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Purpose: In patients diagnosed with diabetes mellitus (DM) before the age of 12 
months, there is an increasing recognition of diabetes caused by single-gene 
mutations, also known as monogenic diabetes of infancy or neonatal DM (NDM). 
This study aimed to classify patients at Alexandria University Children’s Hospital 
(AUCH) diagnosed with infantile-onset DM into type 1 DM (T1DM) or NDM and 
to detect differences in molecular characteristics of NDM patients at our center in 
comparison to other countries.
Methods: This retrospective/prospective observational study was conducted on 39 
patients diagnosed with infantile-onset DM (age of onset ≤1 year) at AUCH from 
January 2003 to November 2020. The patients were divided into 2 groups according 
to age at the onset of DM: ≤6 months and >6–12 months. Molecular testing 
was done in patients diagnosed with DM at ≤6 months and those with negative 
autoantibodies.
Results: Twelve patients were diagnosed with DM at age ≤6 months and 27 patients 
were diagnosed between 6–12 months. Seventeen patients (43.6%) had T1DM, 
whereas 9 patients (23.1%) had genetically confirmed NDM, including 3 harboring 
novel mutations. The most common genetic causes of NDM were EIF2AK3 
mutations (n=3), followed by KCNJ11 (n=2) and ABCC8 (n=2). Other mutations 
included SLC19A2 (n=1) and INS (n=1). Three patients with potassium ATP channel 
mutations were transferred from insulin to sulfonylurea treatment.
Conclusion: It is essential to identify patients with NDM clinically and confirm the 
diagnosis by molecular testing to distinguish them from T1DM as it helps in refining 
their management, predicting prognosis, and guiding genetic counseling.
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Highlights

·  This the first study in Alexandria, Egypt, addressing infantile-onset diabetes. We studied 
39 patients diagnosed with diabetes mellitus (DM) at age of onset ≤1 year in Alexandria 
University Children’s hospital. 

·  Seventeen patients (43.6%) had type 1 DM (T1DM), whereas 9 patients (23.1%) had 
genetically confirmed neonatal DM (NDM). Three novel and 6 known mutations causing 
permanent NDM were identified, and most of them presented with DM ≤6 months of age. 

·  Wolcott-Rallison syndrome was the most common cause of NDM (33.3%) in our cohort. 
Three patients had KATP channel mutations, and were transferred from insulin therapy 
to oral SU with improved glycemic control, after several years of being misdiagnosed with 
T1DM. 
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Introduction

Type 1 diabetes mellitus (T1DM) is the most common 
diabetes that occurs in childhood.1) The advent of molecular 
diagnostics has helped to confirm single-gene mutations in 
patients who were originally misdiagnosed as T1DM during 
infancy.2)

Monogenic DM is classified into neonatal diabetes mellitus 
(NDM) or monogenic diabetes of infancy and maturity-onset 
diabetes of the young (MODY). NDM usually presents before 
the age of 6 months, and rarely between 6 months to 1 year. 
Activating mutations in the genes encoding inward-rectifying 
potassium channel (Kir6.2) and sulfonylurea receptor (SUR1) 
subunits of the pancreatic beta (β)-cell (potassium inwardly 
rectifying channel subfamily J member 11 [KCNJ11], and ATP-
binding cassette subfamily C member 8 [ABCC8]) are the most 
common genetic causes of NDM and can be treated with oral 
sulfonylurea (SU). Therefore, confirming a genetic diagnosis 
in these patients can lead to tremendous simplification and 
improvement in their clinical care.3)

To the best of our knowledge, there is a limited number 
of publications about NDM in Egypt and Arab countries. 
Hence, we sought to classify patients with infantile-onset 
DM at Alexandria University Children's Hospital (AUCH) 
according to their type of DM and to investigate differences in 
the molecular characteristics of NDM patients in our cohort 
compared to other countries.

Materials and methods

This was a retrospective/prospective observational study 
conducted on 39 patients with infantile-onset DM between 
January 2003 and November 2020 at AUCH, Alexandria, Egypt. 
The children studied were recruited from the diabetes clinic 
and the diagnosis of DM was made using the International 
Society of Pediatric and Adolescent Diabetes guidelines. Newly-
diagnosed patients were enrolled with a follow-up period of 
at least 6 months. The participants were divided into 2 groups 
according to age at the onset of DM. Group 1 included patients 
diagnosed ≤6 months of age, and group 2 included patients 
diagnosed between the ages of 6–12 months. Patients were then 
subclassified into T1DM or NDM based on antibody levels 
and genetic testing. Patients with transient hyperglycemia due 
to parenteral glucose infusion, septicemia, stress, or drugs were 
excluded.

All patients enrolled in this study were subjected to detailed 
history taking including demographic data, age at DM onset, 
family and perinatal history, and consanguinity. A thorough 
clinical examination was done to detect any associated 
extrapancreatic features.

1. Laboratory investigations

Routine investigations were performed including complete 

blood count, liver, and renal function tests. Blood glucose level, 
venous blood gases, urine dipstick, and serum C-peptide using 
radioimmunoassay were done at onset. Glycated hemoglobin 
(HbA1c) was recorded at onset and the last clinical follow-up 
to assess glycemic control. Pancreatic autoantibodies including 
glutamic acid decarboxylase-65 (anti-GAD-65) antibodies (Abs) 
and anti-insulin Abs were evaluated by radioimmunoassay. Islet 
cell antibodies were estimated by indirect immunofluorescence 
using human pancreatic substrate.

2. Molecular analysis

Comprehensive genetic analysis was performed for patients 
presenting with DM ≤6 months of  age and for patients 
diagnosed between 6–12 months with negative autoantibodies. 
Genomic DNA was isolated from peripheral blood samples 
using a Qiagen DNA Minikit. Genetic testing was performed by 
the Exeter Genomics Laboratory, Exeter, United Kingdom, as 
part of collaborative research work.

Initially, Sanger sequencing was carried out on genes that 
were the most common causes of permanent NDM (PNDM) 
including KCNJ11, ABCC8, and the insulin (INS) gene. In 
addition, eukaryotic translation initiation factor-2 alpha 
kinase-3 (EIF2AK3) testing was performed in patients born to 
consanguineous parents. This was followed by comprehensive 
testing using targeted next-generation sequencing (tNGS) 
of >30 known genes causing NDM in 9 patients for whom 
enough DNA was available. This was done by the analysis of 
the coding regions and conserved splice sites of the following 
genes: KCNJ11, ABCC8, INS, EIF2AK3, AGPAT2, BSCL2, 
CISD2, CNOT1, COQ2, COQ9, EIF2S3, FOXP3, GATA4, 
GATA6, GCK, GLIS3, HNF1B, IER3IP1, IL2RA, INSR, LPL, 
LRBA, MNX1, NEUROD1, NEUROG3, NKX2‐2, PDX1, 
PTF1A, RFX6, SLC2A2, SLC19A2, STAT3, WFS1, and ZFP57 
(Supplementary Table 1). This assay can detect partial, whole 
gene deletions, and duplications as described previously.4) In 
addition, the parents were tested for mutations to confirm 
the pattern of inheritance. Variants were classified using the 
ACMG/AMP guidelines as pathogenic, likely pathogenic, 
uncertain significance, likely benign, or benign.5) Other genes 
causing transient NDM were not tested as all NDM patients in 
the present study had PNDM.

3. Sulfonylurea trial

A SU trial was conducted in patients suspected to have 
potassium ATP (KATP) channel mutations. Glibenclamide was 
started at a dose of 0.2 mg/kg/day and increased gradually by 0.2 
mg/kg weekly until the discontinuation of insulin therapy while 
maintaining normal blood glucose levels.

4. Follow-up

All patients were followed during their hospital admission 
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and afterward in the clinic, and their treatment and DM course 
were recorded.

5. Statistical analysis of the data

Data were analyzed using IBM SPSS Statistics ver. 20.0 (IBM 
Co., Armonk, NY, USA), and P-values of ≤0.05 were considered 
statistically significant.

Results

1. Demographic data and clinical history

The age of DM onset in the patients studied ranged from 
0.5–12 months, with a mean of 7.9±3.8 months. Patients were 
divided into 2 groups according to their age at onset: group 1 
diagnosed with DM ≤6 months of age (12 patients, 30.8%), and 
group 2 diagnosed between 6–12 months (27 patients, 69.2%). 
Patients were classified according to their type of diabetes 
(T1DM, n=17; NDM, n=9; or unidentified genetic mutation, 
n=13).

The median age of the patients at the last follow-up was 3.5 
years, with a male to female ratio of almost 1:1. One-third of the 
patients diagnosed with DM ≤6 months were born to related 

parents; however, no significant difference in consanguinity 
rates was detected in comparison to the other group (33.3% in 
group 1 vs. 18.5% in group 2, P=0.416). Patients diagnosed at 
≤6 months of age had birth weights significantly lower than 
the other group (median 2.7 vs. 3.2 kg, P=0.001). Four patients 
(33.3%) were born small for gestational age (SGA) with a birth 
weight more than -2 standard deviation (SD) below the mean 
for the corresponding gestational age (GA) and sex (Table 1).

2. Clinical presentation

The majority  of  the patients  (92.3%) were init ia l ly 
diagnosed with diabetic ketoacidosis (DKA), while 2 patients 
presented with polyuria, and poor weight gain, and 1 patient 
was asymptomatic and diagnosed incidentally. Associated 
extrapancreatic features are illustrated in Fig. 1. Half of the 
patients in group 1 were short (height >-2 SD below the mean 
for age and sex), with a statistically significant difference 
between the 2 groups (P<0.001). Ten patients (25.6%) had 
associated neurological manifestations (4 patients, 33.3%, 
diagnosed ≤6 months vs. 6 patients, 22.2%, diagnosed 6–12 
months, P=0.693). The most common neurological feature 
was epilepsy detected in 8 patients (20.5%). Three patients 
aged below 6 months at DM onset (25%) were diagnosed with 
Wolcott-Rallison syndrome (WRS) and had recurrent attacks of 

Table 1. Demographic data, history, and initial presentation of the studied patients

Total (n=39)
Age at onset of DM

P-value
Group 1 (≤6 months; n=12) Group 2 (>6-12 months; n=27)

Age (yr) 0.075
Median (range) 3.5 (1.4–17.8) 6.3 (2.4–17.8) 3.1 (1.4–15.6)
Mean±SD 5.7±4.5 7.4±5.1 5±4.1

Sex 0.284
Male 21 (53.8) 8 (66.7) 13 (48.1)
Female 18 (46.2) 4 (33.3) 14 (51.9)

Consanguinity 9 (23.1) 4 (33.3) 5 (18.5) 0.416†

Parents with diabetes 8 (20.5) 1 (8.3) 7 (25.9) 0.394†

Siblings with diabetes 5 (12.8) 3 (25) 2 (7.4) 0.159†

Mother's age at delivery (yr) 0.854
Median (range) 28 (18–43) 28 (20–43) 28 (18–33)
Mean±SD 27.3±4.9 27.6±6.9 27.2±3.9

GA (wk) 0.284
Median (range) 39 (37–40) 39 (38–39) 39 (37–40)
Mean±SD 38.8±0.7 38.7±0.5 38.9±0.7

Birth weight (kg) 0.001*

Median (range) 3 (1.8–5.5) 2.7 (1.8–3.5) 3.2 (2–5.5)
Mean±SD 3.2±0.8 2.6±0.6 3.4±0.7

SGA (<-2 SD) 5 (12.8) 4 (33.3) 1 (3.7) 0.051†

Duration of diabetes (yr) 0.042*

Median (range) 3.4 (0.4–17.8) 6.1 (2.5–17.8) 2.6 (0.4–15)
Mean±SD 5.3±4.5 7.1±5 4.5±4.1

DKA 36 (92.3) 12 (100) 24 (88.9) 0.539†

Values are presented as number (%) unless otherwise indicated.
DM, diabetes mellitus; SD, standard deviation; GA, gestational age; SGA, small for gestational age; DKA, diabetic ketoacidosis.
*Statistically significant at P≤0.05. †Fisher exact.
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ahepatitis, which was precipitated by stress or infection (elevated 
liver enzymes, with or without jaundice, hepatomegaly, and 
abnormal coagulation profile), with a statistically significant 

difference in comparison to the other group (P=0.024).
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Fig. 1. Comparison between the 2 ages of the onset groups according to associated extrapancreatic features.

Table 2. Comparison between the 2 studied groups according to laboratory investigations, and treatment

Variable Total (n=39)
Age at onset of DM

P-value
Group 1 (≤6 months; n=12) Group 2 (>6-12 months; n=27)

RBG level at diagnosis (mg/dL) 0.142
Median (range) 526 (270–710) 553 (300–710) 518 (270–700)
Mean±SD 505.56±103.2 542.1±94.4 489.2±104.4

pH at diagnosis 0.391
Median (range) 7 (6.8–7.5) 7 (6.9–7.3) 7 (6.8–7.5)
Mean±SD 7.1±0.2 7±0.2 7.1±0.2

C-peptide at diagnosis (ng/mL) 0.221
Median (range) 0.2 (0–0.9) 0.1 (0–0.9) 0.3 (0–0.8)
Mean±SD 0.2±0.2 0.2±0.3 0.3±0.2

HbA1c at diagnosis (%) 0.978
Median (range) 8.5 (5.8–15.6) 8.8 (5.8–15.6) 8.5 (6.6–15.4)
Mean±SD 9±2 9±2.5 9±1.8

HbA1c at last F/U (%) 0.307
Median (range) 8.7 (4.9–15) 8.2 (4.9–12.2) 9.1 (5.9–15)
Mean±SD 8.9±2.1 8.4±2.1 9.2±2

Anti-GAD-65 Ab (IU/L) 15 (38.5) 1 (8.3) 14 (51.9) 0.013*,‡

Anti-insulin Ab (U/mL) 3 (7.7) 1 (8.3) 2 (7.4) 1.000‡

Insulin dose at diagnosis (U/kg/day) 0.219
Median (range) 0.8 (0.4–1.2) 0.8 (0.4–1.1) 0.8 (0.5–1.2)
Mean±SD 0.8±0.2 0.7±0.2 0.8±0.2

Insulin dose at last F/U (U/kg/day) (n=36)† (n=9)† (n=27) 0.408
Median (range) 1 (0.3–2) 1 (0.3–1.4) 1 (0.6–2)
Mean±SD 1.1±0.4 1±0.3 1.1±0.4

Values are presented as number (%) unless otherwise indicated.
DM, diabetes mellitus; RBG, random blood glucose; SD, standard deviation; HbA1c, glycated hemoglobin; F/U, follow-up; Anti-GAD-65, 
antiglutamic acid decarboxylase 65; Ab, antibody.
*Statistically significant at P≤0.05. †Missed cases stopped insulin. ‡Fisher exact.
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3. Laboratory investigations

Laboratory investigations including random blood glucose, 
pH, C-peptide, HbA1c, anti-GAD-65, and anti-insulin 
antibodies are shown in Table 2. All patients presenting with 
DKA had positive urinary ketones (≥2+) by urine dipstick. Anti-
islet cell antibody was negative in all patients. Anti-GAD-65 

antibody was positive in 51.9% of the patients diagnosed >6 
months, whereas only one patient in group 1 (8.3%) was positive 
(P=0.013).

4. Genetic testing

Causative genetic mutations were detected in 9 out of 39 
patients (23.1%), including 3 novel and 6 known mutations. A 
genetic diagnosis was confirmed in 7 patients (58.3%) in group 1 
and 2 patients (7.4%) in group 2 (P=0.001) as illustrated in Fig. 2. 
A genetic mutation could not be identified in 13 infantile-onset 
diabetic patients; 3 of them were likely to have autoantibody-
negative T1DM (T1bDM) with family members diagnosed 
with T1DM together with autoimmune thyroid diseases. T1DM 
was diagnosed in 17 patients (43.6%) with positive pancreatic 
autoantibodies; most of them were in group 2 (55.6%, 15 of 27 
patients). The type 1 DM genetic risk score (T1D-GRS) was 
calculated in only one patient diagnosed with diabetes at 11 
months with negative pancreatic autoantibodies and found to 
be 11.3 (75th percentile) confirming early-onset T1DM.6)

The clinical and molecular characteristics of the patients 
with a confirmed genetic diagnosis are summarized in Tables 
3 and 4. The most common genetic cause of DM in our cohort 

Table 3. Clinical characteristics of patients with neonatal diabetes mellitus (n=11)

Patient
No. Diagnosis Sex GA

(wk)
B.wt
(kg)

Age at
onset
(mo)

Consan-
guinity

Family
history 

of 
diabetes

C-peptide
at 

diagnosis

HbA1c at 
diagnosis DKA

Age at 
last F/U

(yr)

HbA1c
at last 

F/U

Wt 
z-score

Ht 
z-score SU trial Associated features

1 EIF2AK3 F 39 1.900 4 Yes Yes 0.12 9.3% Yes 3 8.3% -4.56 -4.2 No Liver failure, hepato-
megaly, neutropenia

2 EIF2AK3 M 38 2.900 1.5 Yes Yes 0.13 5.8% Yes 2.4 7.8% -2.79 -4.38 No Liver failure, hepato-
megaly, neutropenia, 
h y p o t h y r o i d i s m , 
epiphyseal dysplasia

30 EIF2AK3 M 39 3 3 Yes No 0.01 7.9% Yes 13.6 11.1% -5.78 -5.96 No Liver failure, hypothy-
roidism, epiphyseal 
dysplasia

20 ABCC8 F 38 3 9 No Yes 0.57 11.2% No 15.6 15% -1.08 -1.59 No -
16 ABCC8 M 38 2 2 No No 0.86-1.87* 15.6% Yes 17.8 8% -0.94 -1.79 Yes, 

Successful
Neurological manife-

stations: epilepsy, 
DD, squint, muscle 
weakness

3 INS F 38 2 2 No No 0.1 8.39% Yes 3 8.9% -0.56 0.02 No -
37 KCNJ11 F 39 1.750 0.5 No No 0.11- 1.62* 9.9% Yes 8.7 7.1% -1.74 -2.96 Yes,

Successful
Neurological manife-

stations: DD, muscle 
weakness

39 KCNJ11 M 39 3.5 4 No No 0.34-1.95* 6.4% Yes 6 6.5% -0.87 -0.88 Yes,
Successful

-

32 SLC19A2 F 39 3 12 Yes No 0.1 7% No 3.5 5.86%† 1.22 -1.07 No Neurological manife-
stations: epilepsy, 
stroke, optic atrophy, 
S N H L ,  a n e m i a , 
thrombocytopenia, 
neutropenia

GA, gestational age; B.wt, birth weight; HbA1c, glycated hemoglobin; DKA, diabetic ketoacidosis; F/U, follow-up; Wt, weight; Ht, height; 
SU, sulfonylurea; DD, developmental delay; SNHL, sensory neural hearing loss.
*After sulphonylurea, †HbA1c after thiamine therapy.

Fig. 2. Cause of diabetes mellitus (DM) in the studied patients according to the 
age of onset.
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was EIF2AK3 mutations causing WRS detected in 3 patients 
(33.3%), all born to consanguineous parents. Two of  the 
identified EIF2AK3 mutations in the present study were known, 
while a homozygous novel missense mutation [c.3191G>A, 
p.(Arg1064Gln)] was identified in 1 patient. This variant is not 
listed in the GnomAD database, it affects a highly conserved 
residue located in the protein kinase domain of the EIF2AK3 
protein and was classified as likely to be pathogenic.

Activating mutations in the potassium ATP (KATP) channel 
genes were the second most common cause of NDM with 2 

patients having mutations in KCNJ11 (22.2%) and 2 in ABCC8 
(22.2%) as demonstrated in Fig. 3. Three patients with KATP 
channel mutations started a trial of SU while awaiting the 
results of their genetic testing and were successfully transferred 
from insulin to oral SU within 2 months. SU was started at a 
dose of 0.2 mg/kg/day and increased gradually according to 
blood glucose levels. The doses of SU ranged from 0.5 to 1.29 
mg/kg/day. The 2 probands with KCNJ11 gene mutations 
required a lower dose of SU and a shorter time to switch to SU 
than the one with ABCC8 gene mutation as shown in Table 5. 
A patient diagnosed with DM at 7 months was found to have 
a novel heterozygous ABCC8 genetic variant of uncertain 
significance [p.(Gly1256Ser)] and was planned to start a trial of 
oral SU. Unfortunately, the parents refused and the patient was 
noncompliant.

Other genetic mutations identified in the current study 
included a de novo  INS  pathogenic variant in a patient 
diagnosed with DM at 2 months and a homozygous SLC19A2 
mutation causing thiamine-responsive megaloblastic anemia 
(TRMA) in one patient who had pancytopenia with elevated 
reticulocyte count (5%) and negative Coombs test. She was 
diagnosed with stroke and DM at the age of 12 months (random 
blood sugar 300 mg/dL and elevated HbA1c 7% even though 
she had hemolytic anemia). In addition, she had bilateral 
optic atrophy and sensorineural hearing loss. Bone marrow 
biopsy stained with Prussian blue stain showed a picture of 
sideroblastic anemia. After thiamine therapy, her hematological 

Table 4. Molecular characteristics of patients with neonatal diabetes mellitus (n=11)
Patient
No.

Genetic
mutation

DNA 
description

Protein 
description Consequence Location

chromosome
Location 

exon Zygosity Novelty Classification Inheritance

1 EIF2AK3 c.3191G>A p.(Arg1064Gln) Missense Chr2 17 Homozygous Novel Likely pathogenic Maternal, 
paternal

2 EIF2AK3 c.85_136dup p.(Leu46fs) Frameshift Chr2 1 Homozygous Known Pathogenic Maternal, 
paternal

30 EIF2AK3 c.1147G>T p.(Glu383Ter) Nonsense Chr2 6 Homozygous Known Pathogenic Maternal, 
paternal

20 ABCC8 c.3766G>A p.(Gly1256Ser) Missense Chr11 6 Heterozygous Novel Uncertain 
significance

ND

16 ABCC8 c.970G>A p.(Val324Met) Missense Chr11 6 Heterozygous Known Pathogenic Not maternal
c.4220G>T p.(Gly1407Val) Missense Chr11 35 Heterozygous Known Uncertain 

significance
Maternal 

heterozygous 
uncertain 

significance
37 KCNJ11 c.1001G>T p.(Gly334Val) Missense Chr11 1 Heterozygous Known Pathogenic De novo
39 KCNJ11 c.679G>A p.(Glu227Lys) Missense Chr11 1 Heterozygous Known Pathogenic ND
3 INS c.265C>T p.(Arg89Cys) Missense Chr11 3 Heterozygous 

dominant
Known Likely Pathogenic De novo

32 SLC19A2 c.1370del p.(Leu457Ter) Nonsense Chr1 6 Homozygous Known Pathogenic Maternal, paternal
Chr, chromosome; ND, not done.

Fig. 3. Neonatal diabetes mellitus (DM) subtypes in the studied patients 
according to the age of onset.

Table 5. Neonatal diabetes mellitus patients with a successful switch to oral SU
Patient No. Age of onset of DM (mo) Age of SU trial (yr) Duration of transition from insulin to SU Dose of SU needed Genetic diagnosis
16 2 17.25 8 weeks 1.29 mg/kg/day ABCC8
37 0.5 8.5 3 weeks 0.7 mg/kg/day KCNJ11
39 4 8.6 1 week 0.5 mg/kg/day KCNJ11
SU, sulfonylurea; DM, diabetes mellitus.
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findings, and HbA1c (5.8%) normalized, and her insulin 
requirements decreased from 1 to 0.7 U/kg/day.

Two patients were diagnosed with extremely early-onset 
T1DM at the age of 6 months. One patient with positive anti-
GAD-65 Ab titer of 2,000 IU/ml (normal <10) had 5 siblings 
diagnosed with T1DM, whereas the other patient was positive 
only for anti-insulin Ab and had celiac disease. Three patients 
(25%) in group 1 had negative pancreatic autoantibodies, yet 
no genetic mutation causing their DM could be identified. One 
of these patients is likely T1bDM and has a history of maternal 
autoimmune thyroid disease and his paternal uncle has T1DM.

Discussion

The increased availability of genetic testing has allowed 
increased focus on the molecular basis of infantile-onset DM, 
with a single-gene mutation causing DM in some patients 
rather than autoimmunity. Monogenic DM patients (NDM and 
MODY) are often misdiagnosed as having T1DM, however, 
their pathogenesis, management, and prognosis differ.

Twelve patients (19.4%) in our cohort were diagnosed with 
DM within the first 6 months of life and were most likely to 
have a genetic mutation. NDM diagnosed before 6 months of 
age is rare (1:100.000 live births) in comparison to the incidence 
of T1DM, which is commonly diagnosed after the age of 6 
months. Indeed, Rubio-Cabezas and Ellard7) reported that the 
age at DM onset can be considered a cornerstone in diagnosing 
NDM, as most infants diagnosed before 6 months are less likely 
to be T1DM.8)

In the present study, we have included all patients diagnosed 
before 1 year so as not to miss the rare monogenic diabetes 
cases diagnosed >6 months (e.g., INS gene mutations).9,10) The 
median age at DM onset in our cohort was 9 months, which 
is higher than in other studies, such as Abujbara et al.11) on 
PNDM patients in Jordan where the median age was younger 
(4–8 weeks) because only patients diagnosed <6 months were 
included.

Rare genetic conditions with autosomal recessive inheritance 
are common in consanguineous pedigrees. 7) This can 
potentially explain the higher percentage of patients born to 
consanguineous parents in group 1 (33.3% vs. 18.5% in group 
2) as they are more likely to have a monogenic cause of DM, 
which can be inherited in an autosomal recessive manner such 
as WRS. The rate of consanguinity in our cohort was lower 
than in similar studies. For example in a study by Abujbara et 
al.,11) consanguinity was present in 45.5% (n = 10) of the patients, 
whereas other studies in Arab countries and a Turkish cohort 
showed that the majority of patients (89%) were born to first-
degree consanguineous parents.12,13)

Iafusco et al.14) studied the clinical, genetic, and epidemiolo-
gical features of patients diagnosed with diabetes in the first 
year of life in Italy and reported a higher percentage of preterm 
neonates (GA<37 weeks) among patients diagnosed before 6 
months of age compared to those diagnosed after (15.4% vs. 
2.7%, P=0.06). We did not see a significant difference in our 

cohort with a median GA of 39 weeks in both age groups.
Patients diagnosed ≤6 months of age had birth weights 

significantly lower than the other group (P=0.001). This is 
consistent with the majority of individuals in this group having 
a genetic etiology (such as mutations in KCNJ11, ABCC8, INS, 
and EIF2AK3), likely resulting in insulin deficiency in utero and 
affecting intrauterine anabolism and growth. This is similar to 
reports from other NDM cohort studies.11,14)

The probability of having DM with a monogenic cause was 
higher in patients who were born SGA, as 4 out of 5 patients 
with SGA were diagnosed with NDM ≤6 months of age and 
had a confirmed genetic diagnosis (33.3% of group 1). Similarly, 
Iafusco et al.14) reported that two-thirds of infants diagnosed 
with DM in the first 6 months were born SGA, in contrast to 
15% of those presenting at 6–12 months (P=0.001). Moreover, 
Johnson et al.15) reported that infants diagnosed with DM at 
<6 months of age with high T1D-GRS had low birth weights 
compared with the World Health Orgnization international 
reference population (median z-score, -0.89 SD, n=48).

All patients diagnosed with DM ≤6 months presented with 
DKA, which might have been due to a delay in diagnosis due 
to the difficulty of interpreting the symptoms in this age group. 
This is in agreement with Letourneau et al.16) who studied 88 
cases with DM presenting <13 months of age in the University 
of Chicago Monogenic Diabetes Registry and reported a high 
risk of DKA with an overall frequency of 66.2%. We did not 
detect a statistically significant difference in rates of DKA 
presentation in the current study, which could be explained by 
the smaller number of patients (n=39).

The median HbA1c at diagnosis was 8.8% in patients 
diagnosed ≤6 months of age, even though hemoglobin (Hb) F 
is more prevalent than HbA at this age. Similarly, the median 
HbA1c in patients with NDM in Turkey was 10.2% (5.8%–
17.1%) in the study by Öngen et al.17)

In the present study, 15 patients (38.5%) were positive for 
anti-GAD-65 Ab and 3 patients were positive for anti-insulin 
Ab (7.7%). Most of the patients with positive anti-GAD-65 Ab 
were diagnosed between 6–12 months (14 patients, 51.9%), 
with a statistically significant difference in comparison to those 
diagnosed ≤6 months of age (P=0.013). This is similar to the 
study by Huopio et al.18) reporting positive DM-associated 
autoantibodies in 40% of patients diagnosed with early-onset 
DM during the first 6 months of life versus 70.8% of those 
diagnosed between 7–12 months in Finland.

We identified 3 novel and 6 known mutations causing 
PNDM in our cohort. More than 75% of patients with a genetic 
diagnosis presented with DM ≤6 months of age. WRS caused by 
EIF2AK3 gene mutations was the most common cause of NDM 
accounting for 42.9% of patients diagnosed at age ≤6 months. 
This was similar to that reported in the study by Asl et al.19) 
with 28 of 124 Iranian NDM cases (22.58%) having a recessive 
mutation in EIF2AK3. On the other hand, Öngen et al.17) 
reported that ABCC8 was the most common mutation causing 
NDM in their Turkish cohort (6 of 16 patients), followed by 
KCNJ11 and EIF2AK3 gene mutations (3 of 16).
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The 3 patients with WRS in our cohort were born to 
consanguineous parents, who were confirmed to be hetero-
zygous carriers for the EIF2AK3 pathogenic variant. Two of 
those patients had siblings diagnosed with NDM who died 
of fulminant liver failure during infancy. WRS patients in the 
present study had variable phenotypic characteristics including 
hepatomegaly, neutropenia, nonautoimmune hypothyroidism, 
and epiphyseal dysplasia. They all had short stature and 
recurrent attacks of liver dysfunction. In consanguineous 
families with a high level of homozygosity, PNDM is commonly 
associated with syndromic forms of DM such as WRS which 
has been reported to be the most frequent cause.7,20)

The second most common cause of NDM in our cohort 
were KATP channel mutations, which can respond to oral SU 
that acts on SUR1 in the pancreatic β cell, leading to the closure 
of the KATP channel and causing membrane depolarization. 
This eventually causes calcium influx, and insulin secretion 
explaining the increase in C-peptide levels after SU treatment.21)

Three of the 4 patients with KATP mutations (2 patients with 
KCNJ11 and 1 with an ABCC8 mutation) were transferred from 
insulin therapy to oral SU (glibenclamide) at an age of more 
than 8 years, with improved glycemic control and normalization 
of fasting C-peptide levels. One patient was referred to our 
hospital at the age of 8 years, and 2 patients were followed up 
in our diabetes clinic. One of the patients had a failed trial 
of transferring to SU during infancy, whereas the other was 
the eldest patient with NDM in the current study and was 
diagnosed 17 years ago when molecular testing for NDM was 
not as advanced. None of the patients reported side effects from 
glibenclamide tablets or attacks of hypoglycemia. This is in 
concordance with a study by Bowman et al.,22) a large cohort of 
PNDM patients with KCNJ11 mutations were given a high SU 
dose, resulting in better glycemic control for at least 10 years.

KATP channels are also expressed in the brain. Therefore, 
treatment with SU can also improve neurological manifestations 
in patients with developmental delay, epilepsy, and neonatal 
diabetes syndrome caused by the KATP channel mutations.23) 
None of the KATP channel mutations identified in this study 
are commonly associated with a neurological phenotype. 
However, one patient with a KCNJ11 mutation had cerebral 
palsy (hemiplegic type) due to hypoxic-ischemic insult at 
birth. Another patient diagnosed with an ABCC8 mutation 
had epilepsy, global developmental delay, muscle weakness, 
and squint, and his brain imaging showed left occipito-
parietal vascular malformation with cortical and subcortical 
hemorrhagic lesions, and gyral calcification of the left parietal 
lobe even though the ABCC8 gene mutation is not commonly 
associated with neurological symptoms. It was difficult to assess 
if neurological improvement occurred with SU as the treatment 
started years after diagnosis.

A heterozygous dominant INS gene mutation was identified 
in one patient, who had no extrapancreatic manifestations as 
INS is mostly expressed in pancreatic β-cells.10) Mutations in the 
INS gene lead to misfolding of the proinsulin protein resulting 
in increased endoplasmic reticulum stress, slow progressive 

β-cell destruction, and eventually apoptosis.24)

One patient was diagnosed with TRMA and had a family 
history of optic atrophy and DM. This highlights the importance 
of history taking in the interpretation of NDM subtypes and 
how crucial it is to reach an accurate diagnosis for the genetic 
counseling of the family.

This is the first study in Alexandria, Egypt, addressing 
infantile-onset DM and identifying patients with monogenic 
DM, including novel and known NDM gene mutations. Three 
of our patients stopped insulin and were transferred to oral SU 
after several years of being misdiagnosed with T1DM. However, 
our study has some limitations. The present study included a 
small number of patients diagnosed ≤6 months of age (n=12). 
Seven patients were tested for pancreatic autoantibodies 
after 5 years of diagnosis with DM. Hence, negative values 
might be due to the waning of antibodies or T1bDM rather 
than a monogenic cause. Other autoantibodies (islet antigen 
2 antibody and zinc transporter 8 antibody) were not tested 
as they were not available. In addition, it was not possible to 
conduct a tNGS analysis of all patients with negative antibodies 
due to the limited availability of DNA.

 In conclusion, the identification of patients with NDM 
either clinically or by molecular testing and distinguishing 
them from T1DM is essential as it helps in refining their 
management, predicting their prognosis, and determining 
the risk of recurrence. Our study highlights the importance of 
genetic testing, even years after the initial diagnosis. Similar 
to other Arab countries, WRS is the most common genetic 
mutation identified in our center in Alexandria, Egypt, despite 
the prevalence of consanguinity being lower in our cohort.

Ethical statement

Approval of Alexandria University Ethical Committee on 
31/12/2018 (number: 0201183), and informed consent from 
parents or legal guardians of all patients included in the study 
was obtained. 

Notes

Supplementary material: Supplementary Table 1 can be found 
via https://doi.org/10.6065/apem.2142184.092.

Conflicts of interest: No potential conflict of interest relevant 
to this article was reported.

Funding: This study received no specific grant from any funding 
agency in the public, commercial, or not-for-profit sectors.

Acknowledgments: We are grateful to Prof. Dr. Sian Ellard, Prof 
Andrew Hattersley, and Exeter University, Exeter, UK, for their work 
and collaboration in the genetic analysis of our patients and we thank 
Prof. Dr. Magdy Omar, Professor of Pediatrics, Alexandria Faculty of 
Medicine, for his continuous support.

Data availability: The data that support the findings of this study 
can be provided by the corresponding author upon reasonable 
request.

http://'


Abdelmeguid Y, et al. • Infantile-onset DM in Egypt

222 www.e-apem.org

Author contribution: Conceptualization: YA, EM, SE; Data 
curation: YA, EM, SE; Formal analysis: YA, EM, SE; Methodology: 
YA, IM; Project administration: EM; Visualization: EM, IM; Writing 
- original draft: YA; Writing - review & editing: YA, IM, EDF, SE

ORCID
Yasmine Abdelmeguid: 0000-0003-3665-0729
Ehsan Wafa Mowafy: 0000-0002-3280-7082
Iman Marzouk: 0000-0002-6692-0243
Elisa De Franco: 0000-0002-1437-7891
Shaymaa Elsayed: 0000-0002-2984-8924

References

1. Mayer-Davis EJ, Kahkoska AR, Jefferies C, Dabelea D, 
Balde N, Gong CX, et al. ISPAD clinical practice consensus 
guidelines 2018: definition, epidemiology, and classification 
of diabetes in children and adolescents. Pediatr Diabetes 
2018;19 Suppl 27(Suppl 27):7-19.

2. De Franco E, Flanagan SE, Houghton JA, Lango Allen 
H, Mackay DJ, Temple IK, et al. The effect of  early, 
comprehensive genomic testing on clinical care in 
neonatal diabetes: an international cohort study. Lancet 
2015;386:957-63.

3. Edghill EL, Flanagan SE, Ellard S. Permanent neonatal 
diabetes due to activating mutations in ABCC8 and 
KCNJ11. Rev Endocr Metab Disord 2010;11:193-8.

4. Ellard S, Lango Allen H, De Franco E, Flanagan SE, 
Hysenaj G, Colclough K, et al. Improved genetic testing 
for monogenic diabetes using targeted next-generation 
sequencing. Diabetologia 2013;56:1958-63.

5. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster 
J, et al. Standards and guidelines for the interpretation of 
sequence variants: a joint consensus recommendation of 
the American College of Medical Genetics and Genomics 
and the Association for Molecular Pathology. Genet Med 
2015;17:405-24.

6. Patel KA, Oram RA, Flanagan SE, De Franco E, Colclough 
K, Shepherd M, et al. Type 1 diabetes genetic risk score: a 
novel tool to discriminate monogenic and type 1 diabetes. 
Diabetes 2016;65:2094-9. 

7. Rubio-Cabezas O, Ellard S. Diabetes mellitus in neonates 
and infants: genetic heterogeneity, clinical approach to 
diagnosis, and therapeutic options. Horm Res Paediatr 
2013;80:137-46.

8. Hattersley A, Bruining J, Shield J, Njolstad P, Donaghue KC. 
The diagnosis and management of monogenic diabetes in 
children and adolescents. Pediatr Diabetes 2009;10:33-42.

9. Edghill EL, Flanagan SE, Patch AM, Boustred C, Parrish 
A, Shields B, et al. Insulin mutation screening in 1,044 
patients with diabetes: mutations in the INS gene are a 
common cause of neonatal diabetes but a rare cause of 
diabetes diagnosed in childhood or adulthood. Diabetes 
2008;57:1034-42.

10. Colombo C, Porzio O, Liu M, Massa O, Vasta M, Salardi S, 
et al. Seven mutations in the human insulin gene linked to 
permanent neonatal/infancy-onset diabetes mellitus. J Clin 

Invest 2008;118:2148-56.
11. Abujbara MA, Liswi MI, El-Khateeb MS, Flanagan SE, 

Ellard S, Ajlouni KM. Permanent neonatal diabetes mellitus 
in Jordan. J Pediatr Endocrinol Metab 2014;27:879-83.

12. Al-Khawaga S, Mohammed I, Saraswathi S, Haris B, Hasnah 
R, Saeed A, et al. The clinical and genetic characteristics of 
permanent neonatal diabetes (PNDM) in the state of Qatar. 
Mol Genet Genomic Med 2019;7:e00753.

13. Demirbilek H, Arya VB, Ozbek MN, Houghton JAL, Baran 
RT, Akar M, et al. Clinical characteristics and molecular 
genetic analysis of 22 patients with neonatal diabetes from 
the South-Eastern region of Turkey: predominance of non-
KATP channel mutations. Eur J Endocrinol 2015;172:697-
705.

14. Iafusco D, Stazi MA, Cotichini R, Cotellessa M, Martinucci 
ME, Mazzella M, et al. Permanent diabetes mellitus in the 
first year of life. Diabetologia 2002;45:798-804.

15. Johnson MB, Patel KA, De Franco E, Hagopian W, Killian M, 
McDonald TJ, et al. Type 1 diabetes can present before the 
age of 6 months and is characterised by autoimmunity and 
rapid loss of beta cells. Diabetologia 2020;63:2605-15.

16. Letourneau LR, Carmody D, Wroblewski K, Denson AM, 
Sanyoura M, Naylor RN, et al. Diabetes presentation in 
infancy: high risk of diabetic ketoacidosis. Diabetes Care 
2017;40:e147-8.

17. Öngen YD, Eren E, Demirbaş Ö, Sobu E, Ellard S, De Franco 
E, et al. Genotype and phenotype heterogeneity in neonatal 
diabetes: a single centre experience in Turkey. J Clin Res 
Pediatr Endocrinol 2021;13:80-7.

18. Huopio H, Miettinen PJ, Ilonen J, Nykänen P, Veijola 
R, Keskinen P, et al. Clinical, genetic, and biochemical 
characteristics of early-onset diabetes in the Finnish 
population. J Clin Endocrinol Metab 2016;101:3018-26.

19. Asl SN, Vakili R, Vakili S, Soheilipour F, Hashemipour M, 
Ghahramani S, et al. Wolcott-Rallison syndrome in Iran: a 
common cause of neonatal diabetes. J Pediatr Endocrinol 
Metab 2019;32:607-13.

20. Habeb AM, Deeb A, Johnson M, Abdullah M, Abdulrasoul 
M, Al-Awneh H, et al. Liver disease and other comorbidities 
in Wolcott-Rallison syndrome: different phenotype and 
variable associations in a large cohort. Horm Res Paediatr 
2015;83:190-7.

21. Ashcroft FM. ATP-sensitive potassium channelopathies: 
focus on insulin secretion. J Clin Invest 2005;115:2047-58.

22. Bowman P, Sulen Å, Barbetti F, Beltrand J, Svalastoga P, 
Codner E, et al. Effectiveness and safety of long-term 
treatment with sulfonylureas in patients with neonatal 
diabetes due to KCNJ11 mutations: an international cohort 
study. Lancet Diabetes Endocrinol 2018;6:637-46.

23. Gloyn AL, Diatloff-Zito C, Edghill EL, Bellanné-Chantelot 
C, Nivot S, Coutant R, et al. KCNJ11 activating mutations 
are associated with developmental delay, epilepsy and 
neonatal diabetes syndrome and other neurological 
features. Eur J Hum Genet 2006;14:824-30.

24. Liu M, Sun J, Cui J, Chen W, Guo H, Barbetti F, et al. INS-
gene mutations: from genetics and beta cell biology to 
clinical disease. Mol Aspects Med 2015;42:3-18.

https://orcid.org/0000-0003-3665-0729
https://orcid.org/0000-0002-3280-7082
https://orcid.org/0000-0002-6692-0243
https://orcid.org/0000-0002-1437-7891
https://orcid.org/0000-0002-2984-8924

