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Neonatal Diabetes

INTRODUCTION

Diabetes mellitus (DM) presenting as hyperglycemia
during the first 6 months of life is a rare disorder that
affects all races and ethnic groups and is increasingly
being recognized as a separate entity. This form of insulin
sensitive hyperglycemia has been termed “congenital
diabetes mellitus” or “neonatal diabetes mellitus (NDM)”
and is usually of genetic origin. Though technically, the
neonatal period limits itself to the first 4 weeks of life, the
term NDM has been used for diabetes with onset up to
6 months of life and most of these cases appear to have
a monogenic form of inheritance due to a single gene

mutation.'* Although rarely NDM may present after 6

months of age, we propose the term infantile onset for
those with onset more than 6 months of age. NDM pre-
sents as hyperglycemia, failure to thrive and in some
cases, dehydration and ketoacidosis, which may be
severe often with coma in an infani and occurs within the
first few months of life.® NDM is rare with an incidence
of 1:100,000-300,000 newborns.*® Neonatal diabetes is
heterogeneous and can be transient neonatal diabetes
mellitus (TNDM) or permanent neonatal diabetes mellitus

(PNDM). Insulin production is inadequate and therefore
exogenous insulin therapy is required although some
neonates with specific mutations in the ABCC8 or KCNJ11
genes may respond to sulfonylurea agents. Hyperglycemia
in a neonate could be due to other factors like sepsis,
higher infusion rates of glucose or prematurity. However,
these conditions are transient and usually resolve with
correction of the underlying process and do not need
insulin therapy for long. The incidence, etiopathogenesis,
presentation and management of NDM are discussed in
this chapier.

CLASSIFICATION OF NEONATAL
DIABETES MELLITUS

Neonatal diabetes is classified into two types: (1) TNDM
and (2) PNDM. In addition, there are other forms with
other genetic syndromes. '

Transient Neonatal Diabetes Mellitus

Transient neonatal diabetes mellitus usually presents
within the first few weeks of life. It needs insulin for
at least 2 weeks and resolves by a median 12 weeks.
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Rarely, it lasts until 12 months of age. In the west, TNDM
represents 50-60% of cases of neonatal diabetes.’ In our
series of NDM, 5% had TNDM.® The commonest genetic
mutation is the chromosome 6q24-related (PLAGLI
HYMAI, ZFP57 gene), which accounts for nearly 70% of
all the TNDM cases.’*? Two imprinted genes ZAC (zinc
finger protein associated with apoptosis ang cell cycle
arrest) and HYMAT (imprinted in hydatidiforrn motle)

present in the 6q region were identified as potential

candidates for this imprinting disorder. Paternal unipa-
rental disomy of chromosome 6, duplication of 6924
region on the paternal allele and hypomethylation of
the maternal differentially, methylated region (a CpG
island overlapping exon lof ZAC/HYMAI) account for
the 6q related;TNDl\/I.‘2 K,,, channel mutations account
for 25% of TNDM.™" The mutations seen in TNDM are
sumrmarized in Table 27.1.

The cardinal features of TNDM are severe intrauterine
growth retardation, hyperglycemia, dehydration, and
absence of ketoacidosis. Neonates may present with
breathlessness, lethargy and poor feeding. Insulin is
required for fetal growth, and severe growth retardation
could be due to insulin deficiency. Hyperglycemia is
usually identified during routine investigations. Infants
with 6q 24 related mutations may have macroglossia.
Though transient, DM may recur in the pediatric age
range, or later in adulthood in over 50% of cases. Annual
evaluation for hyperglycemia is therefore mandatory in
- all children with TNDM during the remission phase.
During relapse initial management may be by diet
modification but subsequently, they may need insulin,
as the response of oral sulfonylurea is uncertain. Women
who have had 6g24-TNDM are at risk of relapse of
diabetes during pregnancy. Thus, the “transient” form of
the disease is most likely a permanent B-cell defect with
variable expression during growth and development.
Considerable overlap occurs between TNDM and PNDM
and hence they cannot be distinguished based on clinical
features alone and can only be differentiated based on
genetic testing. However, in general, those with TNDM
have lower insulin requirement in comparison to PNDM.®

Permanent Neonatal Diabetes Mellitus

This is a form of NDM which does not go into remission.
Unlike western literature, in our series of 33 NDM children
from India, we noted that 61% had PNDM and only 5% had
TNDM.¢ About 60-75% of the PNDM with onset less than
6 months of age were found to be of genetic origin.” Based
on the genetics of neonatal diabetes, they could be either
syndromic or non-syndromic. The etiology of PNDM is
summarized in Table 27.2.

ABCC8B Gene

The adenosine triphosphate {(ATP} binding cassette sub
family C member 8 {ABCC8) gene which encodes the
four sulfonylurea receptors of the ATP sensitive potas-
siuim channels that regulates insulin secretion. It is

“located at 11p 15.1. Mutations in ABCC8 can lead to both

hyperinsulinism and hypoinsulinism. Activating muta-
tions of the ABCC8 gene lead to decreased insulin secre-
tion and neonatal diabetes. About 20% of permanent
necnatal DM is due to ABCC8 mutation, which is inherited
either as autosomal dominant or recessive pattermn.
ABCC8 gene mutations that cause permanent neonatal
DM result from single amino acid changes in the protein
sequence, leading to K, , channels that do not close and
reduced insulin secretion from beta cells. Babies with
this mutation usually present with low birth weight and
DM during the first 6 months of life. Neurological dysfunc-
tion may be a key feature in some with PNDM due to
ABCCS8 mutation.'*" Transient hyperglycemia in neonatal
period may be followed by permanent diabetes later in life.

KCNJ11T Mutations

KCNJ11 is the potassium inwardly rectifying channel
subfamily ] member iI gene locaied at the 1lp 15.1
chromosome. Mutations in the KCNJI1 gene encoding
the Kir6.2 subunit of the beta-cell K, , channel accounts
for the majority of children with diabetes diagnosed in the
first 6 months of life.® The mutations are predominahtly
spontaneous but may be due to autosomal dominant
inheritance and paternal mosaicism. Nearly, 30% of them
present with ketoacidosis and developmental delay is
reported in 20-40% of children.%®*% In a few patients,
KCNJ11 mutations cause @ triad of developmental delay,

. epilepsy, and neonatal diabetes which is called DEND

syndrome. It probably results from mutated K, , channels
in muscle, nerve and brain. The variant without epilepsy
is called iDEND.? Studies have been performed to identify
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Table 27.2: Types of permanent neonatal diabetes meflitus based on genetic mutations

(IPEX: Immune dysregualtion po!yendocrinopaihy enteropathy. X-linked)

the association between potassium inwardly-rectifying
channel, subfamily ], member 11 (KCNJi1) gene and
type 2 diabetes mellitus (T2DM) and the resulis have
been inconsistent.*

Treatment with oral sulfonylurea results in good
glycemic control and improvement in epilepsy and
psychomotor abilities. Hence there is a need for a definitive
genetic diagnosis in children with neonatal DM.

INS Gene

Mutations in the insulin gene (INS gene) account for
another 20% of permanent neonatal DM, The genetic
location of this gene is 11p 15.5. The precursor form of
insulin, pro insulin is produced as single chain of amino
acids, which is cleaved chains A and B, bound by the
disulfide bonds, forming insulin. The mutation in INS
gene disrupts the cleavage or the binding of the two chains
leading to hypoinsulinemia and diabetes. These muta-
tions are inherited in an autosomal dominant pattern. The
homozygous mutations of INS gene account for the most
common type of PNDM among consanguineous families.
They manifest with severe intrauterine growth retardation
and diabetes within few days or weeks of life. Some may
present later, from 6 months to 1 year of age. Patients
with INS mutations do not have other associated extra-
pancreatic features. Some patients have complications
secondary :to longstanding diabetes such as neuropathy
and retinopathy. Mutations in INS gene may have diverse
phenotypes from hypoinsulinemia and hyperinsulinemia
to neonatal diabetes.

Glucokinase Mutation

Glucokinase (GCK) mutation accounts for 5-10% of
PNDM.2 Glucokinase is a key regulating enzyme in
regulating pancreatic beta cell insulin synthesis. Being
the glucose sensor, it plays a major role in insulin release.
Mutations in the gene encoding GCK can lead to hypo or
hyperglycemia. Heterozygotic mutation leads to milder
phenotype presenting as MODY and the homozygotic
mutations are with severe phenotype with presentation
as PNDM.2 Children with neonatal diabetes born of
consanguineous parents, who have hyperglycemia, must
be screened for GCK mutations. They present in the first
few days of life with hyperglycemia with ketoacidosis
usually requiring insulin therapy. Though sulfonylureas
can enhance insulin release the response is not satis-
factory. [t may be used to reduce the insulin requirement.”

Syndromes of Insulin Resistance

Rarely insulin resistance syndromes like type A insulin
resistance, Leprechaunism, Rabson-Mendenhall synd-
rome and lipodystrophy can present with diabetes in the
first few months of life. Generalized lipodysirophy in
insulin resistance manifest by acanthosis nigricans, hyper-
androgenism, muscular hypertrophy, hepatomegaly, glu-
cose intolerance or diabetes and hypertriglyceridemia.
In the generalized form, both subcutaneous and visceral
adipose tissues are nearly absent. The congenital form is
called the Berardinelli-Seip Congenital Lipodystrophy
(BSCL). Berardinelli-Seip syndrome is a rare autosomal
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recessive disease. Twao loci for BSCL have been identified
recently on chromosome 9 (AGPAT2) and chromosome
11 {Seipin). The high degree of insulin resistance makes
metabolic control of diabetes very difficult despite high
doses of insulin.** We have identified a novel mutation
Val67Met in AGPAT2 gene in one of our NDM patient with
Berardinelli-Seip syndrome.®

Wolcott-Rallison Syndrome

Wolcott-Rallison Syndrome {WRS) is the most common
cause of permanent neonatal DM seen in children born
of‘consaﬁguine()us parents.” It was named after Wolcott
and Rallison, who first described this syndrome in three
affected siblings. WRS is a rare autosomal recessive
condition characterized by early onset diabetes, epiphyseal
dysplasia with muliisystemn involvement in the form- of
renal impairment, acute hepatic failure, developmental
delay and hypothyreidism. Central hypothyroidism is
usually noted during the acute presentation; it may be a
reflection of euthyroid sick syndrome occurring during
stress and is not part of the syndrome. They may have
associated exocrine pancreatic dysfunction. WRS is
associated with mutations in the Eukaryotic initiation
factor 2 alpha kinase 3-EIF2AK3 (PKR like endoplasmic
reticulum kinase PERK).25® EIF2AK3 regulates the protein
synthesis during stress by phosphorylating the o subunit
of the eukaryotic initiation factor 2 (e IF 2). Four protein
kinases: phosphorylate elF2: GCN2, Heme regulated
inhibitor, Double stranded RNA activated protein kinase
{PKR) and EIF2AK3/PERK.

Though WRS commonly presents as necnatal diabetes,
it can present as late as 30 months of age. EIF2ZAK3
mutations are considered as the mest common cause
of NDM in regions where consanguineous marriages
are more prevalent. In our experience, five families with
different EIF2AK3 mutations were identified. As the inher-
itance is recessive, children with homozygous mutations
were affected whereas their unaffected parents were
heterozygous. Skeletal dysplasia is usually diagnosed by 2
years and hepatic failure can occur at any time. Defective
mineralization or dysplastic changes affect the long
bones, pelvis and vertebra. The skull is usually spared.
Hepatic involvement can be mild with hepatomegaly or
severe and life threatening. Other features include renal
dysfunction, exocrine pancreatic insufficiency, hypothy-
roidism, neutropenia and recurrent infections. WRS must
be suspected in any child with diabetes onset at less
than 2.5 years who presents with hepatic failure. Parents

and heterozygous siblings of WRS patients do not have
any distinctive features. Management includes close
monitoring for hypoglycemia and ketoacidosis as both
are frequent. Insulin pumps may be useful because of
the brittle nature of diabetes.‘However, one should not
target a very tight metabolic control in these children.
Early diagnosis is recornmended, in order to ensure rapid
intervention for episodes of hepatic failure, which is the
most life-threatening complication. Clinical course of this
disease is variable due to the variable age of onset, varied
clinical involvement and the associated complications.
Prognosis is poor and these children usually die at a
young age although a few can survive up to the age of 35.
Death often results from multiorgan failure with renal
dysfunction and hepatic failure sometimes associated

. with encephalopathy.

immune Dysregulation, Polyendocrinopathy,
Enteropathy, X-linked Syndrome

The FOXP3 gene defect leading to immune dysregualtion,
polyendocrinopathy, enteropathy, X-linked (IPEX) syn-
drome is an autoimmune endocrinopathy associated with
diarrhea, anemia, eczema and thyroiditis.?** It is inherited
as an X-linked disorder affecting only boys. Presentation
is most commonly the clinical triad of watery diarrhea,
eczematous dermatitis, and endocrinopathy (most
commonly type 1 DM). Coombs-positive anemia, hypo-
or hyperthyroidism, autoimmune ﬂarombobytopenia,
autoimmune neutropenia, and tubular nephropathy
are some of the other autoimmune manifestations.
Molecular testing confirms the diagnosis. Bone marrow
transplantation can resolve clinical symptoms. Majority
of the affected males die in the first few years of diagnosis
due to sepsis or severe metabolic derangements. Milder
phenotypes survive into second or third decade. Children
presenting in late childhood have been reported.*

GLIS 3 Syndrome

Permanent neonatal diabetes mellitus can present
due to mutations in GLIS 3 associated with congenital
hypothyroidism, congehital glaucoma, hepaticfibrosisand
pbiycystic kidneys. It is rarely associated with osteopenia,
bilateral sensorineural deafness and pancreatic exocrine
insufficiency.3® Gli-similar (GLIs) 1-3 proteins constitute
a subfamily of Kriippel-like zinc finger proteins and the
mutations have been implicated in many disorders. '
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Table 27.3: Glycemic levels of Indian children before and after sulfonylurea treatment?

(SU: Sulfonylurea)

GENETIC STUDIES OF NEONATAL
DIABETES MELLITUS IN INDIA

-
Neonatal diabetes mellitus is thus a form of monogenic
diabetes where genetic testing currently has clinical
application. KCNJ11 and ABCC8 mutations have been
identified in Indian NDM children with onset of diabetes
below 6 months of age (Table 27.3).° Children who are not
harboring mutations in KCNj11 and ABCC8 should be
considered for screening of INS, GCK, PDX1 and HNF4A
genes, as the mutations in these genes were previously
seen in children with neonatal diabetes.* Screening of
additional clinical features is very important in case of
NDM children because some of the syndromic features
present in the later part of neonatal period. Hence, a
proper diagnosis will help in appropriate genetic testing
to aid for weatment regimen. Screening of EIF2AK3,
GCK, SLC2A2, SLCI9A2, IPF1, PTF1A, HNFIB, FOXP3,
ZFP57, GLIS3, GATA6, NEURODI1, NEUROGS, IER31PI,
PAX6 and RFX6 genes should be considered in case of
NDM children with clinical features like hepatic failure,
skeletal abnormalities, optic atrophy and developmental
delay etc.® A number of homozygous mutations have
been identified in children with syndromic forms of dia-
betes (Argl065X in EIF2ZAK3, Val67Met in AGPAT2, and
Leul9Arg in SLC2A2 etc.) in Indian children.® Splice and
frame shift mutations were identified in the genes asso-
ciated with NDM in Indian children and these mutations
are certajnly pathogenic as they can disturb the normal
protein synthesis mechanism (unpublished data).

As the K, , mutations are sulfonylurea (SU) responsive,
children with KCNJ11 (Cys42Arg and Arg201Cys) and
ABCC8 (Val86Ala, Asp212Tyr and Pro254Ser) gene muta-
tions have been successfully shifted to oral SU drugs
from insulin injections.”” Family genetic studies should
be conducted to check the co-segregation of mutation

with the disease which will help in predicting the risk for
subsequent pregnancies.

PATHOPHYSIOLOGY OF NEONATAL

‘DIABETES MELLITUS

While a few do not respond to oral suphonylurea, the
majority of neonates respond to oral sulfonylurea therapy.
The diagrammatic representation of the pathophysiology
in pancreatic cells is shown in Figures 27.1 and 27.2.

CLINICAL PRESENTATION AND DIAGNOSIS
OF NEONATAL DIABETES MELLITUS

Neonata! DM in the immediate newborn period is usually
diagnosed incidentally. Hyperglycemia in the neonatal
period is more common and this usually resolves once
the underlying disease process is treated. Differentiating
this stress hyperglycemia from that of neonatal DM is
challenging. One needs to wait for the resolution of the
underlying diseases process and the C peptide levels may
give some useful information. Neonatal DM can present
as diabetic ketoacidosis with classical features of acidosis
with hyperglycemia especially in KCNJ11 mutations.'®
It is not uncommon to misinterpret this acidosis as
sepsis related lactic acidosis and delay the management
of DM. In older infants, beyond 6 months of age, history of
polyuria and polydipsia may be elicitable and a diagnosis
of type 1 diabetes may be considered. This is usually
confounded by presence of insulin autoantibody like the
glutamic acid decarboxylase (GAD) antibody. Missed
diagnosis of diabetes in not uncommon in diagnosis
of DKA in infants. Since autoimmune etiology is less
common in infants, all infants with diabetes should be
carefully examined for any syndromic features and should
undergo genetic evaluation for monogenic diabetes.
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Fig. 27.1: Switching from insulin to oral sulfonylureas in patients with diabetes due to Kir6.2 mutations
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Confirmation of blood glucose more than once is
mandatary to diagnose neonatal diabetes. A thorough
clinical examination should include anthropometry, dys-
morphic features, features of androgen excess, evidence
of bony abnormalities, features of hypothyroidism and
a detailéd developmental assessment. Laboratory evalua-
tion should include serum C-peptide levels, HbA ,
thyroid function tests, serum uric acid, serum ammonia
levels, ultrasonogram of the abdomen and genetic studies.
It may not be feasible to obtain fasting and post-meal
C-peptide samples as the feeding schedule in infants
are inconsistent. Genetic studies are mandatory in all
infants with onset of diabetes below 6 months of age and if
possible in all children with DM whose onset is less than
one year of age. It is prudent to evaluate all cHildren with
onset at less than 2.5 years of age with history of Hver
failure for WRS. '

Management of Neonatal Diabetes Mellitus

The specific management includes insulin therapy and
in genetic mutations responsive to oral sulfonylurea oral
medications are used. The inconsistent feeding pattern
and the réqﬁirement of insulin in very small doses pose
difficulty in day to day management. However, if the
requirement is very low, once or twice a day dose of
intermediate acting insulin may be useful. Insulin purmps
have been successfully used in neonatal DM as early as
the first month of life. %% In case of requirement of insulin
being less than 0.5 units/dose it is ideal to use the insulin
diluent provided by the insulin manufacturers. Caution
must be provided as accidental overdose of insulin can
be hazardous. Some infants may be very sensitive and
develop rapid hypoglycemia with rapid or short acting
insulin. Analog insulin like Glargine has been successfully
used in extremely low birth weight neonates with DM.%®

Switching over to Oral Drugs in
Neonatal Diabetes Mellitus

Most of the KCNJ1i and ABCC8 mutations are res-
ponsive to oral sulfonylurea therapy. Drugs that have
been successfully tried include oral glibenclamide and
oral gliclazide. The SUR 1 selective sulfonylurea drugs will
close B-cell K, , only while the non-selective sulfonylurea
drugs like glibenclamide will also act on muscle and brain
K,., channels. The mutated channels in nerve, muscle
and brain are responsible for the neurological symptoms.

Thus, a non-selective sulfonylurea may be a better choice

in attempting to alleviate the neurological symptoms in
infant with this mutation. A successful dose is likely to
be much higher than the adult dose of the drug.** The
process of switch to oral medications can be done as a
rapid in-hospital procedure over a period of one week
or it can be done as a slow process as outpatient therapy
over a period of 4 weeks. Infants may need very high
doses of sulfonylurea for switch. In view of altered renal
clearance of sulfonylurea in infants, they may develop
hypoglycemia during subsequent days of switch therapy.
Hence, out patient protocol for transfer done over a
few weeks would be better if home circumstances are
appropriate for therapy. Prior to the switch, the following
parameters are recorded—HbA_ _levels, general physical
examination including height and weight, develop-
mental age, gross motor, fine motor, verbal, neurclogical
examination if any developmental delay (ideally with a
quantitative, repeatable method), IQ {age appropriate
test), electroencephalogram (EEG) if epilepsy and MRI if
neurological features are present. A complete neurological
evaluation is mandatory. To initiate the switch process
begin with 0.1 mg/kg of the sulfonylurea given twice daily.
The increment of dosage is to be done with simultaneous
reduction of the insulin until the infant or the child is free
of insulin. The commonest known side effects are skin
allergies in 1.5% and they usually resolve, GI side effects
including diarrhea in 1-2% and hematological features
like anemia, leucopenia and thrombocytopenia.* Short
term follow-up in these children has not revealed any
untoward complications, however long term follow-up
is awaited. Periodic. monitoring of complete blood
counts and liver function tests are advised. Table 27.4
summarizes the different switch protocol.”

While insulin therapy in these genetic mutations can
only control the hyperglycemia, studies have shown that
oral sulfonylurea therapy can aiso bring some improve-
ment in the neurological impairment.* This switch over
from insulin to oral sulfonylurea can be done at any age
irrespective of the duration of diabetes. However, the
chances of successful switch to oral therapy are reduced
in adulis especially if over 30 years where there has been
poor glycemic control prior to switch. The dose required
in neonatal diabetes may range from 0.5 mg/kg/day
to 1.0 mg/kg/day.®" Among the infants with Kir6.2
mutation and SUR mutations, the insulin requirement
and later sulfonylurea requirement was found to be
significantly lower in the SUR mutation group.>*** The
role of oral therapy is presently limited to the KCNJ11 and
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Table 27.4: Summary of the switch protocel from insulin to oral sulfonylurea
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ABCC8 mutatiens. The same has been successfully used
in transient fieonatal DM and in relapse of TNDM at
15 years of age in a child (glimepiride).** Sulfonylurea
therapy has not been found to be useful in homozygous
GCK mutation, Wollcott Rallison syndrome and other
types of neonatal diabetes. However, there are some recent
reports where homozygous GCK mutation had showed
partial responsiveness to repaglinide, glibenclamide or
glyburide % The associated co-morbid states like pan-
creatic dysfunction, hypothyroidism, anemia and eczema
need to be treated. Parental evaluation for heterozygote
status may help to plan future pregnancies and antenatal
genetic counseling and diagnosis. As the mother is the
immediate caregiver in NDM, the role of these painful
injections being given by the mother with whom the
infant is developing bonding, needs to be addressed.

CASE STUDY
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PROGNOSIS AND LONG-TERM OUTCOME
IN NEONATAL DIABETES MELLITUS

Neonatal diabetes is very different from other forms of
diabetes in that the course of disease is variable. In some
infants it is trfansient, in some it remits after varying
periods of insulin dependency only to recur later in
life, in some infants it continues to be permanent DM.
Outcome in the immediate neonatal period depends on
the presentation, severity of dehydration and acidosis
and how early it is recognized and treated appropriately.
In the post neonatal period the prognosis is determined
by associated conditions like neurological involvement or
hepatic involvement.

Though it resolves in a few weeks, transient neonatal
diabetes can later lead to diabetes over the years. Some
of these genetic mutations predispose the pregnant
mother who had TNDM in the past to develop DM during
pregnancy. Hence, the infants with TNDM need to be
followed up for relapse later. Follow-up studies on children
on oral sulfonylurea has shown good metabolic control
and improvement of developmental delay and are safe
in the short term.2"® Reports from literature mention the
incidence of hypoglycemia with oral medications to be
rare.? Frequent monitoring is advised during intercurrent
illness. Those with WRS frequently develop acute hepatic
failure and frequently die in the earlier years of life.
Though not much therapy is available for WRS, recent
reports mention an insulin free life for a 6-year-old who
underwent a quadruple organ transplant with both kid-
neys, pancreas and liver. Except for these occasional case

reports the long-term outcome for WRS is poor. Some
of the PNDM may require replacement therapy for the
exocrine functions of the pancreas as well. Finally, the level
of metabolic control determines the timing of appearance
of the long-term complications like any other diabetes.
The management in insulin resistance syndromes is much
difficult. The impact of insulin sensitizers is very limited in
severe insulin resistance states. In partial lipodystrophy,
metformin may be useful. In total lipodystrophy, leptin
therapy may be useful though presently it is for research
purposes only.” Response of NDM subjects with Kir6.2
and SUR-1 {ABCC8) mutations to sulfonylurea therapy
represents one of the best examples of the benefits of
genetic testing in the field of medicine.

. ACKNOWLEDGMENT

We thank Dr Radha Venkatesan, Executive Scientific
Officer & Head Molecular Geneticist, Madras Diabetes
Research Foundation and Mrs § Jahnavi, Research Fellow,
Madras Diabetes Research Foundation, Chennai for their
help with the genetic studies of neonatal diabetes. The
website www.neonataldiabetes.in is recommended as a
resource material on this subject.

FURTHER READING

1. Development of the pancreas and neonatal diabetes. Shield
JPH, Scharfrann R (Eds). Endocrine Development. Basek:
Karger; 2007. pp. 86-98.

2. Aguilar-Bryan L, Bryan J. Neonatal diabetes mellitus, Endo-
crine Reviews 2008;29:265-91. ;

3. Edghill EL, Flanagan SFE, Ellard S. Permanent neonatal
diabetes due to activating mutations in ABCCS and KCNJLL

" Rev Endocr Metab Disord. 2010;11:193-8.

4, Stey J, Steiner DF, Park SY, et al. Clinical and molecular
genetics of neonatal diabetes due to mutations in the
insulin gene Rev Endocr Metab Disord. 2010;11:205-15.

5. Karges B, Meissner T, Icks A, et al. Management of diabetes
mellitus in infants. Nat Rev Endocrinol. 2012;8:201-11.

REFERENCES

1. Shield JP. Neonatal diabetes: new insights into aetiology
and implications. Horm Res, 2000;53:7-11.

2. Greeley SA, Naylor RN, Philipson LH, et al. Neonatal
diabetes: an expanding list of genes allows for improved
diagnosis and treatment. Curr Diab Rep. 2011;11:519-32.

3. Iafusco D, Stazi MA, Cotichini R, et al. Permanent diabetes
mellitus in the first year of life. Diabetologia. 2002;
45:798-804.




Neonatal Diabetes ! 435

10.

11

12,

13.

14.

15.

16.

17.

Hattersley A, Bruining J, Shield ], ‘et al. The diagnosis and
management of monogenic diabetes in children and ado-
lescent. Pediatr Diabetes. 2009;10:33-42.

Polak M, Cavé H. Neonatal diabetes mellitus: a disease
linked to multiple mechanisms. Orphanet ] Rare Dis.
2007;2:12.

Jahnavi S, Poovazhagi V, Mohan V, et al. Clinical and molec-
ular characterization of necnatal diabetes and monogenic
syndromnic diabetes in Asian Indian children. Clin Genet.
2013;83(5):439-45.

Stanik J, Gasperikova D, Paskova M, et al. Prevalence of
permanent neonatal diabetes in Slovakia and successful
replacement of insulin with sulfonylurea therapy in KCNJ11
and ABCC8 mutation carriers. ] Clin Endocrinol Metab.
2007,92:1276-82.

Slingerland AS, Shields BM, Flanagan SE, et al. Referral
raies for diagnostic testing support an incidenge of perma-
nent neonatal diabetes in three Buropean countries of at
least 1 in 260,000 live births. Diabetologia. 2009;52:1683-5.

Russo L, Iafusco D, Brescianini §, et al. Permanent diabetes

during the first year of life: multiple gene screening in
54 patients. Diabetologia. 2011:54:1693-701,

Temple IK, Gardner R], Mackay D], et al. Transient neonatal
diabetes: widening the understanding of the etiopathogen-
esis of diabetes. Diabetes. 2000;49:1359-66.

Diatloff-Zito C, Nicole A, Marcelin G, et al. Genetic and epi-
genetic defects at the 624 imprinted locus in a cohort of
13 patients with transient neonatal diabetes: new hypoth-
esis raised by the finding of a unique case with hemizygotic
deletion in the critical region. f Med Genet. 2007;44:31-7.
Mackay DJ, Temple IK. Transient neonatal diabetes mel-
litus type 1. Am | Med Genet C Semin Med Genet.

- 2010;154:335-42.

Flanagan SE, Patch AM, Mackay D], et al. Mutations in ATP-
sensitive K+ channel genes cause transient neonatal dia-
betes and permanent diabetes in childhood or adulthood.
Diabetes. 2007;56:1930-7.

Edghill EL, Flanagan SE, Patch AM, 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 adult-
hood. Diabetes. 2008;57:1034-42, '

Gloyn AL, Cununings EA, Edghill EL, et al. Permanent neo-
natal diabetes due to paternal germline mosaicism for an
activating mutation of the KCNJ11 Gene encoding the Kiz6.2
subunit of the beta-cell potassium adenosine triphosphate
channel, J Clin Endocrinol Metab. 2004;89:3932-5.
Gonsorcikova L, Vaxillaire M, Pruhova §, et al. Familiat
mild hyperglycemia associated with a novel ABCC8-V841
mutation within three generations. Pediatr Diabetes.
2011;12:266-9.

Patch AM, Flanagan SE, Boustred C, et al. Mutations in the

- ABCC8 gene encoding the SUR1 subunit of the KATP chan-

nel cause transient neonatal diabetes, permanent neonatal
diabetes or permanent diabetes diagnosed outside the neo-
natal period. Diabetes Obes Metab. 2007;9:28-39,

18.

19.

20.

21.

22.

" 23,

24,

25.

26.

27.

28,

29,

30.

3L

Slingerland AS, Hattersley AT Mutations in the Kir6.2 subu-
nit of the KATP channel and permanent neonatal diabetes:
new insights and new treatment. Ann Med. 2005;37:186-95.
Shimomura K, Horster F, de Wet H, et al. A novel mutation
causing DEND syndrome: a treatable channelopathy of
pancreas and brain. Neurology. 2007;69:1342-9,

Yang L, Zhou X, Luo Y, et al. Association between KCNJ11
gene polymorphisms and risk of type 2 diabetes mellitus in
East Asian populations: a meta-analysis in 42,573 individu-
als. Mol Biol Rep. 2012;39:645-59.

Borowiec M, Mysliwiec M, Fendler W, et al. Phenotype
variability and neonatal diabetes in a large family with

‘heterozygous mutation of the glucokinase gene. Acta

Diabetologica. 2011;48:203-8.

Osbak KK,Colclough K, Saint-Mastin C, et al. Update on
mutations in glucokinase (GCK), which cause maturity-
onset diabetes of the young, permanent neonatal diabetes,
and hyperinsulinemic hypoglycemia. Hum Mutat. 2009;
30:1512-26. ’ )

Turkkahraman D, Bircan I, Tribble ND, et al. Permanent
neonatal diabetes mellitus caused by a novel homozygous
(T168A) Glucokinase (GCK) mutation: initial response to
oral sulfonylurea therapy. J Pediatr. 2008;153:122-6.
Poovazhagi V, Shanthi S, Jahnavi S, et al. Berardinelli
Seip congenital lipodystrophy presenting with neonatal
diabetes mellitus due to a mutation in the AGPAT2 gene. Int
] Diabetes Dev Ciries. 2013;33:66-8.

Rubio-Caberas O, Patch AM, Minton JA, et al. Wolcoit-
Rallison syndrome is the most common genetic cause of
permanent neonatal diabetes in consanguineous families.
] Clin Endocrinol Metab. 2009;94:4162-70.

Iyer S, Korada M, Rainbow L, et al. Wolcott-Rallison syn-
drome: a clinical and genetic study of three children, novel
mutation in EIF2AK3 and a review of the literature. Acta
Paediatr. 2004;93:1195-201.

SenéeV, Vattem KM, Delépine M, etal. Wolcott-Rallison Syn-
drome: clinical, genetic, and functional study of EIF2AK3
mutations and suggestion of genetic heterogeneity.

Diabhetes. 2004;53:1876-83.

Delépine M, Nicolino M, Barrett T, et al. EIF2AK3, encod-
ing translation initiation factor 2-alpha kinase 3, is mutated
in patients with Wolcott-Rallison syndrome. Nat Genet.
2000;25:406-9. '

Barzaghi ¥, Passerini L, Bacchetta R. Immune dysregulation,
polyendocrinopathy, enteropathy, x-linked syndrome: a
paradigm of immunodeficiency with autoimmunity. Front
Immunol. 2012;3:211. '

d'Hennezel E, Bin Dhuban K, Torgerson T, et al. The immu-
nogenetics of immune dysregulation, polyendocrinopa-
thy, enteropathy, X linked {IPEX} syndrome. ] Med Genet.
2012;49:291-302.

Bae KW, Kim BE, Choi JH, et al. novel mutation and
unusual clinical features in a patient with immune
dysregulation, polyendocrinopathy, enteropathy, X-linked
(IPEX) syndrome. Bur J Pediatr. 2011;170:1611-5,

HILdVH3

LZ




SECTION

LkT || Clinical Profile

32.

33.

34.

35.

36.

37.

38,

39.

40.

4],

42,

Dimitri E Warner JT, Minton JA et al. Novel GLIS3 muta-
tions demonstrate an extended multisystem phenotype.
Eur ] Endocrinol. 2011;164:437-43.

Lichti-Kaiser K, ZeRuth G, Kang HS, et al. Gli-similar pro-
teins: their mechanisms of action, physiological functions,
and roles in disease. Vitam Horrm. 2012;88:141-71.

Suzuki §, Makita Y, Mukai T, et al. Molecular basis of neona-
tal diabetes in Japanese patients. ] Clin Endocrinol Metab.
2007;92:3979-85.

Senniappan S, Shanti B, James C, et al. Hyperinsulinaemic

- hypoglycaemia: genetic mechanisms, diagnosis and man-

agement. ] Inherit Metab Dis. 2012;35:589-601.

Bharucha T, Brown ], McDonnell C, et al. Neonatal diabetes
mellitus: insulin pump as an alternative management strat-
egy. ] Pediatr Child Health. 2005;41:522-6.

Begum-Hasan ], Bruce AA, Koster J. Case Study: Experience
in Insulin Pump Therapy During the Neonatal Period. Clin-
ical Diabetes. 2010;28:30-3. )
Barone JV, Tillman EM, Ferry R]. Treatment of transient
neonatal diabetes mellitus with subcutaneous insulin glar-
gine in an extremely low birth weight neonate. J Pediatr
Pharmacol Ther. 2011;16:291-7. ’

Hattersley AT. Molecular genetics goes to the diabetes clin-
ic. Clin Med. 2005;5:476-81.

Massa O, Iafusco D, D’Amato E, et al. KCNJ11 activating
mutations in Italian patients with permanent neonatal dia-
betes. ITum Mutat. 2005;25:22-7.

Zung A, Glaser B, Nimri R, et al. Glibenclamide treatment in
permanent neonatal diabetes mellitus due to an activating
muttation in Kir6.2. J Clin Endocrinol Metab. 2004;89:5504-7.
Codner E, Flanagan S, Ellard S, et al. High-dose glibencla-
mide can replace insulin therapy despite transitory diar-
rhea in early-onset diabetes caused by a novel R201L Kir6.2
mutation, Diabetes Care. 2005;28:758-9.

43.

44,

45,

46.

47.

48.

49.

50.

Transferring Patients with Diabetes due to a KIR6.2 Muta-
tion from Insulin to Sulfonylureas. [online] Available form
http://www.diabetesgenes.org/content/ transferring-pa-
tients-diabetes-due-kir62-mutation-insulin-sulfonylureas|
Accessed August 2013].

Slingerland AS, Nuboer R, Hadders-Algra M, et al.
Improved motor development and good long-term
glycaemic control with sulfonylurea treatment in a patient
with the syndrome of intermediate developmental delay,
early-onset generalised epilepsy and neonatal diabetes
associated with the V59M mutation in the KCNJ11 gene.
Diabetologia, 2006;49:2553-63.

Rafiq M, Flanagan SE, Patch AM, et al. Neonatal Diabe-
tes International Collaborative Group. Effective treat-
ment with oral sulfenylureas in patients with diabetes due
to sulfonylurea receptor 1 (SUR1) mutations. Diabetes
Care. 2008;31:204-9.

Wagner VM, Kremke B, Hiort O, et al. Transition from insu-
fin to sulfonylurea in a child with diabetes due to a mutation
in KCNJ11 encoding Kir6.2--initial and long-term response
to sulfonylurea therapy. Eur J Pediatr, 2009;168:359-61.
Loomba-Albrecht LA, Glaser NS, Styne DM, et al. An oral
sulfonylurea in the treatment of transient necnatal diabetes
mellitus. Clin ther. 2009;31:816-20. _ :

Schimmel U. Long-Standing sulfonylurea therapy after
pubertal relapse of neonatal diabetes in a case of uniparen-
tal paternal isodisomy of chromosome 6. Diabetes Care.
2009;32:e9.

Bennett K, James C, Mutair A, et al. Four novel cases of
permanent neonatal diabetes mellitus caused by homozy-
gous mutations in the glucokinase gene. Pediatr Diabetes.
2011;40:949-51.

Petersen KB Oral EA, Dufour §, et al. Leptin reverses insu-
lin resistance and hepatic steatosis in patients with severe
lipodystrophy. ] Clin Invest. 2002;109:1345-50. '

e




