in gluconeoge-
nesis, adequate protein supplementation is also impor-
tant’””. In patients with ketotic GSDs, a high—protein
diet may allow amino acids to be used as precursors
for gluconeogenesis, dietary protein may serve as a
direct energy fuel for muscle, and replacement of
some carbohydrates with protein may reduce glycogen
stores”. In particular, animal food proteins have high
biological value, are a good source of aminoacids
required for gluconeogenesis. It is recommended to
provide 2 to 3 g of protein or —20 to 25% of total
calories per kilogram of body weight as a high protein
diet, and to consume protein at every meal, before
bedtime and before exercise*”. Patients with GSD 0
are at risk of osteoporosis and should also supplement
calcium and vitamin D' It is important to adjust the
appropriate amount of protein and carbohydrates
according to age and to determine to balance well by
measuring blood glucose and ketone in the morning,
If hypoglycemia and ketosis occur overnight due to
lack of proper treatment, short stature, osteopenia, and
neurological complications may occur?*”,

For good metabolic control and monitoring of com-
plications, an appropriate follow—up plan is necessary,
and nutritional evaluations and blood tests must be
performed regularly. Calcium, phosphorus, and vitamin
D should also be checked regularly to ensure adequate
intake. GSD type 0 has a good prognosis, with appro-
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priate treatment, normal growth can be achieved and
no complications occur. Significant hypoglycemia occurs
less common in adulthood, but ongoing dietary mana-

gement may be necessary'?.

Conclusions

GSD type 0 has only been reported in a very small
number so far, and the diagnosis is likely to be missed
because symptoms are mild, severe hypoglycemia is rare
or asymptomatic, or symptoms gradually disappear
with age?12353

Symptoms can be expressed in various ways, and
fasting ketotic hypoglycemia can be misdiagnosed as

which

common in infants and young children, or it can be

substrate-limited  ketotic hypoglycemia, is
mistaken for early diabetes due to the findings of post-
prandial hyperglycemia. In addition, because there is
no hepatomegaly, it is often not diagnosed with GSD
type 0 or is diagnosed late. Therefore, in the case of
hyperketonic hypoglycemia in the fasting state and
accompanying postprandial hyperglycemia and hyper
lipidemia, some hyperlipidemia, fasting hypalaninemia,
and mildly elevated hepatic transaminase findings, an
active investigation of GSD type 0 can be conducted,
and only in this case, a genetic test through the NSG
panel can be performed if necessary. If GSD type 0 is
strongly suspected, a GYS2 genetic test may be per-
formed. Genetic diagnosis can be used to select siblings
with or without symptoms”.

GSD type 0 can be treated without complications by
preventing hypoglycemia through an appropriate diet.
To make an immediate diagnosis, it is recommended to
carefully check the clinical symptoms and perform
genetic testing in children with fasting hyperketotic hy-
poglycemia accompanied by postprandial hyperglycemia

but do not have hepatomegaly'®.
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The Narrative Review of Galactosemia Including a New Subtype
Ga Young Park, Yong Hee Hong
Department of Pediatrics, Soonchunhyang University Bucheon Hospital,
Soonchunhyang University School of Medicine, Bucheon, Korea
Galactosemia is an inborn error disorder of carbohydrate metabolism, caused by metabolic
disturbances at various stages of the Leloir pathway. In patients with galactosemia, accurate
diagnosis and appropriate care are essential to avoid complications and unnecessary treatments.
And a careful differential diagnosis of the type of galactosemia is crucial. Even with an appro-
priate galactose-restricted diet, long-term complications may occur, especially in patients with
classic galactosemia. So new treatment options are being developed. In this review, we will
review the new symptoms of each subtype that have been reported recently and GALM
(Galactose mutarotase) deficiency, a new form of galactosemia, and treatment policies accor-
ding to recent guidelines.
Key words: Galactosemia, GALT, GALK, GALE, GALM, Newborn screening
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Table 1. Laboratory characteristics of four different forms of galactosemia

Classification Gene Enzyme activity Erythrocyte Gal-1-P*
Classic galactosemia GALT (GG) 3% of normal GALT activity Elevated (usually >10 mg/dL)
(Type 1 galactosemia)
Duarte galactosemia GALT (DG) 25% of normal GALT activity Elevated
GALK deficiency GALK1 0-10% of normal GALK activity Not elevated
(Type 2 galactosemia)
GALE deficiency GALE General: profoundly decreased in all tissues Elevated
(Type 3 galactosemia) Intermediate: deficient in RBC, WBC, less than 50%
of normal in other cells
Peripheral: deficient in RBC, WBC, normal or near
normal in all other tissues
GALM deficiency GALM Variant Transient fluctuation

(Type 4 galactosemia)

Abbreviations: Gal-1-P, galactose—1-phosphate; GALT, galactose—1-phosphate uridyltransferase; GALK, galactokinase; GALE,
UDP-galactose—4—epimerase; GALM, galactose mutarotase; RBC, red blood cell; WBC, white blood cell.
*Normal level of erythyrocyte galactose—1-phospate is <1 mg/dL.
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Inherited Metabolic Disorders Involving the Nervous System
Jeesuk Yu, MD, PhD

Department of Pediatrics, Dankook University Hospital,
Dankook University College of Medicine, Cheonan, Korea

Inherited metabolic disorders (IMD) are a group of disorders caused by defects in specific bio-
chemical pathways. Up to 85% of IMD display predominantly neurological manifestations by
affecting neurodevelopment or causing neurodegeneration. These neurometabolic disorders
present with a variety of neurological and non-neurological manifestations. Early diagnosis of
IMD is important because some disorders can be treated or improved with specific treatment
if detected early. For prompt diagnosis and treatment, it is important to suspect IMD by being
familiar with the clinical characteristics, biochemical abnormalities, and characteristic neuroi-
maging patterns that appear in IMD. Genetic testing, including next-generation sequencing,
is also important in diagnosing IMD. During the follow-up of patients with IMD, it is necessary
to conduct regular physical and neurological examinations in addition to disease-specific
management.

Key words: Inherited metabolic disorders, Neurometabolic, Clinical, Biochemical, Neuroimaging,

Genetic testing

Introduction

Inherited metabolic disorders (IMD) are a group of
disorders caused by defects in specific biochemical
pathways. They collectively represent one of the most
common groups of single gene disorders although
each is rare or very rare?.

Many IMD are caused by deficiencies of enzymes,
cofactors, or transporters required for specific metabolic
pathways, resulting in deficiency of essential metabolites,

accumulation of toxic metabolites/substances, and

energy deficiency and subsequent damage to specific
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organs or organelles' ™.

Up to 85% of IMD display predominantly neurolo-
gical manifestations by affecting neurodevelopment or
causing neurodegeneration”. Neurometabolic disorders
(NMD) are characterized by mental or motor dysfunc-
tions which include acute encephalopathy, epilepsy,
movement disorder, developmental delay, abnormal
head size, psychiatric symptoms, and congenital mal-
formations of brain®™”.

Most IMD occur in newborns and infants, although
late onset TMD also exist”. Tt is important to consider
IMD as a differential diagnosis when managing patients
with neurological dysfunction.

An overview of NMD is reviewed, focusing on clinical

manifestations, diagnostic approaches, and treatment.
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Clinical manifestations

A variety of clinical manifestations, including neuro-
logical and non—neurological manifestations, may appear

in IMD due to multiple pathogenic mechanisms.
1. Neurological manifestations

Neurological manifestations are highly variable and
may present as acute encephalopathy and subacute or
slowly progressive symptoms. Epilepsy, hypotonia or
spasticity, movement disorder, developmental delay or
regression, intellectual disability, abnormal head size,
stroke or stroke-like episodes, behavioral or psychiatric
symptoms, and congenital malformations of the central

nervous system may occur as neurological symptoms in
IMD (Table 1)3"%10,

1) Epilepsy

Although IMD is a rare cause of epilepsy, seizure
develops frequently in patients with IMD. Seizure may
be the first and main symptom of IMD, as pyridoxine
dependent epilepsy (PDE) in newborns'”. Metabolic
epilepsy can occur at any age and often has preceding
symptoms, such as decreased level of consciousness,
ataxia or dystonia, developmental delay or regression,
and behavioral or psychiatric symptoms. It may also
be accompanied by non-neurological signs, such as
heart, kidney, and liver involvement, hearing or vision
impairment, and hair or skin problems'”. Epilepsy in
NMD can be classified according to age of onset, pa-
thogenic mechanism, and type of presenting seizure or
epilepsy syndrome' "2,

In neonatal seizure, NMD should be suspected as an
underlying cause when the seizure is refractory to con-
ventional anti—seizure medications and is associated
with metabolic decompensation during concurrent fever
or infections. Family history of neonatal death or neu-

rological disease, maternal history of pregnancy with
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hemolysis elevated liver enzymes and low platelets
(HELLP) syndrome or excessive fetal movements, rapid
progression of encephalopathy, severe metabolic acidosis,
or hiccups may be clues to the presence of IMD'. Re-
presentative IMD that manifest as metabolic epilepsy
in newborns or early infants include PDE, pyridoxal
5'—phosphate oxidase (PNPO) deficiency, folinic-acid
responsive seizure, biotinidase deficiency, glucose trans-
porter 1 (GLUT1) deficiency, serine biosynthesis defects,
molybdenum cofactor deficiency, sulfite oxidase defi-
ciency, Menkes disease, nonketotic hyperglycinemia,
disorders of peroxisome biogenesis and S —oxidation,
congenital disorders of glycosylation, and congenital

and early infantile neuronal ceroid lipofuscinosis (NCL)
11,12)

Metabolic epilepsy occur due to electrolyte imbalance,
hyperammonemia, hypoglycemia or lack of brain energy,
accumulation of neurotoxic metabolites/substances,
deficiency of vitamins, cofactors, or nutrients, distur-
bances of neurotransmitter systems, accumulation or
deficiency of metals/minerals, or associated brain
malformations (Table 2)*!21410,

Seizure patterns may vary, but myoclonic seizure is
common. Progressive myoclonic epilepsy, infantile spasm,
epilepsia partialis continua or refractory myoclonic or
tonic seizure with a burst suppression pattern on elec-
troencephalogram may be suggestive findings of IMD.
A family history of epilepsy, intellectual disability or
cognitive decline, other neurological abnormalities,
involvement of other organs, and seizures occurring
after fasting or eating certain foods can be clues to

metabolic epilepsy at any age™*”.

2) Mimics of cerebral palsy

A large number of IMD can present with cerebral
palsy (CP)-like symptoms including dystonia, spasticity,
upper motor neuron signs, abnormal gait, ataxia, or
hypotonia, as ‘CP mimics’®. Spastic paraplegia is one

of the most common ‘CP mimics’ in IMD". Although
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patients with IMD may present with symptoms and
signs similar to CP, advances in comprehensive me-
tabolic and genetic investigations are increasing the
number of cases in which NMD is being identified as
the underlying cause. A detailed history taking and

careful physical and neurological examination are

essential when evaluating a patient with suspected CP.
The possibility of mimicking CP should be considered
when CP symptoms appear in the absence of a history
of risk factors that lead to brain injury, such as preterm
birth, hypoxic—ischemic injury, intracranial hemorrhage,

kernicterus, cerebrovascular accident, or head injury.

Table 1. Neurological symptoms in inherited metabolic disorders

3,7,9,10,32,36)

Neurological symptoms

Inherited metabolic disorders

Acute encephalopathy

Epilepsy

Mimics of cerebral palsy

Movement disorder

Eye movement disorder

Developmental delay,
regression, intellectual
disability

Abnormal head size

Stroke
Stroke like episodes

Behavioral or psychiatric
manifestations

Congenital malformations
of the central nervous
system

Organic acidurias, Disorders of amino acid netabolism, Urea cycle defects, Fatty acid oxidation
defects, Primary lactic acidosis, Nonketotic hyperglycinemia, Molybdenum cofactor deficiency,
Sulfite oxidase deficiency

GLUT1 deficiency, PDE, Pyridoxal 5 —phosphate responsive epilepsy, Folinic acid responsive epilepsy,
Serine synthesis defect, Nonketotic hyperglycinemia, Peroxisomal disorder, Sulfite oxidase defici-
ency, Molybdenum cofactor deficiency, Respiratory chain disorders, Menkes disease, Mitochon-
drial disorders, NCL, Metal metabolism disorders, Cerebral creatine deficiency syndromes

Hypotonia: Congenital lactic acidosis, Peroxisomal disorders, Nonketotic hyperglycinemia, Urea
cycle defects, Sulfite oxidase deficiency, Lowe syndrome, Pompe disease, Primary carnitine defi-
clency, Fatty acid oxidation defects, Primary coenzyme Q10 deficiency, Neurotransmitter defici-
ency

Spasticity: Sulfite oxidase deficiency, Hyperornithinemia, hyperammonemia, homocitrullinuria (HHH
syndrome), Arginase deficiency, Homocysteine remethylation defects, Adrenoleukodystrophy,
Krabbe disease, Canavan disease, Metachromatic leukodystrophy

Neurotransmitter defects, Cerebral creatine deficiency syndromes, Leigh disease, Lesch-Nyhan
syndrome, Glutaric aciduria type 1, Biotin thiamine responsive basal ganglia disease, Cerebral
folate deficiency, GLUT1 deficiency, Wilson disease, Manganese transporter deficiency, Late onset
GM1 gangliosidosis, Maple syrup urine disease, Nonnketotic hyperglycinemia, Methylmalonic
acidemia, Galactosemia, Mitochondrial diseases

External ophthalmoplegia: Mitochondrial disorders, Biotin thiamine responsive basal ganglia disease

Gaze palsy: Niemann-Pick type C, Gaucher disease

Oculogyric crisis: Disorders of dopamine synthesis

HHH syndrome, Late onset nonketotic hyperglycinemia, Phenylketonuria, Cerebrotendinous xan-
thomatosis, GLUT1 syndrome, Hyperinsulinism hyperammonemia syndrome, Homocystinuria,
Wilson disease, Coenzyme Q10 defciency, Biotinidase deficiency, Peroxisomal disorder, Neuro-
transmitter deficiency

Microcephaly: GLUT1 deficiency, Menkes disease, Sulfite oxidase deficiency, Molybdenum cofactor
deficiency, Amino acid synthesis disorders (serine, asparagine, and glutamine synthetase defici-
encies), Methylene tetrahydrofolate reductase deficiency

Macrocephaly: Alexander disease, Canavan disease, Glutaric aciduria type 1, L2-hydroxyglutaric
aciduria, Megalencephalic leukoencephalopathy with subcortical cysts, Tay—Sachs disease

Homocystinuria, Fabry disease

Urea cycle defects, MELAS, Methylmalonic acidemia, Propionic acidemia, Isovaleric aciduria,
Congenital disorders of glycosylation

Urea cycle disorder, Homocystinuria, Smith-Lemli—Opitz syndrome, Cerebral creatine deficiency
syndromes, Porphyrias, Lesch-Nyhan syndrome, Phenylketonuria, Sanfilippo syndrome, Wilson
disease, Niemann—Pick type C, Juvenile/adult onset metachromatic leukodystrophy, Cobalamin C
disease, Late onset GM2 gangliosidosis

Zellweger syndrome, Pyruvate dehydrogenase deficiency, Smith—Lemli—Opitz syndrome, Nonketotic
hyperglycinemia, Sulfite oxidase deficiency
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The presence of family members with similar symp-
toms, progressiveness of neurological symptoms, regres-
sion of milestones, diurnal changes or fluctuations in
symptoms related to activity, fasting, or eating, unusual
appearance, abnormalities in eye movements, optic

atrophy, or retinopathy may be a finding suggestive of

IMD which can show similar symptoms to CP'*%”,

3) Movement disorder

Movement disorders (MD) are one of the important
neurological manifestations of IMD resulting from
central nervous system or selective basal ganglia involve-
ment?”, The basal ganglia are particularly vulnerable to
certain NMD, including energy metabolism defects,
lysosomal storage disorders, and metal metabolism dis-

orders? ™%

). MD associated with IMD may manifest as
more than one type of MD, evolve over time, and is
usually associated with additional neurological features,
resulting in complex clinical presentations. IMD should
be considered as the underlying etiology when MD is
not explained by typical disorders such as structural
brain lesions, infectious or autoimmune encephalitis,
toxic or drug—induced diseases, or other genetic or
neurodegenerative diseases?”.,

Hyperkinetic movements include ataxia, dystonia,
chorea, athetosis, myoclonus, tremor, tics, and stereo-
typy, and hypokinetic movements include bradykinesia,
hypokinesia, and hypokinetic-rigid syndrome®. Ataxia
and dystonia are common in IMD. It is recommended
to suspect IMD when ataxia is accompanied by other
neurological symptoms, characteristic facial features,
and other types of MD?™®. The earlier ataxia occurs,
the more likely it is to be caused by IMD. Ataxia can
occur in a variety of IMD which include congenital
disorders of amino acid metabolism, peroxisomal dis-
orders, organic acidemia, mitochondrial diseases, lyso-
somal storage disorders, or congenital disorders of
glycosylation? 2

Dystonia also occurs in a wide range of IMD®.
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Various types of MD can occur with seizure, abnormal
eye movement, hearing impairment, organomegaly, and
skin problems. Dystonia related with IMD usually have
a generalized distribution and present at a young age
with an acute onset following metabolic decompensation
affected by illness, fatigue, exercise, fasting, or eating

27 Insidious and progressive clinical

certain foods
courses may also be observed.

Oculomotor disorders are frequently observed in
lysosomal storage disorders or mitochondrial diseases.
Oculogyric crisis is an important feature of disorders

of dopamine synthesis or transport?*%”.

4) Developmental delay, regression, or intellectual
disability
IMD is a rare cause of developmental delay or intel-

73030 Family history of consanguinity,

lectual disability
unexplained neonatal or infantile death, maternal history
of acute fatty liver of pregnancy (AFLP) or HELLP
syndrome, past medical history of unexplained hypo-
glycemia or encephalopathy are clues to IMD as a
possible cause of developmental delay or intellectual
disability”. Typical facial features, self-injurious beha-
vior, psychiatric symptoms, seizure, hypotonia, regres-
sion, hepatosplenomegaly, cardiomyopathy, dystonia,
abnormal head size, growth failure, kinky hair, or

eczema may appear according to the specific IMD”.

5) Abnormal head size

Microcephaly or macrocephaly may occur in a
variety of IMD**. Disruption of metabolic pathways
at an early stage can affect brain development or cause
neurodegeneration, leading to microcephaly. Smith-
Lemli-Opitz syndrome, GLUT1 deficiency, Menkes
disease, cerebral folate deficiency, sulfite oxidase defici-
ency, molybdenum cofactor deficiency, amino acid
synthesis disorders (serine, asparagine, and glutamine
synthetase deficiencies), and methylene tetrahydrofolate

reductase deficiency are representative IMD that cause
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microcephaly®”. Macrocephaly may be found in Ale-
xander disease, Canavan disease, Glutaric aciduria type

1, and L2-hydroxyglutaric aciduria®.

6) Stroke or stroke-like episode (SLE)

Stroke or stroke-like episode (SLE) may occur in
many IMD. SLEs are dominant phenotypic features of
various mitochondrial disorders, especially in mitocho-
ndrial myopathy, encephalopathy, lactic acidosis and
stroke-like episodes syndrome (MELAS)*?. SLEs may
occur in Leigh syndrome, Kearns—Sayre syndrome,
myoclonus epilepsy with ragged red fibers syndrome
(MERREF), urea cycle disorders, organic acidemias (me-
thylmalonic acidemia, propionic acidemia, isovaleric
aciduria), lysosomal storage disease, congenital disorders
of glycosylation, and succinic semialdehyde dehydro-

genase deficiency®.

7) Behavioral or psychiatric symptoms

A variety of psychiatric symptoms such as depres-
sion, anxiety disorder, psychosis, attention deficit hy-
peractivity disorder, autism spectrum disorder, bipolar
disorder and obsessive—compulsive disorder may occur
in IMD*. Wilson disease, mitochondrial disorders,
pheylketonuria, homocystinuria, cobalamin C disorder,
urea cycle defects, Niemann—Pick disease type C are
examples of NMD that present with psychiatric

symptoms***¥,

8) Congenital malformations of the central nervous
system
NMD can cause disruptions in brain development
because metabolic and developmental pathways are
tightly linked and interact with each other. Brain mal-
formations such as absence or hypoplasia of the corpus
callosum, midline brain defects, and malformations of
the cortex, cerebellum, and brainstem may be associated
with IMD. A variety of pathogenic mechanisms inclu-

ding energy deficiency and defects in cellular respiration,
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essential nutrient deficiencies, accumulation of neuro-
toxic metabolites, defects in cell signaling pathways,
altered biophysical properties of cell membranes, and

dysfunction of intracellular organelles may be involved

(Table 2)*.
2. Non-neurological manifestations

Vomiting, poor weight gain, cardiomyopathy, hepato-
splenomegaly, kidney disease, ophthalmologic problems,
skin or hair manifestations may be associated with many
NMD*™. Cornel clouding, cataract, Kayser—Fleischer
ring, lens dislocation, retinitis pigmentosa, cherry red
spots, and optic nerve atrophy may occur in IMD*”.
Alopecia, trichorrhexis nodosa, kinky hair, eczema,
erosive exfoliative dermatitis, hyperpigmentation, hypo-
pigmentation, scleroderma, photosensitivity, and con-

genital ichthyosis may occur in IMD?.

Diagnostic approaches

Early diagnosis of IMD is crucial for appropriate
treatment in order to prevent metabolic decompensation
and minimize brain damage, especially for treatable
NMD. It is also useful to inform accurate counselling

5319 For this, it

on prognosis and risk of recurrence
is important to suspect the possibility of IMD when
managing patients with neurological dysfunction. Many
NMD present diagnostic challenges because clinical
presentations and radiological abnormalities vary and
sometimes overlap depending on the stage of the disease.
However, there may be clinical clues, biochemical fea-
tures, and characteristic neuroimaging patterns sugges-
tive of IMD. Therefore, a systematic approach based
on a detailed review of clinical symptoms and signs,

biochemical investigations, neuroimaging studies, and

genetic studies is recommended for the diagnosis of

NMD (Fig. 1).
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Table 2. Classification of inherited metabolic disorders (IMD) according to pathogenic mechanisms
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3,12,14-16,36)

Pathogenic mechanisms

Inherited metabolic disorders

Disorders of energy metabolism

Accumulation of neurotoxic
substances/metabolites

Deficiencies of vitamins or cofactors

Impaired metallation and transport
Impaired neuronal function due to
accumulation of storage products
Disturbance of neurotransmitter
systems

Altered biophysical properties of cell
membranes

Dysfunction of intracellular organelles
Associated brain malformations

Defective transport of various precursors of energy: GLUT1 deficiency, MCT1 defects

Cytoplasmic energy defects: Defects in glycolysis, gluconeogenesis, and glycogen metabo-
lism, Disorders of creatine metabolism

Mitochondrial defects: Congenital lactic acidosis, Respiratory chain defects, Fatty acid

oxidation disorders

Urea cycle defects, Disorders of amino acid metabolism, Disorders of organic acid met-
abolism, Disorders of purine and pyrimidine metabolism, Nonketotic hyperglycinemia,
Sulfite oxidase deficiency, Accumulation of metal/minerals (Neurodegeration with brain
iron accumulation, Wilson disease, Hypermanganesemia with dystonia)

PDE, Pyridoxal 5'-phosphate dependent epilepsy, Folinic acid responsive epilepsy, Bio-
tinidase deficiency, Methylene tetrahydrofolate reductase deficiency, Molybdenum cofactor
deficiency, Sulfite oxidase deficiency

Menkes disease

Storage disorders, Sialidosis type 1, Neuronal ceroid lipofuscinoses (NCL1, NCL2)

Nonketotic hyperglycinemia, Deficiency of GABA transaminase, Succinic semialdehyde
dehydrogenase deficiency
GLUT1 deficiency, Smith-Lemli-Opitz syndrome

Lysosomal disorders, Peroxisomal disorder
Zellweger syndrome, Pyruvate dehydrogenase deficiency, Smith—Lemli—Opitz syndrome,
Nonketotic hyperglycinemia, Sulfite oxidase deficiency

Patient with unexplained neurological dysfunction

v

v v

A detailed history taking and

Biochemical investigation

Neuroimaging study

careful physical and
neurological examination

Clinical manifestations
Neurological manifestations
*  Acute encephalopathy

«  Epilepsy

1%t Tier metabolic screening

+ Blood: complete blood count, glucose, calcium, magnesium, ammonia,
lactate, liver and kidney function tests, sodium, potassium, uric acid, creatine
kinase, thyroid function tests, plasma amino acids, and acylcarnitine profiles

* Urine: ketones, glucose, protein, and organic acids

* Cerebrospinal fluid: Glucose, lactate

MRI

Specific neuroimaging patterns

+ Cortical involvement pattern

« Basal ganglia and thalamic
involvement pattern

« Leukodystrophy

>

v

Genetic investigation

Targeted single gene sequencing
Targeted gene panels
Whole exome sequencing

*  CP mimics

* Movement disorders

«  Developmental delay, regression,
intellectual disability

2nd Tier Targeted metabolic testing

+  Posterior fossa involvement
« Cysts, calcification, and
malformations

Whole genome sequencing

* Brain malformation

Non-neurological manifestations

+ Abnormal head size + Blood: copper, folate, total very long chain Diffusion-weighted imaging

« Stroke or stroke-like episodes fatty acids, other (owi)

+ Behavioral or psychiatric + Urine: gl ans, creatine ides, purine Diffusion tensor imaging
symptoms and p , sulfites and acid, a- MR spectroscopy

aminoadipic semialdehyde, pipecolic acid, thiosulfate, xanthine,
hypoxanthine, other
* Cerebrospinal fluid: Neurotransmitters, amino acids, other

*  Vomiting, poor weight gain,
cardiomyopathy, hepato-
splenomegaly, kidney disease,
ophthalmologic problems, skin or
hair manifestations

Fig. 1. Diagnostic approaches to neurometabolic disorders.

1. Clinical symptoms and signs

NMD present a variety of clinical manifestations,
including prenatal-onset brain malformations, neonatal
encephalopathy, and late—onset mild symptoms, depen-

ding on the impaired metabolic pathways. Unexplained

acute illness, cardiomyopathy without heart anomaly,
neonatal encephalopathy without hypoxic—ischemic
injury, metabolic derangement including persistent hy-
poglycemia, elevated liver enzymes with coagulopathy,
metabolic acidosis with increased anion gap, and severe

ketoacidosis can be the clinical clues to IMD in the
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neonatal period. Age of onset, type of onset, head
circumference, certain neurological signs, typical facial
appearance, cardiac, skeletal, renal, or hematologic
abnormalities, ocular abnormalities, and skin problems
may serve as important clinical information suggestive
of a specific IMD'™.

2. Biochemical investigations

The initial work—up performed on children with
suspected IMD includes metabolic screening of urine
and blood. If necessary, this may include testing of
cerebrospinal fluid (CSF). A blood sample is taken to
measure complete blood count, glucose, calcium, mag-
nesium, ammonia, lactate, liver and kidney function
tests, sodium, potassium, uric acid, creatine kinase,
thyroid function tests, plasma amino acids, and acylcar-
nitine profiles. Urine samples are analyzed for ketones,
glucose, protein, and organic acids. Additional testing
includes blood testing for specific metabolites suspected
of IMD, including blood copper, ceruloplasmin, folate,
plasma total homocysteine, plasma very long—chain
fatty acid (VLCFA), and serum transferin isoelectric
focusing'™®.

According to the suspected IMD, urine testing for
glycosaminoglycans, creatine metabolites, oligosaccha-
rides, purine and pyrimidines, sulfites and sulfocysteine,
guanidinoacetic acid, «-aminoadipic semialdehyde,
pipecolic acid, thiosulfate, xanthine, or hypoxanthine
is considered.

A cerebrospinal fluid (CSF) sample may also be used
to measure glucose, lactate, or certain amino acids
along with a blood sample. Depending on the clinical
situation, additional CSF testing for specific metabolites
may be considered®™®.

Further investigation to identify specific IMD can
be determined based on phenotypic databases, bioche-
mical results, and neuroimaging findings™. Nowadays,

expanded newborn screening has enabled rapid diag-
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nosis of some IMD and prompt initiation of specific

treatments, thereby altering the course of the disease®.

3. Neuroimaging study

Neuroimaging plays an important role in differentia-
ting IMD from other diseases. It may suggest a meta-
bolic pathway derangement and is useful in making a

13319 Magnetic resonance imaging

specific diagnosis
(MRI) and advanced technologies play a key role in
the diagnosis of IMD. Many IMD may present with
nonspecific findings or even normal neuroimaging in
the early stages. However, certain NMD may exhibit
specific neuroimaging patterns due to the selective
vulnerability of different structures to various insults”.
Brain involvement patterns provide clues to possible
underlying metabolic disorders. Cortical involvement
(swelling, cytotoxic edema, atrophy, and malformations),
basal ganglia and thalamic involvement (abnormal
signal intensity, atrophy, dysplasia, calcifications, and
metal deposition), leukodystrophy (hypomyelination,
dysmyelination, and demyelination), and posterior fossa
involvement as well as the presence of cysts, calcifica-
tion, and malformations can help suspect and diagnose
specific IMD?.

Diffusion—weighted imaging (DWI) is useful in iden-
tifying areas of cytotoxic and intramyelinic edema and
distinguishing them from areas of vasogenic edema, and
is also useful in assessing disease activity”. Diffusion
tensor imaging contributes to the identification and
quantification of myelin damage even in the subclinical
stage”. MR spectroscopy is useful for detecting abnor-
mally increased or decreased metabolites, predicting
disease progression, and monitoring treatment for
specific NMD?.

4. Genetic investigation

Most IMD ultimately require genetic investigation
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to confirm the diagnosis, predict treatment response
and prognosis, and estimate risk of recurrence. Genetic
investigations can be performed, including single gene
sequencing, targeted gene panels, whole exome or

133940 Targeted gene panels

whole genome sequencing
for specific IMD groups have enabled rapid and effec-
tive diagnosis, which is important for better treatment.
Newborn genome sequencing for treatable conditions

are also being studied*”.
Treatment

Treatment strategies for IMD depend on clinical
manifestations and pathogenic mechanisms. It is im-

portant to provide a precise treatment approach based

Table 3. Treatable inherited metabolic disorders™:!3142)
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on the etiology and each specific symptom.,

Some metabolic epilepsies and movement disorders
associated with IMD can be treated according to their
pathophysiology, including specific diets, supplements,
medications, hematopoietic stem cell transplantation,
and gene therapy (Table 3)311131420,

When treating patients with IMD, it is advisable to
regularly perform physical and neurological examina-

tions in addition to disease—specific management during

follow—up.

Conclusion

Early diagnosis of IMD is important because some

disorders can be treated or improved with specific

Inherited metabolic disorders

Treatment

Adrenoleukodystrophy

Arginase 1 deficiency

Ataxia with vitamin E deficiency
Biotinidase deficiency
Biotin—thiamine—responsive basal ganglia disease
Cerebral creatine deficiency syndromes
Cerebral folate deficiency
Cerebrotendinous xanthomatosis
Cobalamin C deficiency

Defects of serine biosynthesis

Disorders of CoQ10 biosynthesis
Dopa-responsive dystonia

Glucose transporter 1 (GLUT1) deficiency
Glutaric aciduria type 1

Holocarboxylase synthetase deficiency

Hyperornithinemia—hyperammonemia—homocitrullinuria (HHH)

syndrome

Maple syrup urine disease

Menkes disease

Ornithine transcarbamylase deficiency and other urea cycle
defects

Phenylketonuria (PKU)

Pyridoxal 5'—phosphate oxidase (PNPO) deficiency
Pyridoxine dependent epilepsy

Pyruvate dehydrogenase deficiency

Vitamin E deficiency

Wilson disease

Allogeneic hematopoietic stem cell therapy (HSCT)
Ex-vivo gene therapy

Protein restriction, Pegzilarginase

Vitamin E

Biotin

Biotin, Thiamine

Creatine monohydrate

Folinic acid

Chenodeoxycholic acid

Cobalamin, betaine

Serine, glycine

CoQ10

Levodopa/carbidopa

Ketogenic diet

Carnitine supplementation, Lysine restriction

Biotin

Protein restriction, supplementation of citrulline and arginine

Dietary restriction of branched chain amino acids

Copper histidine

Dietary restriction of nitrogen and supplements to augment
nitrogen disposal

Low—phenylalanine diet

Pyridoxal 5'-phosphate+ pyridoxine

Pyridoxine +folinic acid

Ketogenic diet, thiamine

Vitamin E replacement

D-penicillamine, trientine, zinc

_28_
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treatments. IMD should be considered in the differential
diagnosis of patients of any age presenting with neuro-
logical symptoms. For prompt diagnosis and treatment,
it is important to be familiar with the clinical charac-
teristics, biochemical abnormalities, and characteristic
neuroimaging patterns of specific IMD*. Relevant
clinical, biochemical, and neurcimaging features may
provide clues to the underlying diagnosis of IMD.
Expanded newborn screening and next—generation

sequencing technologies are also useful in diagnosing
IMD39—41)
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Maple Syrup Urine Disease (MSUD) Diagnosis & Treatment Guidelines:
Past and Present in Korea

Sook Za Kim', Wung Joo Song', Sun Ho Lee', Harvey L. Levy?

'KSZ Children's Hospital/Korea Genetics Research Center
"Division of Genetics and Genomics, Boston Children's Hospital, Harvard Medical School

Maple syrup urine disease (MSUD) is an autosomal recessive metabolic disorder caused by a
deficiency in branched chain o-keto acid dehydrogenase (BCKAD). Between 1997, when
Korea's MSUD case was first reported, and 2023, 14 cases were reported in the literature.
29% of the cases experienced developmental delay, and 29% expired. The prevalence of
MSUD in Korea was estimated to be 1 in 230,000. Of 21 MSUD patients currently being
treated at the Korea Genetics Research Center, 19 were detected through newborn screening
program, and 2 were diagnosed by the symptoms. 14 MSUD patients had confirmed genetic
mutations; 6 (43%) were BCKDHA and 8 (57%) were BCKDHB. In one case, a large deletion
was observed. 4 patients had leucine levels above 2,000 (umo/L), and post-dialysis diet therapy
was initiated in the newborn period. No patient required further dialysis as diet therapy and
regular monitoring proved highly effective. Most MSUD patients were growing normally;
weight and height growth were above the 50th percentile in 76% of the cases while BMI
values were higher than normal in 71% of cases. Developmental delays were observed only
in 2 cases (10%) and anticonvulsant use in 3 cases (14%). With newborn screening available
to all Korean infants, early diagnosis and intervention should allow most patients to remain
asymptomatic. However, ongoing surveillance, dietary management and continued patient
compliance as well as rapid correction of acute metabolic decompensations remain critical to
a favorable long-term prognosis.

Key words: Maple Syrup Urine Disease, MSUD, Leucine, Isoleucine, Valine, Alloisoleucine,
Branched-chain amino acids
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Fig 1. MSUD Metabolic pathway and pathophysiology.
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Z7Fe 22 a —ketoisocaproic acid (@ KIC)+= Bran-

{

[

ml O

ched—chain amino acid transaminase (BCAT1)-& 5l
A S5S gAY, 249 AAFAT =49
glutamic acid (a substrate for glutamine and 7y -
aminobutyric acid; GABA)E XZA|7]1, glutamate-
pyruvate transaminase (GPT; ak.a. ALT, SGPT)E &

8 HHA o2 Z8A(lux)E SEgith

1. BCAA CHAL

e 83} oA 2L ZEAHES F
Aoz 5E MJHETh 55| IRollHe ofn|k7]7t uF
i (pyruvic acid)ollAl Eebd (alanine) 02, GupA|EAL
oA FEEMIAHglutamic acid) 22 F7|4 At A=
(anaerobic)ellA] o]FoiZitt. Exjofu]ilte] Fagt of
Uz 222 o8 o AEAY (ketogenic) O
°[(CoA)E EaliA A4 o], AAd Foflo](succnyl
CoA)E BN 2F I 284 (glucogenic) 02 o]-&5Ict,
THof|A 9] Hp op]ieAte] Fa= QIAloflA] 35%9F i
ol 40%4 =7t ZFET AtsRago] dofuk= 7]

w2 2k T, O, AL H 1AL AR,

r

(o]

o,

£2| oio|=AKBranch Chain Amino Acids)
o|3p2tE

L-transporter®]] &Jgt MIEE S4E|o] 7142 o]z
A B2z] oAb otu] i EFAHZRA| (branched—chain
amino acid aminotransferase; BCAT) 2] 53 (isoforms)
of o3t Hxd Fi mEZTdoplA B2 AEA

A Az Y s dA) -

(branched—chain ketoacids)®] A1s}d ©7l2E2A45)
(oxidative decarboxylation)=|o] BAd} H ok 7fE
AR BAZE AaHT

AL, o)AFAL WRlo] §low "o ofn|i4te] 40%
£ Aol FAMHFE k] ot FELE7 AL =
80%9] otu|icAt Baj7t dojdtt

o] 1 7] 0] (transamination) 2} F419] AFskA 2] (oxi-
dative disposal of leucine)= ZFALAA 50%, A4
= 25%, A3k 7HolA 25%7} olFo| A TR o] A4
7} EoliE]o] SFERAle] depdos Tejy xhos
deE ol FAM dupAEZFE O E(a —keto-
glutarate)7} YEAIE 0|47 0] E( o —ketoisocaproate)

SFEAHglutamic acid)o] 4= SFERI4o]
1) ZRHPyruvate) It TAA a —ketoglutarate”} &Ehd
oz AFET o] defde A 2EFos At

2. MSUD &4 Sz

A9l AAPoF (classic neonatal form) MSUD+=
4712] o] glom] BA LTt 2% vvtd uf AR}
APEL Intermediate form= 84 %71 3-30%
Arol™ Intermittent form &4 FAHE7}F 5-20% A=
olt}. xjotl ¥h-&-/d(thiamine—responsive form) &4
FAET} 2-40% FolH o] thiamineS FHS
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MSUD 4-4%= 44 19q13.1-13.2, Introns 8,
Size of mRNA 1781 bp, Size of Protein 445 aa,
Domains 42 HJ= o] 9}, opn|icil 241, o] AF 41
o] tjate]] #odslk= Branched—chain 2-keto acid
dehydrogenase complex (BCKDH)®] Z¥¢] ool T8
Sh= MSUD+, A8AA 9442 she o 72k
BCKDH H3Hlo gl Ela, E18, E2 % E3
subunit=0] k. o] Fof| thiamine ¥4 MSUD+ El
¥ PAE =&t BCKDH E3tAl= AFEAWellA 2
&olH, E12 2429 F dido] 59415 §dok=
TZ2E 7= gd2 Ela= BCKDHA (branched-
chain 2-keto acid dehydrogenase alpha subunit) £
22 19q13.200 $1x]star, MSUDS] €F 45%7} BCKDHA
o] EoAolo] 9Jgt typelA o], El1f= BCKDHB
(branched—chain 2-keto acid dehydrogenase beta su-
bunit) A= 6q14.1¢ Y25k, MSUD®] °F 35%



— 7‘:1 30]:

pi

%7 9]

=dHo

=2 - =

7} BCKDHBE] 1o oIt typelBelct.

E2+= DBT (dihydrolipoamide branched—chain trans-
acylase) A= 1p21.201 Y42sh, MSUD®] °F 20%
7F DBT 42te] EAmolof oJgt type2o]tt. Dihydro-
lipoamide dehydrogenase (DLD)&= E3E ot =&
FAA= Tq31.1¢] f1A]ekal MSUD type3 & IR,
A Q] MSUDSR= 4 Fde] the ofF =2 FH
Agto|t}, BCKDHA, BCKDHB, DBT f%12te] =8
ol A7IMERAoR gQlo] 7Rt AEHol7t 92
%, 93%, 86%= 22 AAISIL Qlo], ARFARl 47IA L
AR ARGl ThESkARE, 37kA] 3Rk
8%, 1%, 14%5 22t AAsh= E@Hol= o2 719
exons ZIoh= At AAEdHo o] ooh= Zow &
A2, MLPA (multiplex ligation—dependent probe am-
plification)t} microarray & @7|AEEA B2 =7
Hog Adsfor she A%k Qlrh

A7 ol A Bl MSUD 42 a4l
Exon 8 ¢.1036C>T, ¢.1036C>T; Exon 5 ¢.632X)T,
Exon 6 c.659C>T; Exon 9 ¢.1204_1209dupAAACCC/
Exon9 c¢.1280_1282deITGG'¢} heterozygous for two
missense mutation: ¢.508C>T(p.R170C) in exon 5 and
c.673C>G(p.L225V) in exon 6707 =S| wi-Lfo]
EZo|A Hiug 7P s3t SdWol= BCKDHA (e
1312T YA, p.Tyr438Asn)' 9t Th2 Q1FolA E51A B
15 EAHol= BCKDHA ¢.1312 T ) A mutations (n=
12,042)0]m ghofl A Hagl Fdolet ST 2o
7} Sl

o]
=
o

T

Z| =

A7 BAlou)Abe AFhe E4E62 o

=TT

1t

Table 1. Molecular genetic testing used in maple syrup urine

disease
G Chromoso ~ Proportion of ~ Gene—targeted
ene me Locus MSUD deletion
BCKDHA  19q13.2 45% 8%
BCKDHB  6ql4.1 35% 1%
DBT 1p21.2 20% 14%
DLD 7q31.1 rare

Reference: https://www.ncbi.nlm.nih.gov/books/NBK1319/
https://www.ncbi.nlm.nih.gov/books/NBK220444/.
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2. At

gl 3o AYeket AAL 5 7t (aterial blood gas),
7 AESEL Ao, ?7ts, g9, 24 Pl 2%
oA B (purple or green top tube), 91, BFIUl4,
ot (amylase), Z|uA(lipase), CBC, W&, WigF
s, Ao

A wHIEN AESAY 49 {71 24, dashd
- 2% AN, AF, = )

£nd

3. MSUD EHARR|Z] 12p4el 2| =254

ZA 25 244770 ef 500-1,000 pgmol/L BE=
Wl g B (osmolality)E »0.20 mOsm/
kg H;O per hour O 5 mOsm/kg H,O per day), UE
E FEe 138-145 mEq/LS fAlot Wt A5 A4
of digt BUHY 9 A== ¥ TIYY HLFE (brain
herniation)& oot £l XL, Qlad Fojs B

2482 Haot sy 9l

) AT

4, Yurzol |z

gAre71E Zeie el it
A, AR AR
Az ae z28
P ERIE

&2 AAsloF st =<t S5l it A&t

o] ol A
St A7k = S
SH=E AlsiAl Azttt 10% Eed=
T &k s Fojoin] FEMER £
2 AFsH= A°] Er} Ringer Lactate (SFETHEEY)-S
MSUDgRR o] 22t gizfofl Al ARl
7o) FrhaHof| Zito] FFE]7] wjZof).
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6. ‘defst ol =
A¢ A% ke 1-2g/kgo] TGS S
2ol 10% 2ad sHo2 dAsict
5% NaHCO; $¥H4EES pH
7} 7.22 oJ&F 32 NaHCOy7} 14 o] A% kg 1
mEg/kge bolus= Fofstal ojojA] A&
ZJgtet,

e
i)

(

E =2 O
AHTolZ &

W IVEFEZ(hypernatremia)o] EA7} HH
NaHCO; &£E5 &0]1 K-acetateZ HHEo] = 79|

e
A Foll 5| potassium> 3.5-4.5mEq/L 4]
L]

=
S

7. CHARAMQI 2|z A|cha
(anabolism)22 =

25 DI SIS

tol

Az AR (decompensation) &<t ana-
bolisme fAI5}7] flaliA= FA-8FHmaintenance) &
f 20% =] 3717 B sttt 1.5-38]9] sl Bagh
GRS o AW =oR(50-70%) 7 30-50%2] AW F
o= gk

2o 10% 2EFrdE FAEFo R Folsty
7hset e Adhdl EoiE WA|sioF gt

thild: o= oo e ofn|iAhg Igkelry] of
2ol AL LR oFF wl= 48-T2A417F ¢t T
= ARtsok g}, & gl deRe Fx|om| At (branched
chain amino acid)e] 09X &L A2 20-3.5
g/kg - day= AT T AW FARA O R FojohH g
From|ic At o] A A WS 400-800 g mol/L& &

St e ofu|lcAt HES ofigict,

LIPID: QIE=tnE, AAER A2 TS 4
o]

AN .

ol&dl: oladle 7}t anabolic hormone© 24
AT} 29 S-S ST thakR)7]of B9 St
A EZ Q3 Aokl B vty Q10| Hi= thild-g
AHolA o8t S ot=d 4ddol a7} girk v 1

739 regular insulin 0.01-

o =
0.15 units/kg - hourE AUFofslal 1570ttt di=

202

A



st 100-160 AtelE
) 32 839l S T
ol ot ] F 0wk Ul
2ol 2 £ 92 %50

A Amshe Aol Ft

0

A

‘ﬁ‘?—@%)%— 2-10 mEq/kg - day &&=
A& 285-300 mOsm/kg H,OZ
E 138-145 mEq/L, @73 HEU<
<0.2 mOsm/kg H,O - hour (£5 mOsm/
y)i FrAlsh= Aol
SAIE AmsAY Hsol ofete= A
2 mannitol 0.5-1 mg/kg - dose; hypertonic (3%) saline
2-3 mEq/kg-dose; furosemide 0.5-1.0 mg/kg - dose2
2| =gtk
HRFoR Qs oA AHr UHE BE 71k HeE
9t 7| A HEES A7 RUEHPS AE
ot At A9 AL $e8 55 CSF drainages

ol mY
o2 o,

e

;qn_rtl

0. S B8] AP
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11. 284 (cofactor)

Thiamine (5 mg/kg/day)7} vitamin-responsive MSUD
SARIAE Elgheh
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Case Report on NTBC Treatment of Type 1 Tyrosinemia
Diagnosed through Newborn Screening

Ji Eun Jeong, Hwa Young Kim, Jung Min Ko

Department of Pediatrics, Seoul National University College of Medicine, Seoul, Korea

Hereditary tyrosinemia type 1 (HT-1) is a metabolic disorder caused by biallelic pathogenic
variants in the fumarylacetoacetate hydrolase (FAH) gene, which impairs the function of the
FAH enzyme, resulting in the accumulation of tyrosine's toxic metabolites in hepatocytes and
renal tubular cells. As a consequence, individuals with HT-1 exhibit symptomatic manifesta-
tions. Rapid diagnosis and treatment of HT-1 can prevent short-term death and long-term
complications. A 15-day-old boy presented to the outpatient department with elevated levels
of tyrosine on his newborn screening tests conducted at the age of 3 and 10 days, respec
tively. Further blood tests revealed increased levels of alpha-fetoprotein and amino acids
including tyrosine and threonine. Urine organic acid tests indicated a significant elevation in
tyrosine metabolites, as well as the presence of succinylacetone (SA), which led to the diag-
nosis of HT-1. Two pathogenic and likely pathogenic variants of FAH compatible with HT-1
were also detected. He began a tyrosine-restricted diet at one month old and received nitisi-
none (NTBC) at two months old. With continued treatment, the patient's initially elevated
AFP level, detection of SA in the urine, and mild hepatomegaly showed improvement. During
four years and seven months of treatment, there were no exceptional complications apart
from an increase in tyrosine levels and a delay in speech. We report a case of tyrosinemia
type 1 detected through newborn screening, treated with dietary restriction and NTBC, with

a good prognosis.

Key words: Hereditary tyrosinemia type 1, Acute tyrosinemia, NTBC, Nitisinone, Tandem mass

spectrometry, Neonatal screening test
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of o5 443t A otz A% 39 T 2
mg/dLE 2¥ &<t FA A7 F 10 mg/dL=E
E|Hold o] lqleh AS 3o AlggE Aot A
HAA Ayt glo]2Al 408 umol/L (LA 30-90
umol/L), A8 10l Al¥st Al A} ehol=4l 682
umol/LE WUt 4J5ske 44 Hoj 71 AARE fis A
T 150 29 o= st ofshd AAfelA 4l
ZJ' 51.9 cm (86 ¥E914), A1F 3.8 kg (81 HiE9l),
2 & 35.5 cm (79 BE9lS) Hlom, 7k v gt
A2 gForet. AV W@ 14.140X10°/uL, BM4
15.5 g/dL, E43 265%10%/L, ﬁ%‘ﬂé} 50 g/dL, &
1 3.7 g/dL, o}iﬂr—E—Eﬂo]Eo}ﬂiﬂ A/gehdot
oAl a4 29/16 1U/L, IR IR
8.1/0.63 mg/dl, @F sadAd/IHo }E]‘d 10/0.26
mg/dL, @& Zrs/<Q1 10.6/6.6 mg/dL, LA QSR
SiEA 389 IU/L, ZREEH AZY=A 343 Hle
47%/1.7, Lotefords 190,384 ng/mL (FLA]: 580~
23,000 ng/mL) ©]Qlet. &4 ohu|ieAt HAoA] Bro]=
Al 775 pmol/L G&a1]: 13-91 umol/L), EdlY 694
pmol/L GFILA]: 46-222 umol/L) 22 Z71% o] AL
a¥ 71 AARIA Erel2Al HiAMEES 4-0OH-

phenylacetic acid 874.3 mmol/mol creatinine (1%

254l 14
S]]

2&

A4

{174 mmol/mol creatinine), 4-OH-phenyllactic acid
1605.5 mmol/mol creatinine (F11x]: <3.1 mmol/mol
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AAS S71et @7 SAS F7HSA 117.4 mmol/mol
creatinine)7} &1Eo] HT-122 A= cHTable 1).
FAH 737 A7 d714 <9 B4 (Sanger sequencing)l]
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ng/mL)°|L, E4 oAt HAA wHddehd 24
umol/L (&31A]: 26-98 umol/L), EF]Z4] 263 umol/L
F22A]: 19-119 umol/L), £ /714t ZAfellA] SA 2.0
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2 Sl e 41e) SAE BEEA gtck ohlet
W BA AT STREE A 113 am (88 SESID),
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Table 1. Clinical and Hormonal Data in a Patient with Tyrosinemia Type 1

Radiologic studies

(suggestive of fatty change)

Mild hepatomegaly

At diagnosis Latest visit Reference range

Age, month 1 57 -
Height, cm (percentile) 51.9 (86) 113 (88) -
Weight, kg (percentile) 3.8 8D 24 (98) -
Head circumference, cm (percentile) 35.5 (79 50.1 27) -
Laboratory studies

Aspartate aminotransferase, [U/L 29 38 0-40

Alanine aminotransferase, IU/L 16 34 0-40

PT, % 47 89 80-120

PT INR 1.7 1.08 0.8-1.2

Alpha—fetoprotein, ng/mL 190,384 1.39 580-23,000 (At diagnosis)

0.89-8.78 (Latest visit)

Serum amino acid

Methionine, imol/L 51 - 9-44 (At diagnosis)

Tyrosine, imol/L 715 612 13-91 (At diagnosis)

19-119 (Latest visit)
Phenylalanine, imol/L 66 46 25-74 (At diagnosis)
26-98 (Latest visit)

Urine organic acid

Succinylacetone, mmol/mol creatinine 1,174 Not detected Not detected

Normal liver and spleen
Spleen size (8.9 c¢m)

Borderline spleen size (7.09 c¢m)

Abbreviations: INR, international normalized ratio; PT, prothrombin time.

_41_



O . —
000,000%g <flA4] 1:120,00078

re
O o
= e
ox rlo >

)

At 2B TEE Eew 54 89, ok 1El], v
1z 34 Hlgo] =3 .

HT-1= 85487 AoleraAts Esh
T 9 &M SA B ST Ad|
EF ErolzAl, v ed, Hddehd

=
Al AR AbE S7PF Qe el
7

5701 @9 gargefer 2

271 O

=
2 O

u
oZ,
o,

g golzAal
Z715H $7FH8 Hole SA
She oAR oY, ok Q4
MEE B 2f f7INE BAe 2 371
2{=jojof shH, Ak 41 HAlA FAH 9] ©]
o2 SalgtoRA AT 4 k. A
89702] 8/ (pathogenic), 6971C] -FAFE A3 (likely
pathogenic) FAH EdWo|7} BIEIcHY. FAH 47
A8 @Y Apolo] APTAL ofd] BEHs. 2
Z219] exon 12-14 deletion ¥ol= HYA Hol=2 $h=
¢l HT-1 ZopoflA F3xextz Bad v 9l
7820 T (p.Pro261Lew) Ho] HA| o FeflEolA v

Al

t

[;

X mE |d
o

|o
i

o

A7F

kl

I

ok &

T

ofl
i)
ol

jin

_42_

At Agk Al 2398 A 25, pp39~44, 2023 -

oz HiE AP Wojol, Ei¢l(Ashkenazi
Jew)ol i oz glo] WL Holz Batd v 9l
q12,14,16).

HT-19] Alzioz Hddehdy) gol2Al Ajhaio]
i, ZHEAo] AT A Tolde Al 1992
GFE NIBC7F = o % oFEa|zet AlRtAo] 13
o 413 JEgo] 88%7HA] S7HIT 7. NTBCE &
o|ZAl ols} 250 F WA TARI 4-HPPDe| &4
AN o] Tt 2 BolzAl SAZ A

9 =4 490 MAA, FAA 2 SA9)

=

=

)

fud

r

ox,

oz

ox

o

Ay o
N

olr

=t

o

N

o[N
(s
o

-

ol

net

-

[e3

Lo
o
Wl

[}

X

ek
br
rE

o>
g
g

-
R
il
i
I,
rir

I w2 W 4T rlo o
h&r f
b
Rl
il
2
lo
&
o
rir
4
o
O

=UellA NTBCE &8t HI-1 Sd= 8%
(ot 12, oo} 32, vHdE oo} 17t
(Table 2)""'V, 20044 = & R10] 4¢ FAF
oA % VHLRE E& ARSI A= AR 47
T 27V A Ant 9 2 vl 2 Eg Y St B
& A ot A%, wd By, 349 1Y o
of 19, ¥+3% 60714 oot 18o]l 242} 178, 107447t
NTBC A&t HaloflA GA| 4 717k 52t e SA
Aoln] TR HzL Q= 2 o5 5 HYP, B
Ho M2}t FL3t exon 12-14 deletion o]FHH
7§47 A% 474 ofot 1= NTBC FoF 15°%
HE 4% SA FHashy S 2709 o AHC Eol
HEed 2] A4eR SAR L, AT 4710
ol wHy} Hf@F o Aty EoE FA4F A
144 oo} 18l= A= 7|3to] theh A5 glov |

B2 ek, o Aghalo]
a3t 462 HT-1 Sofs tde=
44 9709 B A= 717 FHE
A 7RE-Fd 129 978Y) 49 Solgt 2|5 Aot

|

=

o

]

Job it of

l

=

u
tor [

S
s

Eof

o

gt



7

A 9 290 19 EelzAEF

o] NTBC A& AR Bl -

Table 2. Comparison of tyrosinemia type 1 cases treated with NTBC in Korea

Author, year Kang, 2004” Park, 2009°  Sohn, 2012”  Choi, 2014 Yang, 20207 Jeong, 2023
Diagnosis Age 36 days 47 days 1 months 14 days 57 months 1 months
Sex Male Female Female Female Female Male
Clinical Jaundice, Abnormal Abnormal Abnormal Hepatosplenomegaly, Abnormal NST,
features vomiting, NST NST NST abnormal LFT mild hepatomegaly
petechiae,
hepatomegaly
Management  Tyrosine Tyrosine Tyrosine Tyrosine Phenylalanine/ Phenylalanine/
restriction diet restriction diet  restriction diet restriction diet tyrosine restriction  tyrosine restriction
NTBC NTBC NTBC NTBC diet diet
NTBC NTBC
Age of NTBC 2 months 47 days 2 months - 60 months 2 months
Initiation
Duration 8 months 3 months 1 months - 10 months 55 months
Progress Improved Death at 4 Normal Normal Normalized LFT Improved
hepatomegaly (at months old growth and growth and levels, normal hepatomegaly (at

6 months old) (Aspiration
Normal growth pneumonia,
and development  sepsis)

development

48 months old)
normal growth,

growth and
development

development

mild speech delay

LFT, liver function test; NST, newborn screening test; NTBC, 2-[2-nitro—4-trifluoromethylbenzoyl]-1,3-cyclohexanedione.
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