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Glucide metabolism disorders (excluding glycogen myopathies)
JOERG KLEPPER*

Children’s Hospital Aschaffenburg, Aschaffenburg, Germany
INTRODUCTION

The term “glucide” characterizes any of a class of
carbohydrates comprising both the glycoses and the
glycosides. Metabolic pathways involved are glycoly-
sis, gluconeogenesis, glycogen synthesis, the metabo-
lism of galactose, fructose, and other pentoses, as
well as glucose transport and the production of
ketones (Fig. 171.1A, B). Disorders within these path-
ways present with general symptoms of systemic
disease. Neurological features result from hypoglyce-
mia, lactic acidosis, or inadequate storage of complex
glucide molecules in neurological tissues. In many
ways they overlap with mitochondrial disorders such
as pyruvate dehydrogenase deficiency (see Ch. 169)
and lysosomal storage diseases such as oligosacchar-
idosis. Adding to the systemic glucide disorders spe-
cific entities such as GLUT1 deficiency syndrome
selectively affect brain energy metabolism.

DISORDERSOFGLUCIDEMETABOLISM
WITHNEUROLOGICAL SYMPTOMS

The common neurological sign in this group of disorders
is hypoglycemia.

Glycogen storage diseases

Glycogen is synthesized and primarily stored in liver and
muscle as a rapid energy reserve. With one exception
(GSD type IX), glycogen storage diseases (GSDs) are
caused by autosomal recessive deficiencies of enzymes
that regulate the synthesis or degradation of glycogen.
Consequently, hypoglycemia resulting in convulsions
and impaired consciousness is the primarymanifestation
of hepatic GSDs, whereas weakness and muscle cramps
are predominant features of glycogen myopathies
as discussed in Chapter 14. The overall GSD incidence
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is estimated to be 1 case per 20000–43000 live births.
There are over 12 types classified based on the enzyme
deficiency and the affected tissue. The diagnosis is
made by the characteristic metabolic profiles in blood
and urine, and confirmed by enzyme studies in liver
and muscle tissue or noninvasive mutation analysis.
Fasting hypoglycemia during the day is prevented by
frequent meals with high protein to provide substrate
for gluconeogenesis and less carbohydrate to minimize
postprandial hyperglycemia and hyperlacticacidemia.
Prolonged fasting should be avoided. At night, a bed-
time feeding of uncooked cornstarch (e.g., 0.5–1 g
per kg) is recommended. Enzyme replacement therapy
is available for GSD type II (Pompe) (Fernandes et al.,
2000).

Disorders of pentose metabolism

The pentose phosphate pathway is an alternative to
glycolysis and generates NADPH (oxidative phase)
and pentoses (5-carbon sugars, nonoxidative phase).
It also metabolizes dietary pentoses and provides
glycolytic/gluconeogenic intermediates. NADPH is
required in anabolic reactions, such as lipid and nucleic
acid synthesis and the reduction of glutathione. Pen-
toses, in particular ribose-5-phosphate, are utilized in
the synthesis of nucleotides and nucleic acids. Recently
patients with single defects in the nonoxidative phase of
the pentose phosphate pathway have been discovered. A
patient with ribose-5-phosphate isomerase deficiency
developed progressive leukoencephalopathy, ataxia,
and mild peripheral polyneuropathy (Huck et al.,
2004). Transaldolase deficiency, described in eight
patients, was associated with deafness in one patient
(Wamelink et al., 2008). The diagnosis was suspected
by elevated concentrations of ribitol, D-arabitol, and ery-
thritol in urine and was confirmed by enzyme studies in
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Fig. 171.1. (A) Glucide metabolism and associated disorders:

1 Disorders of galactose metabolism

2 Disorders of the pentose phosphate pathway

3 Disorders of fructose metabolism

4 Disorders of gluconeogenesis

5 GLUT1 deficiency syndrome

6 Pyruvate dehydrogenase deficiency.

(B) Fasting and the ketogenic diet representing a physiological “rescuemechanism” to supply the brain with ketones as an alternative
source of energy.
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cultured fibroblasts. No molecular analysis and no spe-
cific treatments are yet available.
Disorders of galactose and fructose
metabolism

Disorders of galactose and fructose metabolism are rare
and manifest after lactose intake (breastfeeding, milk
products) or fructose/sucrose intake with the diet. The
accumulating toxic metabolites primarily affect liver,
kidneys, cornea, and brain. Neonatal screening is avail-
able in most countries.

Galactose is the main component of the disaccharide
lactose (b-D-galactose and b-D-glucose fragments
bonded through a b1-4 glycosidic linkage) that is found
most notably in milk. Three inborn errors of galactose
metabolism are known:
Classical galactosemia (galactose-1-phosphate uridyl-
transferase deficiency) causes severe liver dysfunction in
neonates after starting milk feeds. Untreated infants
develop poor growth, jaundice, cataracts, bleeding, and
brain edema.Death results from hepatic and renal failure.
Despite treatment, a minority of patients may develop
neurological abnormalities due to galactitol deposition
such as tremor, ataxia, and dystonia (Ridel et al., 2005).

Symptoms in UDP-galactose epimerase deficiency
are similar to classical galactosemia, whereas galactoki-
nase deficiency is characterized by rapidly progressive
central cataracts. Treatment consists of the exclusion
of all galactose from the diet (lactose-free diet)
(Fernandes et al., 2000).

Fructose is a component of fruits, table sugar and
food additives. It is metabolized to C3 compounds that
enter glycolysis and gluconeogenesis. In hereditary
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fructose intolerance (aldolase B deficiency) patients
present with gastrointestinal symptoms following the
introduction of dietary fructose. If untreated, pro-
gressive liver and kidney dysfunction develops with
neurological symptoms resulting from severe hypo-
glycemia. Treatment consists of a fructose-restricted
diet and vitamin supplements. In contrast, essential
fructosuria (fructokinase deficiency) is an asymptom-
atic disorder without therapeutical implications
(Fernandes et al., 2000).

Disorders of gluconeogenesis

Gluconeogenesis, predominantly in the liver, generates
glucose from noncarbohydrate substrates such as lac-
tate, glycerol, and glucogenic amino acids (van den
Berghe, 1996). Enzyme defects close to the tricarboxylic
acid cycle (phosphoenolpyruvate carboxykinase defi-
ciency and pyruvate carboxylase deficiency) cause pro-
gressive neurodegeneration and lactic acidosis. Enzyme
defects close to glucose cause recurrent hypoglycemia
and hepatomegaly (Zschocke and Hoffmann, 2004).
Fructose-1,6-bisphosphatase deficiency is caused by
defects in the FBP1 gene (el-Maghrabi et al., 1995)
and often presents as a neonatal crisis with hypo-
glycemia, coma, seizures, and brain damage. Phospho-
enolpyruvate carboxykinase deficiency results from
PCK1-mutations (Yu et al., 1993) and features hypotonia,
failure to thrive, lactic acidosis, and hypoglycemia.

Pyruvate carboxylase deficiency is described in
Chapter 146.

SPECIFIC DISORDERSOFGLUCIDE
METABOLISM

Cerebral glucose metabolism, fasting, and
the ketogenic diet

Glucose plays a pivotal role in glucide metabolism, as
shown in Figure 171.1A. On average, adults require
40% and infants up to 80% of the daily carbohydrate
intake for brain metabolism (Robinson, 2001). Several
genetically determined disorders of glucose transport
such as glucose-galactose malabsorption (SGLT1 trans-
porter) and Fanconi–Bickel syndrome (GLUT2 trans-
porter) affect gut, kidney, and liver and do not result
in neurological disease. In brain, however, the diffusion
of glucose across the blood–brain barrier is exclusively
facilitated via the GLUT1 glucose transporter. From
endothelial cells glucose is transported to the brain inter-
stitial fluid and directly taken up by glucose transporters
on astrocytes and neurons. An alternative hypothesis is
the astrocytic conversion of glucose to lactate, and
uptake of astrocytic lactate by the neuron in aerobic
conditions, in preference to glucose (Uldry and

GLUCIDE METABOLISM DISORDERS (
Thorens, 2004). Intracellular glucose is then catabolized
to pyruvate via glycolysis and finally oxidized within
the mitochondrion to generate chemical energy as ATP
and to fuel gluconeogenesis (Fig. 171.1A) (Simpson
et al., 2007).

In the fed state, the human brain depends entirely on
glucose. In the fasting state, body fat is catabolized to
provide ketones for energy production (Fig. 171.1B).
Ketones are generated in the liver and enter the brain
via the facilitated MCT1 transporter to serve as an
alternative fuel to the brain. This physiological rescue
mechanism is the basis of an effective therapy, namely
the ketogenic diet. This diet is high-fat, carbohydrate-
restricted, and supplies nutritional fat for continued
ketone production, thus mimicking the metabolic state
of fasting. Several ketogenic diets are available for
use in infants, children, and adults (Kossoff et al.,
2009). In disorders such as GLUT1 deficiency syndrome
and pyruvate dehydrogenase deficiency, the diet effec-
tively restores energy to the brain.

GLUT1 deficiency syndrome (GLUT1DS,
OMIM #606777)

ETIOLOGY

Glucose transport across the blood–brain barrier is
exclusively facilitated by the glucose transporter GLUT1.
A GLUT1 defect results in low cerebrospinal fluid
glucose concentrations (hypoglycorrhachia), depriving
the developing brain from its principal fuel and resulting
in a complex encephalopathy. In the majority of patients,
GLUT1DS is caused by heterozygous mutations in the
SLC2A1 gene (1p35-p31.3).

CLINICAL FEATURES

Classical GLUT1DS presents following an uneventful
pregnancy, delivery, and neonatal period. Seizures occur
in approximately 80% of patients within the first
6 months of life (Klepper and Leiendecker, 2007) and
differ according to age. Infants often display cyanotic
spells, peculiar eye movements, or focal seizures,
whereas children present with absences, myoclonic,
partial, and astatic seizures (Leary et al., 2003).

Recently, absence epilepsy (Suls et al., 2008) and alter-
nating hemiplegia have been reported as manifestations
of GLUT1DS. Seizures are often unresponsive to anticon-
vulsants, but respond to a ketogenic diet. Several cases
without epilepsy have been described. Patients develop
a variable degree of motor, cognitive, and language
impairment. A complex movement disorder features ele-
ments of hypotonia, spasticity, ataxia, and dystonia (Pons
et al., 2010; for videos, see Zorzi et al., 2008). Symptoms
often aggravate prior to meals and may be reversible on
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food intake. In severely affected patients secondary
microcephaly reflects impaired brain development.
Although the phenotype of GLUT1DS is increasingly het-
erogeneous all patients become ambulatory and develop
expressive language. In adults symptoms appear to stabi-
lize but the majority of patients remain developmentally
delayed and require a sheltered environment. Atypical
manifestations of GLUT1DS include nonepileptic
GLUT1DS, intermittent ataxia (Overweg-Plandsoen
et al., 2003), choreoathetosis and dystonia (Friedman
et al., 2006), and reversible infantile hypoglycorrhachia
(Klepper et al., 2003). GLUT1DS in adults remains poorly
understood with 10 cases reported to date.
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DIAGNOSIS

Unexplained hypoglycorrhachia in neurologically
impaired individuals is the biochemical hallmark of
GLUT1DS. The diagnostic steps are outlined in
Figure 171.2. A diagnostic lumbar puncture should be
performed in a metabolic steady state following a 4–6-
hour fast, and blood glucose concentrations should be
determined immediately before the procedure to avoid
nutritional or stress-related hyperglycemia. A CSF glu-
cose value of 1.7 mmol/L (�0.31, range 0.9–2.7 mmol/
L; normal CSF glucose) and a CSF glucose vs. blood
glucose ratio of 0.35 (�0.07, range 0.19–0.49; normal
ratio 0.65�0.01) in the setting of normoglycemia
(blood glucose> 3–5 mmol/L) are highly indicative for
GLUT1DS. CSF cell count and CSF protein are normal,
and CSF lactate concentrations are low-normal or low
GLUT1 DS diagnostic flowchart
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Fig. 171.2. Diagnostic flowchart for GLUT1 DS. (Modified from
(1.1 mmol/L�0.35, range 0.5–2.4 mmol/L) (Klepper
and Leiendecker, 2007). The differential diagnosis of
hypoglycorrachia includes patients with brain infections
or malignancies, systemic disease, and ventriculoperito-
neal shunt systems.

Interictal EEGs are mostly normal. Ictal abnormali-
ties in infants are focal slowing or epileptiform dis-
charges, whereas older children often present with
generalized 2.5–4 Hz spike–wave patterns. In a subset
of patients EEG abnormalities can be aggravated by fast-
ing and reversed by food intake. This observation can be
helpful in establishing the diagnosis.

Molecular testing of the SLC2A1 gene (1p35-p31.3) is
available on a clinical basis. SLC2A1 coding regions, pro-
moter, and intron–exon boundaries should be analyzed
for individual mutations and multiple exon deletions
(Wang et al., 2005). Autosomal dominant transmission
ofmissensemutations, deletions, and hemizygosity have
been identified in approximately 100 patients worldwide
(for review, see Klepper and Leiendecker, 2007).
GLUT1DS is part of a microdeletion syndrome involving
the SLC2A1 gene (Vermeer et al., 2007) and transmitted
as an autosomal recessive trait in an Arab family
(Klepper et al., 2009). Prenatal testing for GLUT1DS is
not available, but if the disease-causing mutation has
been identified in an affected family member, molecular
genetic testing of at-risk newborns and symptomatic
infants permits early diagnosis and treatment (Wang
et al., 2009). Characteristic genotype-phenotype rela-
tions are not yet established due to the small number
of patients, but several hot spot mutations are emerging
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(Klepper and Leiendecker, 2007). A subgroup of
patients do not carry SLC2A1mutations despite sugges-
tive clinical features, hypoglycorrhachia, and seizure
control by means of a ketogenic diet. Potential disease
mechanisms in these SLC2A1-negative patients might
be intracellular defects of GLUT1 trafficking, GLUT1
assembly, or GLUT1 activation.

GLUCIDE METABOLISM DISORDERS (
ADDITIONAL INVESTIGATIONS

Routine laboratory analyses are normal, and neuroimag-
ing (computed tomography (CT), magnetic resonance
imaging (MRI)) is uninformative. Cerebral 18 F-
fluorodeoxyglucose positron emission tomography with
a characteristic metabolic footprint has been described
as a helpful diagnostic tool in one study (Pascual
et al., 2002). In vitro tests such as glucose uptake studies
into erythrocytes for functional GLUT1 defects and
western blot analyses of erythrocyte membranes for
quantitative GLUT1 defects are available on a research
basis (Seidner et al., 1998; Klepper et al., 1999).
TREATMENT

The treatment of choice for GLUT1DS is the ketogenic
diet. It provides ketones as an alternative fuel for the
brain and effectively restores brain energy metabolism.
In patients with GLUT1DS seizures are rapidly con-
trolled by a ketogenic diet. In a long-term follow-up of
15 patients, two patients had recurrence of seizures after
2.5 years despite adequate ketosis, but were controlled
by other medications (Klepper et al., 2005). The move-
ment disorder and the cognitive impairment respond less
dramatically. The use of the ketogenic diet in GLUT1DS
does not differ from the ketogenic diet applied in intrac-
table childhood epilepsy. Supplements are essential, but
a 3:1 fat:nonfat ratio may be sufficient for seizure
control and developmental progress in most cases. The
modified Atkins diet has been used successfully in
GLUT1DS and age may provide a good alternative to
the classical ketogenic diet in schoolchildren and adoles-
cents (Ito et al., 2008). Several anticonvulsants such
as barbiturates, valproate, diazepam, and additional
substances such as methylxanthines (caffeine), andro-
gens, and green tea catechins inhibit the GLUT1 trans-
porter and should be avoided in GLUT1DS (Klepper
and Leiendecker, 2007). Based on GLUT4-activation in
cultured muscle cells, a-lipoic acid (thioctic acid) has
been recommended as a treatment for GLUT1DS.
Response has been modest at best and there is no sup-
portive clinical evidence; however, the dose taken by
mouth may be insufficient to approximate experimental
conditions (Wang et al., 2009).
Paroxysmal exertion-induced dyskinesia

Paroxysmal exertion-induced dyskinesia (PED) is an
autosomal dominant movement disorder that begins in
childhood and arises out of a background of normal
movement and behavior. It is defined by episodes of dys-
kinesia following prolonged exercise. The frequency
varies from one per day to two per month lasting 5–30
minutes. It appears that at least three phenotypic forms
of PED exist with possibly as many genetic bases (Mink,
2007). Recently heterozygous mutations in the SLC2A1
gene have been identified in six families and two simplex
cases with normal development and late-onset epilepsy,
suggesting that PED might be a genetically related (alle-
lic) disorder of GLUT1DS (Suls et al., 2008; Weber et al.,
2008; Zorzi et al., 2008).
Cryohydrocytosis, stomatin-deficient,
with mental retardation, seizures, cataracts,

and massive hepatosplenomegaly
(OMIM #608885)

Hereditary stomatocytoses are a series of dominantly
inherited hemolytic anemias caused by increased perme-
ability of the erythrocyte membrane to monovalent
cations. In two patients with stomatin-deficient cryohy-
drocytosis, a rare form of stomatocytosis associated
with a cold-induced cation leak, hemolytic anemia, and
hepatosplenomegaly, but also with cataract, seizures,
mental retardation, and movement disorder mutations
in SLC2A1 that cause both loss of glucose transport
and a cation leak have been shown (Flatt et al., 2011).
Pyruvate dehydrogenase deficiency
(OMIM #608769)

Pyruvate dehydrogenase deficiency (PDHD) is a mito-
chondrial disorder characterized by severe lactate acido-
sis and early-onset neurological impairment as discussed
in Chapter 169. It responds favorably to a ketogenic diet
following the same rationale as GLUT1DS.
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