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Introduction

Congenital hyperinsulinism (CHI), or persistent 
hyperinsulinemic hypoglycemia of infancy (PHHI) is a genetically 
heterogenous disease with mutation of eleven genes (ABCC8, 
KCNJ11, GLUD1, GCK, HADH, HNF1A, HNF4A, SLC16A1, UCP2, 
HK1, PGM1) [1,2]. Gain of function mutation of GLUD1 is the 
second commonly seen genetic defect for CHI, characterized 
by hyperinsulinemia-hyperammonemia (HIHA) syndrome [3]. 
GLUD1 mutation can be sporadic de novo mutation or inherited 
in autosomal dominant pattern. Phenotype of GLUD1 includes 
relative mild symptomatic hypoglycemia and leucine sensitive 
insulin secretion as well as asymptomatic hyperammonemia [3]. 

GLUD1 encodes the intramitochondrial enzyme glutamate 
hydrogenase (GDH), of which the common mutation locus 
includes allosteric GTP binding domain (exon 11 and 12), 
catalytic domain (exon 6 and 7) and antenna-like structure (exon 
10) [4]. GDH is involved in glucose-stimulating insulin secretion 
by catalyzing glutamate to α-ketoglutarate and ammonia, 
finally generating ATP to trigger insulin release in pancreas β 
cells. GDH can be activated by ADP and leucine and inhibited  

 
by GTP and ATP at normal physiological condition. Gain of 
function mutation results in excessive secretion of insulin by 
activating GDH via decreasing the sensitivity for GTP. Also, lack 
of a glucagon response was found in alpha cells in impaired 
counter-regulation of hyperinsulinism via mitochondrial GTP 
signal pathway generated by GDH in β cells, contributing to 
symptomatic hypoglycemia [5].

Thus, children with GLUD1 mutation often have recurrent 
symptomatic hypoglycemia and persistent asymptomatic 
hyperammonemia. The phenotype is usually associated with 
normal birth weight, delayed age of presentation and higher 
risk of seizure compared to other subtypes of CH [4,6]. Excessive 
release of ammonia can also be detected in patients with GDH 
mutation, which usually elevated 3~8 times than upper limit 
of normal [7]. Fortunately, most of patients were responsive to 
diazoxide and could alleviate by protein-limit diet [4].

In recent years, some articles reported mutation analysis for 
GLUD1-HIHA, which focused on mutation in exon 6,7,10,11 and 
12 [8-11]. Our aim was to analyze clinical character and genome 
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Abstract

Aim: To summarize the clinical feature and analyze the gene mutation for three pediatric patients with congenital hyperinsulinism (CHI) and 
hyperammonemia (HA). 

Methods: Three Chinese pedigree of CHI-HA in Peking Union Medical College Hospital from 2009 to 2012 was analyzed for the clinical 
features and laboratory data. DNA sequencing was performed to identify mutation in ATP binding cassette subfamily C member 8 (ABCC8), 
potassium voltage-gated channel subfamily J member 11 (KCNJ11), glutamate dehydrogenase 1 (GLUD1), glucokinase (GCK) and INS gene in the 
pedigree.

Results: Besides CHI-HA, all patients suffered various degree of neurodevelopment disorders, with mean birth weight of 3.15kg and delay 
onset of 6.0 months at average. Two patients presented mutation of c.1493 C>T (p. S498L) in exon 11 and one patients confirmed mutation of 
c.968 G>A (p.S269H) in exon 7 in GLUD1 gene. We did not detect any mutation inABCC8, KCNJ11, GCK, and INS genes. Leucine limited dietary 
therapy and diazoxide were responsive for all patients. 

Conclusion: GLUD1 mutation was one common cause of CHI-HA and early molecular diagnosis was of great importance. 
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mutation for three pediatric patients with HIHA and provide 
more evidence for genetic diagnosis and treatment in the future. 

Materials and Methods

Ethical approval

The study was conducted in accordance with the Declaration 
of Helsinki and was approved by the institutional review board 
of Peking Union Medical College Hospital. Informed written 
consent was obtained from all patients before their enrollment 
in the study. 

Patients 

We enrolled three patients diagnosed with glutamate 
dehydrogenase congenital hyperinsulinism in department of 
endocrinology, Peking Union Medical College Hospital (PUMCH) 
from December 2007 to December, 2012. The diagnostic criteria 
included detectable concentration of insulin and/or C peptide 
in serum when blood glucose is lower than 3mmol/L, with 
inappropriately low concentration of free fatty acids and ketone 
bodies [6,12]. After diagnosis of CHI was made, patients were 
treated with protein-limited diet at first. Two patients treated 
with diazoxide and protein-limited diet. One patient was treated 
by leucine limited diet alone. Peripheral blood samples (3ml, 
EDTA-anticoagulant tube) were collected from each patient.

Genomic DNA was extracted from peripheral leukocytes 
using whole blood genome DNA Rapid Extraction Kit (Biomed 
Co. Ltd, Beijing, China) according to the manufacturer’s 
instructions. Mutation analysis was conducted using polymerase 
chain reaction (PCR), and PCR products were sent to Sino Gene 
Max Co. Ltd, Chinese National Human Genome Center (Beijing, 
China) for direct DNA sequence analysis. Sequencing reactions 
were analyzed on the Applied Biosystems 3730x lDNA Analyzer 
and compared with published sequences using online database 
of University of California, Santa Crus (http://genome.ucsc.edu/
cgi-bin/hgBlat).

The primers to amplify the ABCC8, KCNJ11, GLUD1, GCK, and 
INS gene sequences were designed by the Primer 5.0 software. 
The sequence of the primers is listed in Supplementary Tables. 
The patients were screened for mutations in the 39 exons of 

ABCC8 gene; the untranslated regions and the exon of the KCNJ11 
gene; the 6, 7, 8,10, 11, 12 exons of GLUD1gene; 10 exons of the 
GCK gene; and the 1,2 exons of INS gene. The primer sequence 
for PCR referred to Supplement Table 1. We searched for single 
nucleotide polymorphism (SNP) in database of dbSNP137, 1000 
Genomes and human Exome Aggregation consortium (ExAC). We 
also searched for reported mutation in human genome mutation 
database (HGMD). The effect of amino acid substitution on 
protein function was predicted using Mutation Taster (http://
www.mutationtaster.org/), SIFT

(http://sift . jcvi .org/www/SIFT_BLink_submit .html) 
and Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/) 
bioinformatic tools. All gene mutational analyses were performed 
for participants.  

Results

Patient demographics

Basic information for three eligible participants was 
shown in Table 1. All three patients were Han Chinese. Patient 
1 and 2 came from northern China while Patient 3 was from 
the southern. All patients suffered from protein-sensitive 
hypoglycemia and asymptomatic hyperammonemia. Patient 1 
and 3 presented convulsion and cyanotic lip. Patient 1 developed 
frequent unconscious and extremity convulsion, who was later 
confirmed partial epilepsy by electroencephalogram (EEG). 
Patient 1 presented delay development with mental retardation 
and speechless at the age of two years. Patient 2 presented 
muscular fasciculation at extremities and declined attention 
at one-year old and then developed mental retardation five 
years later. Patient 3 had recurrent convulsion and cyanotic 
lips for one weeks and fortunately received protein-limited diet 
and diazoxide treatment in hospital. Patient 3 was additional 
exanimated mild communicating hydrocephalus and right 
frontal subdural effusion by cranial computed tomography. EEG 
was conducted for patient 2 and 3, and revealed normal results. 
Parents of all three patients were healthy, denying family history 
of hypoglycemia. Grandfather and great-grandmother of patient 
2 suffered from diabetes at the age of fifty. Pedigrees of three 
patients were shown in Figure 1(Supplement Table 1). 

Table 1: Demographics and mutation analysis of three pediatric patients with CHI.

Patient 
number/

Gender

Age of 
presentation 

(months)

Birth 
weight 

(kg)

Blood 
Glucose

(mg/
dL)

Blood 
insulin

(μIU/
mL)

Blood 
insulin

(μIU/
mL)

Convulsion? 
Epilepsy?

Diazoxide 
treatment

Exon nt change AA 
change

Parent of 
origin

1/F 2 3.25 2.1 49.3 127 Yes/Yes No 11 c.1493C>T p.S498L De novo

2/M 12 3 2.3 80.63 114.1 Yes/No No 7 c.978G>A p.R269H De 
novo or 

maternal

2/M 12 3 2.3 80.63 114.1 Yes/No No 7 c.978G>A p.R269H De 
novo or 

maternal

F: female; M: male; Blood insulin and ammonia concentration were determined at the presence of hypoglycemia respectively. Nt (nucleotide) 
and AA (amino acid) change indicated nucleotide codon position numbering. 
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Figure 1: Pedigrees of the three families (A, patient 1; B, 
patient 2; C, patient 3) with GLUD1 mutations. (n, Normal allele; 
M, mutation; uk, unknown genetic allele). Gray filled shapes 
represent patients with diabetes and the onset of diabetes 
were at the age of fifty. White filled shapes represent normal 
participants while black filled shapes represent CHI patients. 
Age at disease onset are shown below the symbols.

After CHI-GD diagnosis was made, one patients alleviated by 
leucine-limited diet and two patients was treated with diazoxide 
5mg/kg•d-1. The leucine limited diet was design by experienced 
nutritionist in PUMCH. Both patient 1 and 3 were responsive to 
diazoxide. For patient 1, his fasting blood glucose level ranged 
4.0 to 5.0mmol/L, and postprandial blood glucose ranged 4.4 
to 5.5mmol/L after 50mg diazoxide administration twice a day 
in combination of leucine limitation diet. And the fasting blood 
glucose was 4.4mmol/L after 5mg diazoxide administration once 
a day for patient 3. For patient 2, we designed several leucine 
limitation diets and found the diet with leucine 16mg (sugar 
free yogurt 125ml, beef 5g, carbohydrate 50g, 212kcal in total) 

resulting in proper postprandial blood glucose (3.4 mmol/L).

Mutation analysis

As shown in Table 1 & Figure 2, S498L mutation was 
detected in Patient 1 and 3. Missense mutation of R269H was 
detected in Patient 2. For patient 1, genotype of parents was 
normal indicating that the S498L mutation was de novo. As for 
Patient 2, blood sample of mother was not available and we 
collected samples for father and grandmother. They had normal 
genotype, which suggested the mutation inherited from mother 
or was de novo. Blood samples of parents of Patient 3 were not 
available thus it was difficult to determine the origin of mutation. 
Mutations in S498L and R269H was reported in previous 
studies [9,10] and protein function prediction suggested highly 
conserved and pathogenesis mutation, indicating functional 
significant residues.

Discussion

In our research, clinical manifestation was heterogenous 
in regard of age of onset and severity. The mean presentation 
age was 6.0 months and mean birth weight was 3.15kg 
without macrosomia. They also presented asymptomatic 
hyperammonemia. Except for persistent HIHA, three patients 
had common clinical manifestation of convulsion and 
neurodevelopmental damage. Mutation analysis revealed amino 
acid position mutation of S498L in patient 1 and 3 while R269H 
was found in patient 2.

Supplement Table 1: Primers for GLUD1 gene analysis.

Exon Primer Sequence Reverse sequence

6 5’ TACATTCATACACACACTCCTA 3’ 5’TGATAGTTTGGTTGAAGTTGGT3’

7 ～ 8 5’ CCAGGACTTTAATTTTTGTGTT 3’ 5’ ATTGATAATGTTGGTTCTGGTT 3’

10 5’TGGGATGGGAAGGAGTGTTA3’ 5’AGATGAGTTTTGGCGAACAAGA3’

11 5’TTCTGTTAGCAATATCTTGATCTCTTG3’ 5’ACACACATGTCACGCACTTAC3’

12 5’ACAGGGACACAAAGCAGGTC3’ 5’ACAGTCTGGCGGCTGAGATAG3’

Figure 2: Sequencing results of mutations found in GLUD1. 
A) Patient 1 with c1493 A>T mutation (S498L). B) Reverse 
sequencing result for Patient 2 with c.978 G>A mutation (R269H). 
C) Patient 3 with c1493 A>T mutation (S498L).

In recent years, some articles reported mutation in exon of 
GLUD1 in GDH-CHI children, of which the amino acid position 
includes S217C, H262Y, R269H, H315Y, Y319H, N410I, N410D, 
R443W, I444M, S445L, D451V, N463Y, S498L, A500T, H507Y 
[4,7-11,13-15] etc. Among more than ten kinds of mutation 
location, R269H in exon 7 was the most commonly seen and was 
highly conserved among species, indicating functional important 
residue. In Chinese population, ABCC8 and KCNJ11 are the most 
common mutation genes in CHI [16]. Relatively fewer cases of 
GLUD1 mutation was reported in Chinese population. During past 
decades, less than 10 cases reported GLUD1 mutation in Chinese 
children [8,10,13,17,18]. In our study, patient 2 had arginine to 
histidine substitution at position 269 within the catalytic domain 
of exon 7, which was one of common mutation site of GLUD1. 
We detected mutation of adenosine to thymine at position 1493 
resulting amino acid change of serine to leucine at position 498 
within GTP binding domain in exon 11 of patient 1 and 3. From 
our point of view, it was suggested mild hypoglycemia at the 
early stage might lead to delay diagnosis of GDH-CHI as well as 
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the development of mental retardation later. Therefore, it is of 
great importance for early recognition and gene analysis and in 
CHI patients. In addition, oral leucine tolerance test is helpful for 
diagnosis.

It was noteworthy that higher frequency of neuro 
developmental disorder, especially seizure and learning 
disability, was reported in GLUD1 mutation than other genes 
[2,4,19]. Pyramidal signs and dystonia were also reported in 
some patients [19]. To be more specifically, recent studies 
reported mutation in exon 6 and 7 increased the risk of childhood 
onset epilepsy [10]. Some researcher explained that over-
activity of GDH disturbed the balance of two neurotransmitters 
(glutamine andgamma-aminobutyric acid) levels in cerebral 
spinal fluid, which played major roles in brain development [19]. 
What’s more, hyperammonemia and hypoglycemia might also be 
involved in neurological impairment. Recent research reported 
sirtuin 4 (SIRT4) inhibited GDH in mitochondrial of glia cell, 
resulting in down regulation of gliogenesis [20]. It might be part 
of pathological mechanism for neurodevelopmental disorder 
in GDH-CHI patients, but further study remained in need to 
explore the detailed neurological phenotype and genotype 
relation. For patient 1 and 2, due to delayed diagnosis of HIHA, 
they had neurodevelopmental disorder several years later 
during infancy. Patient 2 presented convulsion but dynamic EEG 
revealed normal, with R269H substitution at exon 7, suggesting 
significant necessity for follow-up of epilepsy. Defect of brain 
development was found in patient 3 but presence of HIHA was 
as short as one week. In our view, GLUD1 mutation might not 
sufficient to explain the severity of brain damages, including 
communicating hydrocephalus and right frontal subdural 
effusion. Further examination should be done to differentiated 
other possibility for severe brain damage for him. Some research 
reported neurodevelopment disorder could relieve as they grew 
up with well-controlled diet and blood glucose [21-23]. Thus, 
neurodevelopmental symptoms should be focused and monitor 
during long-term follow-up.

Treatment for CHI can be divided into two parts: elevation 
of blood glucose level and decrease serum insulin. For 
hypoglycemia, intravenous glucose therapy was usually required 
to maintain plasma glucose in a normal range, especially when 
acute severe hypoglycemia episodes occurred. Dietary therapy 
consisting of low leucine and high carbohydrate is helpful 
to reduce both the frequency of hypoglycemic episodes and 
requirement for intravenous glucose. For patients with mild 
disease, appropriate diet could be enough for glucose control. 
What’s more, fortification of human milk with adequate protein 
is needed for growth for infants aged 0 to 12 months [24]. For 
reduction of serum insulin, typical pharmacological therapies 
included diazoxide, octreotide and glucagon. Diazoxide, a K-ATP 
channel agonist inhibiting release of insulin from pancreas, is the 
first-line agent for CHI patients. Inspiringly, most patients with 
GLUD1 mutation were responsive to diazoxide both in Chinese 
population and other ethnic groups without K-ATP channel 
mutations [2,16,17]. In our research, for patient 1 and 2, we 

decided dose gradient leucine diet to determine appropriate 
ratio of protein and carbohydrate, which also indicating dose 
dependent effect for leucine induced insulin secretion. For 
patient 1 and 3, diazoxide was also used and dosage was 
monitored based on blood glucose. Blood glucose was under 
control and frequency for convulsion decreased for all three 
patients. Thus, we suggested protein-limited diet to be initial 
treatment for GDH-CHI patients and diazoxide could start for 
better glucose control. Pharmacologic and dietary therapy are 
often successful for glucose control for GDH-CHI patient. Follow-
up study for these three patients are undergoing to evaluate the 
treatment outcome in Chinese population. 

In conclusion, we detected GLUD1 mutation in three CHI 
patients, which improved the genotype-phenotype knowledge 
for better prognosis and treatment for Chinese population. 
Overall, early diagnosis, evaluation and appropriate management 
are essential to avoid the neurodevelopmental consequences 
including epilepsy and learning disabilities for GDH-CHI children. 
Genetic analysis and counsel should be conducted early for both 
affected and suspected patients as well as their pedigree.
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