Froissart et al. Orphanet Journal of Rare Diseases 2011, 6:27

http://www.ojrd.com/content/6/1/27 ORPHANET JOU RNAL
OF RARE DISEASES

REVIEW Open Access

Glucose-6-phosphatase deficiency

Roseline Froissart', Monique Piraud', Alix Mollet Boudjemline®, Christine Vianey-Saban'?, Francois Petit?,
Aurélie Hubert-Buron®, Pascale Trioche Eberschweiler®, Vincent Gajdos®" and Philippe Labrune®*™"

Abstract

Glucose-6-phosphatase deficiency (G6P deficiency), or glycogen storage disease type | (GSDI), is a group of inherited
metabolic diseases, including types la and Ib, characterized by poor tolerance to fasting, growth retardation and
hepatomegaly resulting from accumulation of glycogen and fat in the liver. Prevalence is unknown and annual
incidence is around 1/100,000 births. GSDIa is the more frequent type, representing about 80% of GSDI patients. The
disease commonly manifests, between the ages of 3 to 4 months by symptoms of hypoglycemia (tremors, seizures,
cyanosis, apnea). Patients have poor tolerance to fasting, marked hepatomegaly, growth retardation (small stature
and delayed puberty), generally improved by an appropriate diet, osteopenia and sometimes 0steoporosis,
full-cheeked round face, enlarged kydneys and platelet dysfunctions leading to frequent epistaxis. In addition, in
GSDIb, neutropenia and neutrophil dysfunction are responsible for tendency towards infections, relapsing aphtous
gingivostomatitis, and inflammatory bowel disease. Late complications are hepatic (adenomas with rare but possible
transformation into hepatocarcinoma) and renal (glomerular hyperfiltration leading to proteinuria and sometimes to
renal insufficiency). GSDI is caused by a dysfunction in the G6P system, a key step in the regulation of glycemia. The
deficit concerns the catalytic subunit G6P-alpha (type la) which is restricted to expression in the liver, kidney and
intestine, or the ubiquitously expressed G6P transporter (type Ib). Mutations in the genes G6PC (17q21) and SLC37A4
(11923) respectively cause GSDla and Ib. Many mutations have been identified in both genes,. Transmission is
autosomal recessive. Diagnosis is based on clinical presentation, on abnormal basal values and absence of
hyperglycemic response to glucagon. It can be confirmed by demonstrating a deficient activity of a G6P system
component in a liver biopsy. To date, the diagnosis is most commonly confirmed by G6PC (GSDla) or SLC37A4
(GSDIb) gene analysis, and the indications of liver biopsy to measure G6P activity are getting rarer and rarer.
Differential diagnoses include the other GSDs, in particular type Il (see this term). However, in GSDIII, glycemia and
lactacidemia are high after a meal and low after a fast period (often with a later occurrence than that of type |).
Primary liver tumors and Pepper syndrome (hepatic metastases of neuroblastoma) may be evoked but are easily
ruled out through clinical and ultrasound data. Antenatal diagnosis is possible through molecular analysis of
amniocytes or chorionic villous cells. Pre-implantatory genetic diagnosis may also be discussed. Genetic counseling
should be offered to patients and their families. The dietary treatment aims at avoiding hypoglycemia (frequent
meals, nocturnal enteral feeding through a nasogastric tube, and later oral addition of uncooked starch) and acidosis
(restricted fructose and galactose intake). Liver transplantation, performed on the basis of poor metabolic control
and/or hepatocarcinoma, corrects hypoglycemia, but renal involvement may continue to progress and neutropenia
is not always corrected in type Ib. Kidney transplantation can be performed in case of severe renal insufficiency.
Combined liver-kidney grafts have been performed in a few cases. Prognosis is usually good: late hepatic and renal
complications may occur, however, with adapted management, patients have almost normal life span.

Disease name and synonyms: Glucose-6-phosphatase deficiency or G6P deficiency or glycogen storage disease
type | or GSDI or type | glycogenosis or Von Gierke disease or Hepatorenal glycogenosis.
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Definition and diagnostic criteria

Glycogen storage disease type I (GSDI) is a group of
rare inherited diseases resulting from a defect in the glu-
cose-6-phosphatase (G6Pase) system which has a key
role in glucose homeostasis as it is required for the
hydrolysis of glucose-6-phosphate (G6P) into glucose
and inorganic phosphate (Pi). The main diagnostic cri-
teria are: hepatomegaly, fast-induced hypoglycemia with
hyperlactacidemia, and hyperlipidemia. Two main sub-
types are unambiguously recognized: GSD type Ia
(GSDIa) due to a defect of the catalytic unit G6Pase-
alpha (or G6PC), and GSD type Ib (GSDIb) due to a
defect of the glucose-6-phosphate translocase (or G6PT)
[1,2]. The existence of other types (type Ic and type Id)
has not been confirmed [3,4].

Epidemiology

GSDI has an estimated annual incidence of around 1/
100,000 births, representing approximately 30% of hepa-
tic GSD and with GSDIa being the most frequent type
(about 80% of the GSDI patients)[1]. GSDIa is particu-
larly common in the Ashkenazi Jewish population, in
which the carrier frequency for the p.R83C allele was
found to be 1.4%, predicting a prevalence five times
higher than in the general Caucasian population [5].

Clinical description [1,2,6]

GSDI patients may present with fast-induced hypogly-
cemia (sometimes occurring rapidly in about 2 to 2 and
a half hours after a meal) and hyperlactacidemia in the
neonatal period. More commonly, the first symptom is
the presence of a protruded abdomen due to marked
hepatomegaly around 3 months of age, though in some
cases the liver may already be enlarged at birth. The
liver size gradually increases and the lower border may
reach below the umbilicus. It must be stressed that the
hepatomegaly may be missed on physical examination,
as the liver is soft. Hepatocellular adenomas are usually
asymptomatic and physical examination is rarely contri-
butive, except in very rare cases when adenomas are
superficial. Fasting tolerance is very limited: hypoglyce-
mia, which may cause convulsions, and lactic acidemia,
account for the initial gravity of the disease. In some
cases, the hypoglycemia may be less symptomatic since
lactate may be used as a cerebral metabolic fuel. The
other biological hallmarks are hyperlipemia and hyper-
uricemia. The full-cheeked, round “doll like” face, and a
protruding abdomen contrast with the thin limbs.
Growth delay and late onset of puberty [2,7] are very
frequent signs, which can be improved by good meta-
bolic control [8]. Osteopenia [9] is commonly found and
it has been suggested that the subclinical muscle weak-
ness could also contribute to the low bone mass [10].
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Chronic acidosis and hypertriglyceridemia also play an
important role in the development of osteopenia. Kid-
neys are enlarged. Platelet dysfunction, which is related
to dyslipidemia, explains the tendency for ecchymoses
and bleeding. Anemia is commonly found. Intermittent
diarrhea occurs in a number of patients. Ovarian cysts
have also been reported. Recently, an increased preva-
lence of hypothyroidism (GSDIa and GSDIb) and thyr-
oid autoimmunity (GSDIb) has been reported [11].

Long-term complications [12-14] can be delayed by
good metabolic control.

The development of hepatocellular adenomas (HCA)
is a well-known complication. They are usually detected
between the second and the third decades of life, and
their frequencies range from 16 to 75% and are equal in
both sexes, [2]. The diagnosis is rarely based on physical
examination, except when superficial adenomas develop,
making the liver surface uneven [15-18]. Usually, liver
ultrasound, CT scan or MRI allow the diagnosis and
regular follow-up is thus necessary During the first ten
years, liver ultrasound should be performed once a year.
Since the age of 10, liver MRI may be proposed each
year. Specific MRI patterns, related to diffuse fat reparti-
tion and sinusoid dilatation have been aasociated with
HNF-1la - mutated adenomas and inflammatory adeno-
mas, respectively [19]. Furthermore, chemical-shift MRI
has been useful in discriminating increased liver echo-
genicity in GSDs [20]. MRI also allows the quantifica-
tion of hepatic steatosis. Should hepatic lesions be
detected, the follow-up must be intensified, and liver
MRI should be proposed every 6 months, sometimes
combined with ultrasound examinations if MRI is more
difficult to organize. CT scan may be useful, should a
surgical resection of adenomas be plannned.

Renal complications start with silent glomerular hyper-
filtration before the development of microalbuminuria
then proteinuria, which can lead to renal failure [2].
Hypercalciuria is a consequence of renal distal tubular
dysfunction and may contribute to renal calculi and/or
nephrocalcinosis and osteopenia. Hypocitraturia has
been reported as a risk factor for nephrocalcinosis
[21,22]. Oxidative stress has also been reported as a
mechanism underlying GSD-Ia nephropathy [23]. When
microalbuminuria has been detected and confirmed,
treatment with angiotensin converting enzyme inhibitors
must be started without delay [24]

Hyperuricemia [25] must be treated because it can
lead to gout and, above all, it participates (together with
hypocitraturia) in the constitution of stones, nephrocal-
cinosis and renal failure [2].

Severe hypertriglyceridemia seems to increase the risk
of pancreatitis [26] but, to date, the risks of athero-
sclerosis and early cardiovascular complications do not
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seem to be increased [2,14,27-29]. However, a recent
study of 28 patients with GSDI (mean age 23 years)
reported arterial dysfunction which was characterized by
increased carotid intima media thickness and a higher
augmentation index measured by radial artery tonometry
[30].

Pulmonary hypertension is a very rare complication
and its prognosis is very poor [15,31,32]. Its physio-
pathology is not well known; abnormalities in the plate-
let metabolism of serotonin have been suspected [32].

GSDIb patients

In addition to these signs that characterize GSDIa,
GSDIb patients generally present with neutropenia that
appears not to be due to a defect in bone marrow pro-
duction. Neutrophils and/or monocytes are functionally
abnormal, showing decreases in respiratory burst and
motility in response to stimuli [3,4]. This dysfunction is
responsible for recurrent infections, oral and intestinal
mucosal ulcerations and inflammatory intestinal diseases
suggestive of Crohn’s disease [33-35]. This condition has
occurred in over 77% of patients with GSDIb by adult-
hood [33]. The development of diarrhea, persistent
abdominal pain, unexplained fever, gastrointestinal
bleeding, perianal lesions should lead to further evalua-
tion. Colonoscopy must be performed; should it be
negative, endoscopic evaluation of the small bowel has
to be considered. [36]. Recently, elevated levels of anti-
bacterial flagellin antibodies (anti-CBirl) have been
detected in the serum of 17/19 GSDIb patients [37]. As
these antibodies have been associated with Crohn dis-
ease in the general population, these data are interesting.
However, in this study, the antibody did not discrimi-
nate patients with and without inflammatory bowel dis-
ease and long-term follow-up is necessary to know
whether these antibodies can predict the occurrence of
intestinal inflammation [37].

A few of the reported patients (about 10%) did not
present with neutropenia and/or neutrophil dysfunction
[38-40]. Interestingly, one of these patients [38] had a
mutation that only partially affected the activity of the
transporter [41]. In contrast, neutropenia is very rare in
GSDIa patients [42]. Splenomegaly, which is very rarely
found in GSDIa patients, was reported (together with
hepatomegaly) more frequently in GSDIb patients [2,43],
specially in those receiving treatments with G-CSF.

Pregnancy

Fertility is normal in GSDI patients and several pregnan-
cies have been reported in affected women. Close moni-
toring of these pregnancies is required due to the risk of
exacerbating the renal problems, of the enhanced danger
of hemorrhages and of the need to provide satisfying
metabolic control for the fetus [44]. In GSDIa mothers,
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most neonates have been delivered by cesarean section
[45]. In GSDIb mothers, five successful pregnancies in
three patients have been recently reported [46]. There
were no major complications related to neutropenia
except for oral ulcers and all neonates were delivered
vaginally.

Developping a strategy for an optimal management of
contraception in GSD I women is crucial. Ethynyloestra-
diol should be avoided because of a link with hepatic
adenomas and is contraindicated in patients with hyper-
triglyceridemia and hypercholesterolemia. Blockage of
ovulation can be achieved using high doses of progesto-
gen alone, administered from the 5™ to the 25™ day of
the cycle. Another possibility is based on daily adminis-
trations of low doses of progestogen [44]. Mechanical
contraception using intra-uterine device is controversial
in such patients.

Etiology

Enzyme deficit

GSDI was first described by von Gierke in 1929. In
1952, Cori and Cori showed that the disease (called
GSDIa) was caused by a deficit in G6Pase, an enzyme
expressed mainly in the liver and kidney and, to a lesser
degree, in the intestine. Subsequently, it was found that
some patients are not deficient in G6Pase, even though
a number of functional tests demonstrated their inability
to degrade G6P in vivo: this condition was called
GSDIb. To explain this defect, Arion et al [47] hypothe-
sized that G6P hydrolysis required the participation of
several proteins located in the endoplasmic reticulum
(ER) membrane: a catalytic unit (G6Pase) capable of
hydrolyzing several phosphate esters (G6P, mannose-6-
phosphate, carbamylphosphate and pyrophosphate) and
a G6P-specific bidirectional translocase (G6PT), which
would assure its entry into the lumen of the endoplas-
mic reticulum, where G6Pase exerts its action. Unlike
G6Pase, G6PT is expressed ubiquitously. G6Pase and
G6PT were found to be co-dependent as G6Pase activity
is required for efficient transport of G6P into the ER
lumen [48].

On the basis of kinetic studies, Arion et al. [47] pro-
posed in 1980 a multicomponent model with specific
transmembrane transporter proteins for G6P (T1), phos-
phate, pyrophosphate and carbamylphosphate (T2) and
glucose (T3). Nordlie et al [49] described a patient with
GSDIc who had a deficit in the bidirectional translocase
(T2) which allows phosphate resulting from G6P hydro-
lysis to leave the endoplasmic reticulum. The existence
of GSD type Ic was discussed when mutations in the
gene encoding G6PT were identified in most of these
patients [50]. However, no mutation was found in the
gene encoding G6PT in the patient originally described
by Nordlie [50,51], thereby suggesting that another
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protein could be involved in this patient or that the
patient was affected by a different disorder. The hypoth-
esis that the gene coding for a microsomal phosphate
transporter (NPT4) was mutated in GSDIc patients
devoid of mutations in the G6PT gene could not be
confirmed [52]. Recently, it has been demonstrated that
G6PT is an organophosphate:Pi antiporter transporting
G6P into the ER lumen and Pi out. This supports that
GSDIb and GSDIc which are deficient in the same
GO6PT gene represent a single disease [53].

The existence of GSD type Id, attributed to a deficit in
translocase (T3) has never been proven and the hypoth-
esis that the glucose transporter GLUT7 could be
involved was ruled out when mutations were identified
in the gene encoding G6PT [50].

The G6Pase deficient in GSDIa was subsequently
renamed G6Pase-alpha as another G6P hydrolase named
G6Pase-beta (or G6PC3) has been identified. G6Pase-
beta is ubiquitously expressed and can form a complex
with G6PT in non gluconeogenic organs, which could
explain why endogenous glucose is still produced in
GSDIa patients [6,54]. However, Wang et al [55] showed
that the deletion of the gene encoding the G6Pase-beta
in mice does not result in hypoglycemia and that the
phenotype of knock-out mice is mild.

The role of G6PT, in addition to that in the glucose-
6-phosphatase system, has not yet been fully elucidated.
A role in the differentiation of neutrophils has been sug-
gested [56] and studies in mice model have shown that
G6PT is also an important immunomodulatory protein
[57]. Recent studies provided evidence that neutrophil
homeostasis and function is linked to the endogenous
glucose production via the G6PT/G6Pase-beta complex.
G6PT deficient or G6Pase-beta deficient neutrophils are
unable to produce endogenous glucose and would mani-
fest enhanced ER stress and apoptosis, which could con-
tribute to neutrophil dysfunction in GSDIb patients
[58]. Cheung et al [59] showed that mice lacking the
G6Pase-beta had impaired neutrophil activity and
increased susceptibility to bacterial infection. G6Pase-
beta deficiency has been recently identified in patients
presenting a severe congenital neutropenia syndrome
[60].

Metabolic alterations

In GSDI, the fasting hypoglycemia results from the
blockage of the last step of glycogenolysis and gluconeo-
genesis. However, a few patients show an unexpected
tolerance to fasting [61].

Hyperlactacidemia and glycogen storage are due to
excess G6P which cannot be metabolized to glucose.
Thus, galactose, fructose and glycerol will not correct
hypoglycemia and will contribute to hyperlactacidemia.
Hyperlipidemia is a result of both increased synthesis
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from excess of acetyl-coenzyme A via malonyl-coen-
zyme A (the first step of fatty acid synthesis), and
decreased lipid serum clearance, though mechanisms of
both hyperlipidemia and liver steatosis are not comple-
tely understood [62]. Accumulation of fats in the liver
significantly contributes to the hepatomegaly.

Increased malonyl-coenzyme A inhibits carnitine pal-
mytoyltransferase I, resulting in reduced ketone produc-
tion and increased dicarboxylic aciduria. Hyperuricemia
[1,6] is caused by both decreased renal clearance (lactate
competes with uric acid) and increased synthesis
(decreased intrahepatic phosphate concentration stimu-
lates the degradation pathway of adenine nucleotides).

Mechanisms underlying the development of
hepatocellular adenomas

The mechanisms underlying the development of HCAs
are still not completely elucidated. However, a new clas-
sification of HCA and a better knowledge of their rela-
tionship with hepatocellular carcinoma was proposed by
Zucman Rossi et al [63]. A recent study has reported
chromosomal and genetic alterations in HCAs asso-
ciated with GSDIa: simultaneous gain of 6p and loss of
6q, association of larger HCAs with chromosome 6
aberrations, reduced expression of IGF2R and LATS1
(candidate tumour suppressor genes) at 6q in more than
50% of HCAs associated with GSDIa [64]. The activa-
tion of B-catenin has been reported to be an important
risk factor for malignant degeneration [63]. To date, the
presence of activated B-catenin has been reported in 3
GSDIa HCAs, among which one was associated with a
carcinoma.

The role of metabolic control in adenomas formation
has also been discussed. In a case-control retrospective
study, no significant differences in metabolic balance
could be detected between GSDI patients who devel-
oped adenomas and those who did not [65].

Another mechanism could involve serum cytokines.
Kim et al [66] have reported that GSDIa mice exhibit a
persistent increase in peripheral blood neutrophil counts
along with elevated levels of granulocyte colony stimu-
lating factor (G-CSF) and cytokine-induced neutrophil
chemoattractant. The authors suggest that there is a
progressive low level of immune challenge since there is
a long-term damage to the liver in GSDI patients
despite dietary controls [66].

Refractory iron deficiency anemia

Severe refractory iron deficiency anemia has been
reported in GSDIa patients with hepatocellular adeno-
mas, that is alleviated with either adenoma resection or
liver transplantation [67,68]. The role of hepcidin, a pro-
peptide that is converted in three mature peptides and
which limit both release of iron from macrophages and
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intestinal iron absorption, has been proposed [68]. High
levels of hepcidin mRNA expression were found in the
adenomas of anemic GSDIa patients whereas hepcidin
mRNA expression was decreased in the unaffected liver
[68]. The upregulated production of hepcidin in adeno-
mas would result in the dysregulation of the iron utiliza-
tion cycle in GSDIa patients [68]. More studies are
required to continue to shed some light on the precise
mechanisms of anemia in such patients.

Mutations and genotype/phenotype correlations

GSDla

Human G6Pase gene (G6PC) was isolated by Lei et al.
[69]. The gene has been localized to chromosome 17 at
17q21, spans 12.5 kb, includes 5 exons and codes for a
highly hydrophobic protein of 357 amino acids contain-
ing 9 transmembrane helixes. Its promoter contains sev-
eral response elements for glucocorticoids, cyclic AMP
and insulin, and is regulated by hepatocyte nuclear fac-
tors that control its expression [70].

Over 550 unrelated patients affected with GSDIa have
been studied worldwide and more than 85 mutations
(Human Gene Mutation Database; http://www.hgmd.cf.
ac.uk, [71]) have been identified. The majority are mis-
sense mutations (64%) [38,41,72-74] and all of them are
small gene alterations. A few alleles could not be identi-
fied. Only some of the mutations have a significant fre-
quency [75]:

- in the Caucasian population, p.R83C and p.Q347X
are found in 33% and 18% of the GSD Ia alleles,
respectively.

- in Jewish patients, p.R83C is particularly frequent
(98% of the alleles) and p.Q347X is found in the
remaining alleles (2%).

- in Hispanic Americans, the ¢.380_381insTA muta-
tion represents about half of the alleles.

- in Japanese patients, the p.Q347X and p.R83C
mutations have never been found, p.R83H is very
rare, but the silent nucleotide change c.648G > T,
responsible for the deletion of 91 nucleotides in
exon 5 in the cDNA, is present in 91% of the GSDIa
alleles in this population.

- in Chinese patients, c.648G > T is also frequent
(54% of the alleles). The p.Q347X mutation has
never been found and p.R83C only once, while p.
R83H is present in 26% of the mutated alleles.

- in Korean patients, ¢.648G > T is also the most
frequent mutation (75%).

- in Tunisian patients, p.R83C and p.R170Q accounts
for 67% and 28% of the alleles respectively [76].

The structure and function of fifty missense mutations
and the in-frame deletion p.F327del have been studied
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[73,77]. The 5 active site mutations (including the p.
R83C/H mutations), 23 of the 32 helical mutations and
8 of the 14 non helical mutations abolish completely the
activity (altering protein stability and/or catalytic capa-
city). The remaining studied missense mutations are
associated with some residual activity. The results of
this study [77] should help facilitating genotype-pheno-
type delineation, at least for patients homozygous for a
studied mutation. A Japanese patient homozygous for
the non helical p.P257L mutation had a very mild phe-
notype, in accordance with expression study, and experi-
enced no hypoglycemic episodes. The clinical phenotype
of patients carrying these “mild” mutations should be
precisely documented in order to try to determine the
minimal G6Pase activity required for avoiding hypogly-
cemic episodes. The c.648G > T homozygous status was
associated with a milder phenotype with respect to
hypoglycemic events [42] but other genetic and/or
acquired factors may have influence on a possibly
increased risk for hepatocellular carcinoma [78]. Inter-
estingly, it was found that p.G188R homozygosity con-
fers an atypical GSDIb phenotype with neutropenia and
recurrent infections [79].

GSDIb

The human G6PT gene (SLC37A4) has been localized to
chromosome 11 at 11q23 [80], spans 4.5 kb, contains 9
exons and codes for a highly hydrophobic protein con-
taining 10 transmembrane domains [81,82]. Unlike
G6Pase, G6PT is expressed in many tissues and tissue-
specific splicing is responsible for several variants, the
significance of which has not yet been elucidated [82]. It
is highly expressed in the liver, pancreas, kidney and
hematopoietic progenitor cells [54]. In the liver and leu-
cocytes, exon 7 is not expressed. SLC37A4 gene expres-
sion is regulated, like that of G6PC, by glucose, insulin
and cyclic AMP [70].

Over 160 patients have been studied worldwide to
date [38,42,49,80-82] and more than 81 mutations have
been identified (Human Gene Mutation Database;
http://www.hgmd.cf.ac.uk, [71]).

All are small size gene alterations except one case of
large deletion [83]. Most of them are missense muta-
tions (40%). No SLC37A4 gene mutations have been
found in exon 7, the 5" part of exon 1 and the 3’ portion
of exon 9, which are not expressed in the liver tran-
script. Molecular heterogeneity is extreme but several
mutations predominate and vary according to the popu-
lation: ¢.1042_1043delCT and p.G339C are the most
common in the Caucasian population, where they repre-
sent nearly half of the G6PT alleles, and the p.W118R
mutation is present in nearly 40% of the Japanese G6PT
alleles [42].

A functional assay for G6P transport has been devel-
oped and used to characterize 30 of the mutations: 20
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of them completely abolish G6P uptake activity, while
10 retained residual activity including the p.G339C
mutation [84]. Additionally, a three dimensional struc-
tural model was built by homology modelling in order
to predict in silico the effect of mutations [85]. No cor-
relation was found between individual mutations and
the absence of neutropenia, bacterial infections and sys-
temic complications [30,86].

Diagnosis

Biochemical methods of diagnosis

Biological hallmarks: fasting tolerance is poor and fast-
ing blood analyses reveal hypoglycemia, hyperlactacide-
mia, hypertriglyceridemia, hypercholesterolemia and, in
many cases, hyperuricemia.

Functional tests show the absence of a glycemic
response and an aggravation of hyperlactacidemia after
injection of glucagon (1 mg/m® of body surface) in a
fasting patient or 2 hours after a meal rich in carbohy-
drates. Galactose injection (1 g/kg) neither induces
hyperglycemia nor corrects the hypoglycemia.

Other biological abnormalities include hypoacetonemia

hypoinsulinemia and hyperglucagonemia. Additionally,
marked elevation of serum biotinidase activity has been
reported in GSDIa patients [87].

Study of the G6Pase system in a liver biopsy [88]

The biochemical diagnosis of GSDI requires a liver
biopsy (ideally fresh, not frozen), sufficiently large to
enable the analysis of the different constituents of the
Go6Pase system. A homogenate is prepared under condi-
tions maintaining or not microsomal membrane integ-
rity. Hydrolytic activity is measured using several
substrates: mannose-6-phosphate (to evaluate microso-
mal membrane integrity), G6P and pyrophosphate. In
type Ia, hydrolytic activity is defective, regardless of the
substrate used and the status of microsomal membranes.
In type Ib, G6P hydrolysis is defective when microsomal
membranes are intact [89].

No biochemical phenotype-clinical phenotype correla-
tions could be established based on the results of resi-
dual activity and glycogen storage in the liver.

Histopathological findings

Histology of the liver shows glycogen and fat-induced
hepatocytic distension. Fibrosis may also be present in
some patients.

Molecular studies

Complete sequencing of the G6PC (GSDIa) and
SLC374A (GSDIb) genes allows diagnosis in nearly all
patients with evocative clinical and biochemical signs of
GSDI, thereby eliminating the need for a liver biopsy.

Page 6 of 12

Differential diagnosis

Nearly all cases are diagnosed in infancy. A limited
number of clinical and biological parameters allow the
diagnosis: marked and soft hepatomegaly associated
with hypoglycemic episodes and elevated fasting blood
lactate concentration decreasing after a carbohydrate
rich meal or a glucose tolerance test are indicative of
GSDI. Diagnosis may be more difficult in older patients,
especially in the few patients who present an unusual
prolonged tolerance to fasting [6,90].

Among other gluconeogenesis disorders, fructose-1, 6
diphosphatase deficiency can be discussed in some
cases. However, in this disease, the tolerance to fasting
is much longer (8 to 10 hours) than it is in GSDI, and
the liver is not as enlarged.

Other types of GSD may be evoked. GSDIII (amylo-1-
6-glucosidase deficiency) may be clinically similar in
infancy but hypoglycemia is usually not as severe as in
type I because gluconeogenesis is intact and phosphory-
lase is still able to metabolize peripheral branches of gly-
cogen. In GSDIII, lactatemia at fast and uric acid are
typically normal, and liver transaminases levels are
higher than in GSDI. GSD type VI (hepatic phosphory-
lase deficiency) or type IX (hepatic phosphorylase b
kinase deficiency) should be also evoked as a severe pre-
sentation of these diseases may exist.

Primary liver tumors and Pepper syndrome (hepatic
metastases of neuroblastoma) may be evoked but are
easily ruled out through clinical and ultrasound data.

Genetic counseling

The disease is transmitted as an autosomal recessive
trait. Both parents of an affected child are heterozygotes.
The risk of recurrence is 25%, at each pregnancy. Identi-
fication of both mutations in the patient enables the
diagnosis of potential heterozygotes in the family.

Prenatal diagnosis

The good response of most patients to dietary control
has rendered prenatal testing relatively rare. Nonetheless,
some children respond poorly to the diet and will require
a liver transplant. In addition, GSDIb is often accompa-
nied by severe infections and inflammatory bowel disease.

Before the discovery of the gene, prenatal diagnosis of
GSDIa required a fetal liver biopsy obtained late in
pregnancy, and was subject to diagnostic errors. Prenatal
diagnosis of GSDIb had never been achieved.

To date, molecular studies have made prenatal diagno-
sis of GSDIa and GSDIb easy to perform when the
familial mutations have been identified [91-93]. Fetal
DNA may be extracted from chorionic villi or from
amniotic fluid cells.
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Management including treatment [1,2,6,30,94]
Detailed guidelines for patient’s management based on
the data of the European Study on Glycogen Storage
Disease type I have been provided [95].

Dietary treatment

Treatment aims at preventing hypoglycemia in order to
avoid neurological involvement and long-term complica-
tions (hepatic, renal, etc.) and to assure normal growth.

Treatment is essentially dietary and consists of fre-
quent meals, continuous nocturnal nasogastric drip
feeding, ingestion of slow-absorption carbohydrates
(uncooked starch: [96]), and restricted intakes of both
fructose and galactose which can aggravate
hyperlactacidemia.

Daily caloric intake must be monitored: insufficient
intake does not correct the metabolic disorder (hypogly-
cemia, hyperlactacidemia and hyperuricemia) and leads
to retarded growth, whereas excessive intake increases
the glycogen overload, hepatomegaly and hyperlipide-
mia, and causes obesity. The diet must provide 60-65%
of total caloric intake from carbohydrates, 10-15% from
proteins and the reminder from fat.

Until 12 months, frequent meals (5 meals per day) and
continuous nocturnal feeding via a nasogastric tube,
providing 6-8 mg of glucose/kg/min, are recommended.
However, continuous nocturnal feeding may be, in some
cases replaced by nocturnal meals.

After 1 year, uncooked cornstarch (which may be
introduced from 9 to 12 months of age, with progressive
increase of doses) can, in some patients, replace the
continuous nocturnal feeding at the initial dose of 0.5 g/
kg then slowly increased to 1 g/kg every 4 hours. As the
child grows older, the cornstarch regimen can be chan-
ged to the dose of 1.5-2.0 g/kg every 6 hours.

Another therapeutic regimen may be proposed and
discussed for cornstarch which can be started during
infancy, and given between meals or before bed so as
not to interfere with appetite at meal time (94). Recom-
mendations for dosing are: 1.6 g/kg body weight every 4
hours for infants, 1.7-2.5 g/kg body weight every 6
hours for young children through puberty, and 1.7-2.5
g/kg body weight given before bed time for adults. A
novel and modified starch is being tested in GSD
patients. To date, it seems that this new starch might
allow, in some patients, longer duration of euglycemia
and better short-term metabolic control [97,98]. This
starch is allowed in several countries (United Kingdom,
Netherlands, Germany).

In adults, the cornstarch dose and the intake interval
can be increased. However, several adults stop taking
cornstarch, even though they are encouraged to
continue.
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Treatment efficacy is evaluated by monitoring clinical
(growth curve, body mass index, importance of hepato-
megaly, blood pressure) and biological parameters. The
preprandial glycemia must be above 3.5 mmol/L and
adjusted to the actual urinary lactate excretion, which
must be below 0.06 mmol/mmol creatinine in 12 hours
urine samples (night and day). Blood lactate monitoring,
when available, may be useful for supplementing glucose
monitoring [99]. Hyperlactatemia causes acute clinical
deterioration whereas chronic hyperlactatemia has been
associated with long-term complications of GSDI. The
main use of lactate monitoring is during intercurrent ill-
ness, when the rapid development of lactic acidosis is
very likely. In such situations, the use of a portable lac-
tate meter seems to be a valuable tool [99]. Triglyceride-
mia, cholesterolemia, uricemia, blood gazes, proteinuria
and complete blood cell count should be measured at
each outpatient visit.

Portocaval shunts were recommended in the past but
accorded very limited clinical benefit and have been
abandoned, since 1984 [4].

Surgery requires special care [4] in these patients at
increased risk of hemorrhages and metabolic imbalances
(hypoglycemia and hyperlactacidemia): glycemia must be
maintained (perfusions of 10% glucose before, during
and after the intervention) and solutions containing lac-
tate should be avoided (Ringer’s, for example). Corticos-
teroids may be discussed for a short period even though
their use is usually contraindicated., and careful follow-
up and correction of hemostasis abnormalities are
mandatory.

Therapeutic adjuvants include vitamin supplements
(vitamins D and B1, etc.), calcium (considering limited
milk intake), iron in case of anemia (after excluding
other causes) and allopurinol when hyperuricemia is
present. If permanent microalbuminuria is present,
treatment with angiotensin-converting enzyme (ACE)
inhibitor is started with the aim of preventing renal
complications [24], and additional blood pressure lower-
ing drugs may be added if blood pressure remains ele-
vated. Should the patient become pregnant, ACE
inhibitors must be stopped at once. Hyperlipemia only
responds partially to dietary treatment, but triglyceride
lowering drugs are not indicated if the level remains
below 10 mmol/L. Cholesterol lowering drugs are not
indicated in young patients because of the low risk of
atherogenicity.

For GSD type Ib, granulocyte colony-stimulating fac-
tor (G-CSF) is able to correct the neutropenia, reduces
the severity of bacterial infections and attenuates inflam-
matory intestinal disease [33,100]. Chronic G-CSF ther-
apy may consist in two to three weekly injections, the
average dose per injection being about 5 pg/kg body
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weight. G-CSF therapy must be carefully monitored and
untoward effects may develop such as splenomegaly,
thrombocytopenia, renal carcinoma [101]. Should pegy-
lated G-CSF be used, other side effects must be known
such as the occurrence of Sweet syndrome in one
patient [102], respiratory distress and sudden death in
another patient [101]. Careful monitoring of the
patient’s spleen size, total blood cell counts and bone
density is recommended in GSD Ib patients receiving
G-CSF [35,100].

Colitis is often treated with success using a combina-
tion of G-CSF and 5-aminosalicylic acid derivatives
[36,100]. However, in a few cases, this treatment fails
and other therapeutic approaches must be discussed.
Corticosteroids are generally avoided in such situations,
owing to steroid-induced glycogenolysis and the possibi-
lity of lactic acidosis and hyperlipidemia., Immunosup-
pressive drugs such as methotrexate, azathioprine and
6-mercaptopurine carry the risk of excessive immuno-
suppression and worsening neutropenia in GSD Ib
patients. Adalimumab, a fully humanized monoclonal
anti-TNF has been reported to be successful in one GS
Ib patient with inflammatory bowel disease who was
refractory to usual medical treatment [36]. Fecal alpha-1
antitrypsin must be monitored for evaluation of inflam-
matory bowel disease in GSDIb [38].

Detection and follow-up of complications

Even though the risk of malignant transformation of
adenomas into hepatocellular carcinomas appeared to
be low [2,16,17], ie no malignant transformation had
been reported in the European retrospective study, some
recent reports suggested that the older the patients get,
the more important the risk of transformation becomes
[103]. The management of adenomas remains empirical;
it may be expectant or surgical. Clinically, should
abdominal pains occur and require major painkillers to
be controlled, malignant transformation must be sus-
pected, even though these manifestations are not speci-
fic. Biological markers (serum o fetoprotein and ACE)
are not predictive of malignant transformation. Liver CT
scan and MRI may be useful in such cases, even though
further evaluations are needed. Surgical resection of
hepatic adenomas is feasible. Previous reports have
noted frequent haemorragic problems [104], but such
complications may be avoided, provided meticulous
metabolic control is obtained before surgery (personal
data).

If dietary control fails or hepatic adenomas undergo
malignant transformation, treatment of complications
consists of liver transplantation [105]. Liver grafting cor-
rects the hypoglycemia and the other biochemical
anomalies but the correction of neutropenia is not con-
stant [106,107]. It has not been proven that it can
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prevent renal involvement, which may even be worsened
by the immunosuppressive therapy. However, there is
limited experience of liver transplantation for GSDI
given the rarity of the disease. Chronic allograft rejec-
tion, post-transfusion hepatitis C infection, renal failure,
gouty arthritis, and portal vein thrombosis requiring re-
transplantation have been reported [67]. The current lit-
erature shows that satisfactory medium-term outcomes
can be achieved in GSD I patients (review in [67]). Simi-
lar data have been reported regarding living donor liver
transplantation in such patients [108]. As pointed out by
Davis and Weinstein (2008), the risks and benefits of
liver transplantation should be carefully evaluated and
the latter should only be performed when there risk for
hepatocellular carcinoma or liver dysfunction is high
[109]. Liver cell transplantation could provide a less
invasive approach in the future [110]. It has been
reported in a GSDIb patient with marked improvement
up to 250 days following transplantation; however, long-
term results are still unknown and the use of immuno-
suppressive agents is mandatory [111].

Bone marrow transplantation has been reported in
one GSDIb patient who had life-threatening complica-
tions related to neutropenia and thrombocytopenia. It
resulted in improved metabolic control and reduction of
inflammatory bowel disease-related symptoms [112].

Kidney transplantation, performed in case of severe
renal failure, does not correct hypoglycemia [103].
Should grafting be indicated, combined liver-kidney
graft has been discussed when renal function is already
compromised and successfully performed in a few cases
[113,114].

Prognosis [2,6,8]

Efficient and early dietary treatment has led to reduced
mortality and morbidity, and most patients are able to
live a fairly normal life. If normoglycemia is maintained,
metabolic abnormalities and clinical parameters improve
in most patients, though hyperlipidemia persists. The
incidence of adenomas seems to be lower but renal dis-
ease cannot be completely avoided, even in good
responders. Some patients do not respond well, continue
to be short and may require liver or dual kidney/liver
transplant (with the mortality and morbidity associated
with these procedures). In GSDIb, good metabolic con-
trol may be more difficult to obtain because of recurrent
serious infections and inflammatory bowel disease.

Unresolved questions and ongoing research
[3,4,17,115]

The nature of the interactions between G6Pase and
G6PT, and the functions of G6PT other than in G6P
transport, remain incompletely resolved. The mechan-
isms by which G6PT deficiency affects neutrophils
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functions and the role of endogenous glucose produc-
tion via the G6PT/G6Pase-beta complex in normal neu-
trophil function remains to be elucidated. Other
unsolved questions include the source of endogenous
glucose production which increases with age leading to
a better fasting tolerance, the etiology of most complica-
tions (growth retardation, liver adenomas, renal involve-
ment, etc.) and the management of liver adenomas in
the absence of clear-cut criterion to detect their early
malignant transformation. Animal models should pro-
vide answers to these questions and should improve our
understanding of the pathophysiology of these diseases.

The role of G6Pase in the small intestine in the con-
trol of glucose homeostasis has been well established
[116]. Gluconeogenesis in the small intestine plays an
important role in glucose balance. These data have been
confirmed in the liver-specific G6Pase gene knock-out
mice who do not exhibit hypoglycemia due to their
intestinal (and renal) G6Pase activity [117]. In connec-
tion with this, more attention should be paid to intest-
inal manifestations in GSD I patients.

The efficacy of gene therapy has been studied in
mouse and dog models. Adeno-associated virus (AAV)
mediated therapy delivers the transgene to the liver of
GSDIa mice, achieving long term correction [118]. In
dogs, a significant correction of the GSDIa phenotype
has been reported in two animals, using AAV mediated
gene tranfer [119]. Only a few experiments were per-
formed in the GSDIb model, but an improvement of
metabolic profile and myeloid function was reported
[120].

Author details

'Laboratoire des Maladies Héréditaires du Métabolisme et Dépistage
Néonatal, Centre de Biologie et de Pathologie Est, Hospices Civils de Lyon,
59 Boulevard Pinel, 69677 Bron cedex, France. 2INSERM U820, Université
Claude Bernard, 69008 Lyon, France. 3Centre de Référence Maladies
Héréditaires du Métabolisme Hépatique, Service de Pédiatrie, APHP, Hopital
Antoine Béclére, 157 rue de la porte de Trivaux, 92141 Clamart cedex,
Université Paris Sud, UFR Kremlin Bicétre, 63 rue Gabriel Peri, 94276 Le
Kremlin Bicétre cedex, France. “INSERM U 948, CHU Nantes, 44020 Nantes
cedex, France.

Authors’ contributions

RF, MP and CVS wrote the biochemical and genetic part of the manuscript
FP and AH completed the molecular data and revised the biological part of
the manuscript

PTE, AMB, VG and PL wrote the clinical part of the manuscript and revised
the entire manuscript, specially after reviewing

All authors read and approved the final manuscript

Competing interests
The authors declare that they have no competing interests

Received: 28 June 2010 Accepted: 20 May 2011 Published: 20 May 2011

References

1. Chen YT: Glycogen storage diseases. In The Metabolic Bases of Inherited
Disease.. 8 edition. Edited by: Scriver CR, Beaudet AL, Sly WS, Valle D.
McGraw-Hill, New-York; 2000:1521-1551.

20.

22.

23.

24.

Page 9 of 12

Rake JP, Visser G, Labrune P, Leonard JV, Ullrich K, Smit GP: Glycogen
storage disease type I: diagnosis, management, clinical course and
outcome. Results of the European Study on Glycogen Storage Disease
Type | (ESGSD ). Eur J Pediatr 2002, 161(Suppl.1):520-S34.

Van Schaftingen E, Gerin |: The glucose-6-phosphatase system. Biochem J
2002, 362:513-532.

Moses SW: Historical highlights and unsolved problems in type 1. fur J
Pediatr 2002, 161(Suppl.1):52-S9.

Ekstein J, Rubin BY, Anderson SL, Weinstein DA, Bach G, Abeliovich D,
Webb M, Risch N: Mutation frequencies for glycogen storage disease la
in the Ashkenazi Jewish population. Am J Med Genet A 2004, 129:162-164.
Smit GPA, Rake JP, Akman HO, DiMauro S: The Glycogen-Storage Diseases
and Related Disorders “Liver glycogenoses”. In Inborn Metabolic Diseases..
4 edition. Edited by: Fernandes J, Saudubray JM, van den Berghe G, and
Walter JH. Springer Medizin Verlag, Heidelberg; 2006:101-112.

Nuoffer JM, Mullis PE, Wiesmann UN: Treatment with low-dose diazoxide
in two growth-retarded prepubertal girls with glycogen storage disease
type la resulted in catch-up growth. J Inherit Metab Dis 1997, 20:790-798.
Daublin G, Schwahn B, Wendel U: Type | glycogen storage disease:
favourable outcome on a strict management regimen avoiding
increased lactate production during childhood and adolescence. Eur J
Pediatr 2002, 161(Suppl.1):540-545.

Lee PJ, Patel JV, Fewtrel M, Leonard JV, Bishop NJ: Bone mineralisation in
type 1 glycogen >storage disease. Fur J Pediatr 1995, 154:483-487.
Schonau E, Schwahn B, Rauch F: The muscle-bone relationship: methods
and management - perspectives in glycogen storage disease. Fur J
Pediatr 2002, 161(Suppl.1):550-552.

Melis D, Pivonello R, Parenti G, Della Casa R, Salerno M, Lombardi G,
Sebastio G, Colao A, Andria G: Increased prevalence of thyroid
autoimmunity and hypothyroidism in patients with glycogen storage
disease type . J Pediatr 2007, 150:300-305.

de Parscau L, Guibaud P, Labrune P, Odievre M: Evolution a long terme
des glycogénoses hépatiques. Etude rétrospective de 76 observations.
Arch Fr Pediatr 1988, 45:641-645.

Smit GPA: The long-term outcome of patients with glycogen storage
disease type la. Fur J Pediatr 1993, 152(Suppl.1):552-S55.

Talente GM, Coleman RA, Alter C, Baker L, Brown BIl, Cannon RA, Chen YT,
Crigler JF, Ferreira P, Haworth JC, Herman GE, Issenman RM, Keating JP,
Linde R, Roe TF, Senior B, Wolfsdorf JI: Glycogen storage disease in adults.
Ann Intern Med 1994, 120:218-226.

Pizzo CJ: Type | glycogen storage disease with focal nodular hyperplasia
of the liver and vasoconstrictive pulmonary hypertension. Pediatrics 1980,
65:341-343.

Labrune P, Trioche P, Duvaltier |, Chevalier P, Odievre M: Hepatocellular
adenomas in glycogen storage disease type | and lll: a series of 43
patients and review of the literature. J Pediatr Gastroenterol Nutr 1997,
24:276-279.

Bianchi L: Glycogen storage disease | and hepatocellular tumours. fur J
Pediat 1993, 152(suppl.1):563-570.

Lee PJ: Glycogen storage disease type I: pathophysiology of liver
adenomas. Eur J Pediatr 2002, 161(Suppl.1):546-549.

Laumonier H, Bioulac-Sage P, Laurent C, Zucman-Rossi J, Balabaud C,
Trillaud H: Hepatocellular adenomas: magnetic resonance imaging
features as a function of molecular pathological classification. Hepatology
2008, 48:808-818.

Pozzato C, Dall'Asta C, Radaelli G, Torcoletti M, Formenti A, Riva E,
Cornalba G, Pontiroli AE: Usefulness of chemical MRI in discriminating
increased liver echogenicity in glycogenosis. Dig Liver Dis 2007,
39:1018-1023.

Weinstein DA, Somers MJ, Wolfsdorf H: Decreased urinary citrate excretion
in type la glycogen storage disease. J Pediatr 2001, 138:378-382.

Scales CD, Chandrashekar AS, Robinson MR, Cantor DA, Sullivan J,
Haleblian GE, Leitao VA, Sur RL, Borawski KM, Koeber D, Kishnani PS: Stone
formation risk factors in patients with type la glycogen storage disease.
J Urol 2010, 183:1022-1025.

Yiu WH, Mead PA, Jun HS, Mansfield BC, Chou JY: Oxidative stress
mediates nephropathy in type la glycogen storage disease. Lab Invest
2010, 90:620-629.

Melis D, Parenti G, Gatti R, Casa RD, Parini R, Riva E, Burlina AB, Vici CD, Di
Rocco M, Furlan F, Torcoletti M, Papadia F, Donati A, Benigno V, Andria G:
Efficacy of ACE-inhibitor therapy on renal disease in glycogen storage


http://www.ncbi.nlm.nih.gov/pubmed/12373567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11879177?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373565?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9427147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9427147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9427147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373569?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373569?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373569?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7545579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7545579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373571?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17307551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17307551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17307551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3069069?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3069069?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8319726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8319726?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8273986?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6928317?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6928317?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9138172?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9138172?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9138172?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18688875?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18688875?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17652044?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17652044?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11241046?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11241046?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20092831?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20092831?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20195241?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20195241?dopt=Abstract

Froissart et al. Orphanet Journal of Rare Diseases 2011, 6:27
http://www.ojrd.com/content/6/1/27

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

disease type 1: a multicentre retrospective study. Clin Endocrinol (Oxf)
2005, 63:19-25.

Cohen JL, Vinik A, Faller J, Fox IH: Hyperuricemia in glycogen storage
disease type I: contributions by hypoglycemia and hyperglucagonemia
to increased urate production. J Clin Invest 1985, 75:251-257.

Kikuchi M, Hasegawa K, Handa I, Watabe M, Narisawa K, Tada K: Chronic
pancreatitis in a child with glycogen storage disease type 1. Fur J Pediatr
1991, 150:852-853.

Ubels FL, Rake JP, Slaets JP, Smit GP, Smit AJ: Is glycogen storage disease
1a associated with atherosclerosis? Fur J Pediatr 2002, 161(Suppl.1):
S62-564.

Wittenstein B, Klein M, Finckh B, Ullrich K, Kohlschutter A: Radical trapping
in glycogen storage disease 1a. Eur J Pediatr 2002, 161(Suppl.1):570-S74.
Nguyen AD, Pan CJ, Weinstein DA, Chou JY: Increased scavenger receptor
class B type I-mediated cellular cholesterol efflux and antioxidant
capacity in the sera of glycogen storage disease type la patients. Mo/
Genet Metab 2006, 89:233-238.

Bernier AV, Correia CE, Haller MJ, Theriaque DW, Shuster JJ, Weinstein DA:
Vascular dysfunction in glycogen storage disease type I. J Pediatr 2009,
154:588-591.

Humbert M, Labrune P, Simonneau G: Severe pulmonary arterial
hypertension in typel glycogen storage disease. Eur J Pediatr 2002,
161(Suppl.1):593-S96.

Humbert M, Labrune P, Sitbon O, Le Gall C, Callebert J, Hervé P, Samuel D,
Machado R, Trembath R, Drouet L, Launay JM, Simonneau G: Pulmonary
arterial hypertension and type-l glycogen-storage disease: the serotonin
hypothesis. Eur Respir J 2002, 20:59-65.

Visser G, Rake JP, Fernandes J, Labrune P, Leonard JV, Moses S, Ullrich K,
Smit GPA: Neutropenia, neutrophil dysfunction, and inflammatory bowel
disease in glycogen storage disease type lIb: results of the European
Study on Glycogen Storage Disease type I. J Pediatr 2000, 137:187-191.
Dieckgraefe BK, Korzenik JR, Husain A, Dieruf L: Association of glycogen
storage disease 1b and Crohn disease: results of a North American
survey. Eur J Pediatr 2002, 161(Suppl.1):588-592.

Melis D, Parenti G, Della Casa R, Sibilio M, Berni Canani R, Terrin G,
Cucchiara S, Andria G: Crohn’s like ileo-colitis in patients affected by
glycogen storage disease Ib: two years’ follow-up of patients with a
wide spectrum of gastrointestinal signs. Acta Paediatr 2003, 92:1415-1421.
Davis MK, Rufo PA, Polyak SF, Weinstein DA: Adalimumab for the
treatment of Crohn-like colitis and enteritis in glycogen storage disease
type lb. J Inherit Metab Dis 2007, doi 10. 1007/s 10545-007-0774-9.

Davis MK, Valentine JF, Weinstein DA, Polyak SF: Antibodies to CBir1 are
associated with glycogen storage disease type lb. J Pediatr Gastroenterol
Nutr 2010, 51:14-18.

Kure S, Hou DC, Suzuki Y, Yamagishi A, Hiratsuka M, Fukuda T, Sugie H,
Kondo N, Matsubara Y, Narisawa K: Glycogen storage disease type Ib
without neutropenia. J Pediatr 2000, 137:253-256.

Miltenberger-Miltenyi G, Szonyi L, Balogh L, Utermann G, Janecke AR:
Mutation spectrum of type | glycogen storage disease in Hungary. J
Inherit Metab Dis 2005, 28:939-944.

Martens DH, Kuijpers TW, Maianski NA, Rake JP, Smit GP, Visser G: A patient
with common glycogen storage disease type Ib mutations without
neutropenia or neutrophil dysfunction. J Inherit Metab Dis 2006,
29:224-225.

Chen LY, Lin B, Pan CJ, Hiraiwa H, Chou JY: Structural requirements for
the stability and microsomal transport activity of the glucose 6-
phosphate transporter. J Biol Chem 2000, 275:34280-34286.

Matern D, Seydewitz HH, Bali D, Lang C, Chen YT: Glycogen storage
disease type I: Diagnosis and phenotype/genotype correlation. Fur J
Pediatr 2002, 161(Suppl.1):510-S19.

Visser G, Rake JP, Labrune P, Leonard JV, Moses S, Ullrich K, Wendel U,
Smit GP: Consensus guidelines for management of glycogen storage
disease type 1b - European Study on Glycogen Storage Disease Type 1.
Eur J Pediatr 2002, 161(Suppl.1):5120-5123.

Mairovitz V, Labrune P, Fernandez H, Audibert F, Frydman R: Contraception
and pregnancy in women affected by glycogen storage diseases. Fur J
Pediatr 2002, 161(Suppl.1):597-101.

Martens DH, Rake JP, Schwarz M, Ullrich K, Weinstein DA, Merkel M,

Sauer PJ, Smit GP: Pregnancies in glycogen storage disease type la. Am J
Obstet Gyneco 2008, 198:646-e1-7.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 10 of 12

Dagli Al, Lee PJ, Correia CE, Rodriguez C, Bhattacharya K, Steinkrauss L,
Stanley CA, Weinstein DA: Pregnancy in glycogen storage disease type Ib:
gestational care and report of first successful deliveries. J Inherit Metab
Dis 2010, doi 10. 1007/510545-010-9054-1.

Arion WJ, Lange AJ, Walls HF, Ballas LM: Evidence for the participation of
independent translocases for phosphate and glucose-6-phosphate in
the microsomal glucose-6-phosphatase system. J Biol Chem 1980,
255:10396-10406.

Hiraiwa H, Pan CJ, Lin B, Moses SW, Chou JY: Inactivation of the glucose
6-phosphate transporter causes glycogen storage disease type 1b. J Bio/
Chem 1999, 274:5532-5536.

Nordlie JC, Sukalski K, Munoz J, Baldwin J: Type Ic, a novel GSD.
Underlying mechanisms. J Biol Chem 1983, 258:9739-9744.
Veiga-da-Cunha M, Gerin |, Chen YT, Lee PJ, Leonard JV, Maire |, Wendel U,
Vikkula M, Van Schaftingen E: The putative glucose 6-phosphate
translocase gene is mutated in essentially all cases of glycogen storage
disease type | non-a. Eur J Hum Genet 1999, 7:717-723.

Lin B, Hiraiwa H, Pan CJ, Nordlie RC, Chou JY: Type 1-c glycogen storage
disease is not caused by mutations in the glucose-6-phosphate
transporter gene. Hum Genet 1999, 105:515-517.

Melis D, Havelaar AC, Verbeek E, Smit GPA, Benedetti A, Mancini GMS,
Verheijen F: NPT4, a new microsomal phosphate transporter: Mutation
analysis in glycogen storage disease type Ic. J Inherit Metab Dis 2004,
27:725-733.

Chen SY, Pan CJ, Nandigama K, Mansfield BC, Ambudkar SV, Chou JY: The
glucose-6-phosphate transporter is a phosphate-linked antiporter
deficient in glycogen storage disease type Ib and Ic. FASEB J 2008,
22:2206-2213.

Shieh JJ, Pan CJ, Mansfield BC, Chou JY: A glucose-6-phosphate hydrolase,
widely expressed outside the liver, can explain age-dependent
resolution of hypoglycaemia in glycogen storage disease type la. J Biol
Chem 2003, 278:47098-47103.

Wang Y, Oeser JK, Yang C, Sarkar S, Hackl SI, Hasty AH, McGuinness OP,
Paradee W, Hutton JC, Powell DR, O'Brien RM: Deletion of the gene
encoding the ubiquitously expressed glucose-6-phosphatase catalytic
subunit-related protein (UGRP)/glucose-6-phosphatase catalytic subunit
-B results in lowered plasma cholesterol and elevated glucagon. J Biol
Chem 2006, 281:39982-39989.

Ihara K, Nomura A, Hikino S, Takada H, Hara T: Quantitative analysis of
glucose-6-phosphate translocase gene expression in various human
tissues and haematopoietic progenitor cells. J Inher Metab Dis 2000,
23:583-592.

Chen YT, Shieh JJ, Lin B, Pan CJ, Gao JL, Murphy PM, Roe TF, Moses S,
Ward JM, Lee EJ, Westphal H, Mansfield BC, Chou JY: Impaired glucose
homeostasis, neutrophil trafficking and function in mice lacking the
glucose-6-phosphate transporter. Hum Mol Genet 2003, 12:2547-2558.
Kim SY, Jun HS, Mead PA, Mansfield BC, Chou JY: Neutrophil stress and
apoptosis underlie myeloid dysfunction in glycogen storage disease
type Ib. Blood 2008, 111:5704-5711.

Cheung YY, Kim SY, Yiu WH, Pan CJ, Jun HS, Ruef RA, Lee EJ, Westphal H,
Mansfield BC, Chou JY: Impaired neutrophil activity and increased
susceptibility to bacterial infection in mice lacking glucose-6-
phosphatase-f. J Clin Invest 2007, 117:784-793.

Boztug K, Appaswamy G, Ashikov A, Schéffer AA, Salzer U, Diestelhorst J,
Germeshausen M, Brandes G, Lee-Gossler J, Noyan F, Gatzke AK, Minkov M,
Greil J, Kratz C, Petropoulou T, Pellier |, Bellanné-Chantelot C, Rezaei N,
Monkemoller K, Irani-Hakimeh N, Bakker H, Gerardy-Schahn R, Zeidler C,
Grimbacher B, Welte K, Klein C: A syndrome with congenital neutropenia
and mutations in G6PC3. N £ngl J Med 2009, 360:32-43.

Kovacevic A, Ehrlich R, Mayatepek E, Wendel U, Schwahn B: Glycogen
storage disease type Ib without hypoglycemia. Mol Genet Metab 2007,
90:349-350.

Bandsma RH, Smit GP, Kuipers F: Disturbed lipid metabolism in glycogen
storage disease type 1. Eur J Pediatr 2002, 161(Suppl.1):565-569.
Zucman-Rossi J, Jeannot E, Nhieu JT, Scoazec JY, Guettier C, Rebouissou S,
Bacq Y, Leteurtre E, Paradis V, Michalak S, Wendum D, Chiche L, Fabre M,
Mellottee L, Laurent C, Partensky C, Castaing D, Zafrani ES, Laurent-Puig P,
Balabaud C, Bioulac-Sage P: Genotype-phenotype correlation in
hepatocellular adenoma: new classification and relationship with HCC.
Hepatology 2006, 43:515-524.


http://www.ncbi.nlm.nih.gov/pubmed/2856925?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2856925?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2856925?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1743219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1743219?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373574?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373574?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16777453?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16777453?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16777453?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19101686?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373580?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12166582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12166582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12166582?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10931410?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10931410?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10931410?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373579?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14971792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14971792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14971792?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20410847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20410847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10931421?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10931421?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16435186?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16601899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16601899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16601899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10940311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10940311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10940311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373566?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373566?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373585?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373585?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373581?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373581?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6253473?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6253473?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6253473?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10026167?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10026167?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6309784?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6309784?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10482962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10482962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10482962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10598822?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10598822?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10598822?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15505377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15505377?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18337460?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18337460?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18337460?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13129915?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13129915?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13129915?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17023421?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17023421?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17023421?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17023421?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11032333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11032333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11032333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12925567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12925567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12925567?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18420828?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18420828?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18420828?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17318259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17318259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17318259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19118303?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19118303?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17174133?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17174133?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373575?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16496320?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16496320?dopt=Abstract

Froissart et al. Orphanet Journal of Rare Diseases 2011, 6:27
http://www.ojrd.com/content/6/1/27

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Kishnani PS, Chuang TP, Bali D, Koeberl D, Austin S, Weinstein DA,

Murphy E, Chen YT, Boyette K, Liu CH, Chen YT, Li LH: Chromosomal and
genetic alterations in human hepatocellular adenomas associated with
type la glycogen storage disease. Hum Mol Genet 2009, 18:4781-4790.

Di Rocco M, Calevo MG, Taro M, Melis D, Allegri AE, Parenti G:
Hepatocellular adenoma and metabolic balance in patients with type la
glycogen storage disease. Mol Genet Metab 2008, 93:398-402.

Kim SY, Chen LY, Yiu WH, Weinstein DA, Chou JY: Neutrophilia and
elevated serum cytokines are implicated in glycogen storage disease
type la. FEBS Letters 2007, 581:3833-3838.

Reddy SK, Austin SL, Spencer-Manzon M, Koeber DD, Clary BM, Desai DM,
Smith AD, Kishnani PS: Liver transplantation for glycogen storage disease
type la. J Hepatol 2009, 51:483-490.

Weinstein DA, Roy CN, Fleming MD, Loda MF, Wolfsdorf JI, Andrews NC:
Inappropriate expression of hepcidin is associated with iron refractory
anemia: implications for the anemia of chronic disease. Blood 2002,
100:3776-3781.

Lei KJ, Shelly LL, Pan CJ, Sidbury JB, Chou JY: Mutations in the glucose-6-
phosphatase gene that cause glycogen storage disease type 1a. Science
1993, 262:580-583.

van de Werve G, Lange A, Newgard C, Méchin MC, Li Y, Berteloot A: New
lessons in the regulation of glucose metabolism taught glucose-6-
phosphate system. Eur J Biochem 2000, 267:1533-1549.

Human Gene Mutation Database. [http://www.hgmd.cf.ac.ukl.

Qui WJ, Gu XF, Ye J, Han LSh, Zhang YF, Liu XQ: Molecular genetic
analysis of glycogen storage disease type la in 26 Chinese patients. J
Inherit Metab Dis 2003, 26:811-812.

Angaroni CJ, de Kremer RD, Argarana CE, Paschini-Capra AE, Giner-

Ayala AN, Pezza RJ, Pan CJ, Chou JY: Glycogen storage disease type la in
Argentina: two novel glucose-6-phosphatase mutations affecting protein
stability. Mol Genet Metab 2004, 83:276-279.

Ki CS, Han SH, Kim HJ, Lee SG, Kim EJ, Kim JW, Choe YH, Seo JK, Chang YJ,
Park JY: Mutation spectrum of the glucose-6-phosphatase gene and its
implication in molecular diagnosis of Korean patients with glycogen
storage disease type la. Clin Genet 2004, 65:487-489.

Chou JY, Mansfield BC: Mutations in the glucose-6-phosphatase-alpha
(G6PC) gene that cause type la glycogen storage disease. Hum Mutat
2008, 29:921-930.

Barkaoui E, Cherif W, Tebib N, Charfeddine C, Ben Rhouma F, Azzouz H, Ben
Chehida A, Monastiri K, Chemli J, Amri F, Ben Turkia H, Abdelmoula MS,
Kaabachi N, Abdelhak S, Ben Dridi MF: Mutation spectrum of glycogen
storage disease type la in Tunisia: implication for molecular diagnosis. J
Inherit Metab Dis 2007, 30:989.

Shieh JJ, Terzioglu M, Hiraiwa H, Marsh J, Pan CJ, Chen LY, Chou JY: The
molecular basis of glycogen storage disease type 1a: structure and
function analysis of mutations in glucose-6-phosphatase. J Biol Chem
2002, 277:5047-5053.

Nakamura T, Ozawa T, Kawasaki T, Nakamura H, Sugimura H: Glucose-6-
phosphatase gene mutations in 20 adult Japanese patients with
glycogen storage diseas type 1a with reference to hepatic tumors. J
Gastroenterol Hepatol 2001, 16:1402-1408.

Weston BW, Lin JL, Muenzer J, Cameron HS, Arnold RR, Seydewitz HH,
Mayatepek E, van Schaftingen E, Veiga-da-Cunha M, Mattern D, Chen YT:
Glucose-6-phosphatase mutation G188R confers an atypical glycogen
storage disease type 1b phenotype. Pediatr Res 2000, 48:329-334.

Annabi B, Hiraiwa H, Mansfield BC, Lei KJ, Ubagai T, Polymeropoulos MH,
Moses SW, Parvari R, Hershkovitz E, Mandel H, Fryman M, Chou JY: The
gene for glycogen-storage disease type 1b maps to chromosome
11923. Am J Hum.Genet 1998, 62:400-405.

Marcolongo P, Barone V, Priori G, Pirola B, Giglio S, Biasucci G, Zammarchi E,

Parenti G, Burchell A, Beneditti A, Sorrentino V: Structure and mutation
analysis of the glycogen storage disease type Ib gene. FEBS Lett 1998,
436:247-250.

Gerin |, Veiga-da-Cunha M, Noel G, Van Schaftingen E: Structure of the
gene mutated in glycogen storage disease type Ib. Gene 1999,
227:189-195.

Trioche P, Petit F, Francoual J, Gajdos V, Capel L, Pols C, Labrune P: Allelic
heterogeneity of glycogen storage disease type Ib in French patients: a
study of 11 cases. J Inherit Metab Dis 2004, 27:621-623.

Melis D, Fulceri R, Parenti G, Marcolongo P, Gatti R, Parini R, Riva E, Della
Casa R, Zammarchi E, Andria G, Benedetti A: Genotype/phenotype

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Page 11 of 12

correlation in glycogen storage type 1b: a multicentre study and a
review of the literature. Eur J Pediatr 2005, 164:501-508.

Janecke AR, Lindner M, Erdel M, Mayatepek E, M&slinger D, Podskarbi T,
Fresser F, Stockler-Ipsiroglu S, Hoffmann GF, Utermann G: Mutation analysis
in glycogen storage disease type 1 non-a. Hum Genet 2000, 107:285-289.
Chou JY, Jun HS, Mansfield BC: Neutropenia in type Ib glycogen storage
disease. Curr Opin Hematol 2010, 17:36-42.

Wolf B, Freehauf CL, Thomas JA, Gordon PL, Greene CL, Ward JC: Markedly
elevated serum biotinidase activity may indicate glycogen storage
disease type la. J Inherit Metab Dis 2003, 26:805-809.

Chen LY, Pan CJ, Shieh JJ, Chou JY: Structure-function analysis of the
glucose-6-phosphate transporter deficient in glycogen storage disease
type Ib. Hum Mol Genet 2002, 11:3199-3207.

Almavist J, Huang Y, Hovmoller S, Wang DN: Homology modeling of the
human microsomal glucose 6-phosphate transporter explains the
mutations that cause the glycogen storage disease type Ib. Biochemistry
2004, 43:9289-9297.

Maire |, Baussan C, Moatti N, Mathieu M, Lemonnier A: Biochemical
diagnosis of hepatic glycogen storage diseases: 20 years French
experience. Clin Biochem 1991, 24:169-178.

Qu Y, Abdenur JE, Eng CM, Desnick RJ: Molecular prenatal diagnosis of
glycogen storage disease type la. Prenat Diagn 1996, 15:333-336.

Wong LJ: Prenatal diagnosis of glycogen storage disease type la by
direct mutation detection. Prenatal Diagn 1996, 16:105-108.

Lam CW, Sin SY, Lau ET, Lam YY, Poon P, Tong SF: Prenatal diagnosis of
glycogen storage disease type Ib using denaturing high performance
liquid chromatography. Prenat Diagn 2000, 20:765-768.

Bali DS, Chen YT: Glycogen storage disease type l.Edited by: Pagon RA,
Bird TC, Dolan CR, Stephens K. Genereviews (Internet) Seattle (WA):
University of Washington, Seattle; 2008;, 1993-2006 Apr 19.

Rake JP, Visser G, Labrune P, Leonard JV, Ullrich K, Smit GP: Guidelines for
management of glycogen storage disease type | - European Study on
Glycogen Storage Disease Type | (ESGSD |). Eur J Pediatr 2002,
161(Suppl.1):5112-5119.

Weinstein DA, Wolfsdorf JI: Effect of continuous glucose therapy with
uncooked cornstarch on the long-term clinical course of type 1a
glycogen storage disease. Eur J Pediatr 2002, 161(Suppl.1):535-S39.
Bhattacharya K, Orton RC, Mundy H, Morley DW, Champion MP, Eaton S,
Tester RF, Lee PJ: A novel starch for the treatment of glycogen storage
diseases. J Inherit Metab Dis 2007, 30:350-357.

Correia CE, Bhattacharya K, Lee PJ, Shuster JJ, Theriaque DW, Shankar MN,
Smit GP, Weinstein DA: Use of modified cornstarch therapy to extend
fasting in glycogen storage disease types la and Ib. Am J Clin Nutr 2008,
88:1272-1276.

Saunders AC, Feldman HA, Correia CE, Weinstein DA: Clinical evaluation of
a portable lactate meter in type | glycogen storage disease. J Inherit
Metab Dis 2005, 28:695-701.

Visser G, Rake JP, Labrune P, Leonard JV, Moses S, Ullrich K, Wendel U,
Groenier KH, Smit GP: Granulocyte colony-stimulating factor in glycogen
storage disease type 1b. Results of the European Study on Glycogen
Storage Disease Type 1. Eur J Pediatr 2002a, 161(Suppl.1):583-S87.
Donadieu J, Beaupain B, Rety-Jacob F, Nove-Josserand R: Respiratory
distress and sudden death of a patient with GSDIb chronic neutropenia:
possible role of pedfilgrastim. Haematologica 2009, 94:1175-1177.

Draper BK, Robbins JB, Stricklin GP: Bullous Sweet's syndrome in congenital
neutropenia: association with pedfilgrastim. J Acad Dermatol 2005, 52:901-905.
Franco LM, Krishnamurthy V, Bali D, Weinstein DA, Arn P, Clary B, Boney A,
Sullivan J, Frush DP, Chen YT, Kishnani PS: Hepatocellular carcinoma in
glycogen storage disease type la: a case series. J Inherit Metab Dis 2005,
28:153-162.

Reddy SK;, Kishnani PS, Sullivan JA, Koeberl DD, Desai DM, Skinner MA,
Rice HE, Clary BM: Resection of hepatocellular adenoma in patients with
glycogen storage disease type la. J Hepatol 2007, 47:658-663.

Labrune P: Glycogen storage disease type I: indications for liver and/or
kidney transplantation. Eur J Pediatr 2002, 161(Suppl.1):S53-555.

Adachi M, Shinkai M, Ohhama Y, Tachibana K, Kuratsuji T, Saji H, Maruya E:
Improved neutrophil function in a glycogen storage disease type Ib
patient after liver transplantation. Eur J Pediatr 2004, 63:202-206.
Kasahara M, Horikawa R, Sakamoto S, Shigeta T, Tanaka H, Fukuda A, Abe K,
Yoshii K, Naiki Y, Kosaki R, Nakagawa A: Living donor liver transplantation
for glycogen storage disease type lb. Liver Transpl 2009, 15:1867-1871.


http://www.ncbi.nlm.nih.gov/pubmed/19762333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19762333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19762333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18083610?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18083610?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17659284?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17659284?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17659284?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19596478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19596478?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12393428?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12393428?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8211187?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8211187?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10712583?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10712583?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10712583?dopt=Abstract
http://www.hgmd.cf.ac.uk
http://www.ncbi.nlm.nih.gov/pubmed/14765536?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14765536?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15542400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15542400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15542400?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15151508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15151508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15151508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18449899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18449899?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18008183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18008183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11739393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11739393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11739393?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11851840?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11851840?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11851840?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10960498?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10960498?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9463334?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9463334?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9463334?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9781688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9781688?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10023055?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10023055?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15669677?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15669677?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15669677?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15906092?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15906092?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15906092?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11071391?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11071391?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19741523?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19741523?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14739685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14739685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14739685?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12444104?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12444104?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12444104?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15260472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15260472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15260472?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1645631?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1645631?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1645631?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11015710?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11015710?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11015710?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373584?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373568?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373568?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373568?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17514432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17514432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18996862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18996862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16151900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16151900?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19644144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19644144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19644144?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15877204?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15877204?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17637480?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17637480?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373572?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12373572?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19938129?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19938129?dopt=Abstract

Froissart et al. Orphanet Journal of Rare Diseases 2011, 6:27
http://www.ojrd.com/content/6/1/27

108.

109.

110.

112

113.

114.

115.

116.

117.

119.

120.

lyer SG, Chen CL, Wang CC, Wang SH, Concejero AM, Liu YW, Yang CH,
Yong CC, Jawan B, Cheng YF, Eng HL: Long-term results of living donor
liver transplantation for glycogen storage disorders in children. Liver
Transpl 2007, 13:848-852.

Davis MK, Weinstein DA: Liver transplantation in children with glycogen
storage disease: controversies and evaluation of the risk/benefit of this
procedure. Pediatr Transplant 2008, 12:137-145.

Muraca M, Burlina AB: Liver and liver cell transplantation for glycogen
storage disease type IA. Acta Gastroenterol Belg 2005, 68:469-472.

. Lee KW, Lee JH, Shin SW, Kim SJ, Joh JW, Lee DH, Kim JW, Park HY, Lee SY,

Lee HH, Park JW, Kim SY, Yoon HH, Jung DH, Choe YH, Lee SK: Hepatocyte
transplantation for glycogen storage disease type Ib. Cell Transplant 2007,
16:629-637.

Pierre G, Chakupurakal G, Mckiernan P, Hendriksz C, Lawson S,

Chakrapani A: Bone marrow transplantation in glycogen storage disease
type Ib. J Pediatr 2008, 152:286-288.

Panaro F, Andorno E, Basile G, Morelli N, Bottino G, Fontana |, Bertocchi M,
DiDomenico S, Miggino M, Saltalamacchia L, Ghinolfi D, Bonifazio L,
Jarzembowski TM, Valente U: Simultaneous liver kidney transplantation
for glycogen storage disease type la (von Gierke’s disease). Transplant
Proc 2004, 36:1483-1484.

Martin AP, Bartels M, Schreiber S, Buehrdel P, Hauss J, Fangmann J:
Successful staged kidney and liver transplantation for glycogen storage
disease type lb: a case report. Transplant Proc 2006, 38:3615-3619.

Koeberl DD, Kishnani PS, Bali D, Chen YT: Emerging therapies for glycogen
storage disease type |. Trends Endocrinol Metab 2009, 20:252-258.

Mithieux , Rajas F, Gautier-Stein A: A novel role for glucose-6-phosphatase
in the small intestine in the control of glucose homeostasis. J Biol Chem
2004, 279:44231-44234.

Mutel E, Abdul-Wahed A, Ramamonjisoa N, Stefanutti A, Houberdon |,
Cavassila S, Pilleul F, Beuf O, Gautier-Stein A, Penhoat A, Mithieux G, Rajas F:
Targeted deletion of the liver glucose-6-phosphatase mimics glycogen
storage disease type la including development of multiple adenomas.

J Hepatol 2010, doi:10.1016/jjhep.2010.08.014.

. Yiu WH, Lee YM, Peng WT, Pan CJ, Mead PA, Mansfield BC, Chou JY:

Complete Normalization of Hepatic G6PC Deficiency in Murine Glycogen
Storage Disease Type la Using Gene Therapy. Mol Ther 2010,
18:1076-1084.

Weinstein DA, Correia CE, Conlon T, Specht A, Verstegen J, Onclin-
Verstegen K, Campbell-Thompson M, Dhaliwal G, Mirian L, Cossette H,

Falk D, Germain S, Clement N, Porvasnik S, Fiske L, Struck M, Ramirez HE,
Jordan J, Andrutis K, Chou JY, Byrne B, Mah C: AAV-mediated correction of
a canine model of glycogen storage disease type la. Hum Gene Ther
2010, 21:903-910.

Chou JY, Mansfield BC: Gene therapy for type | glycogen storage
diseases. Curr Gen Ther 2007, 7:79-88.

doi:10.1186/1750-1172-6-27
Cite this article as: Froissart et al.. Glucose-6-phosphatase deficiency.
Orphanet Journal of Rare Diseases 2011 6:27.

Page 12 of 12

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/17539004?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17539004?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18307661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18307661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18307661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16433006?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16433006?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17912954?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17912954?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18206704?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18206704?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15251364?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15251364?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17175348?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17175348?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19541498?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19541498?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15302872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15302872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20389290?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20389290?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20163245?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20163245?dopt=Abstract

	Abstract
	Disease name and synonyms

	Definition and diagnostic criteria
	Epidemiology
	Clinical description 126
	GSDIb patients
	Pregnancy

	Etiology
	Enzyme deficit
	Metabolic alterations
	Mechanisms underlying the development of hepatocellular adenomas
	Refractory iron deficiency anemia
	Mutations and genotype/phenotype correlations
	GSDIa
	GSDIb


	Diagnosis
	Biochemical methods of diagnosis
	Histopathological findings
	Molecular studies

	Differential diagnosis
	Genetic counseling
	Prenatal diagnosis
	Management including treatment 1263094
	Dietary treatment
	Detection and follow-up of complications

	Prognosis 268
	Unresolved questions and ongoing research 3417115
	Author details
	Authors' contributions
	Competing interests
	References

