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Abstract

Monogenic diabetes is caused by one or even more genetic variations, which may
be uncommon yet have a significant influence and cause diabetes at an early age.
Monogenic diabetes affects 1 to 5% of children, and early detection and gene-
tically focused treatment of neonatal diabetes and maturity-onset diabetes of the
young can significantly improve long-term health and well-being. The etiology of
monogenic diabetes in childhood is primarily attributed to genetic variations
affecting the regulatory genes responsible for beta-cell activity. In rare instances,
mutations leading to severe insulin resistance can also result in the development
of diabetes. Individuals diagnosed with specific types of monogenic diabetes,
which are commonly found, can transition from insulin therapy to sulfonylureas,
provided they maintain consistent regulation of their blood glucose levels.
Scientists have successfully devised materials and methodologies to distinguish
individuals with type 1 or 2 diabetes from those more prone to monogenic
diabetes. Genetic screening with appropriate findings and interpretations is
essential to establish a prognosis and to guide the choice of therapies and
management of these interrelated ailments. This review aims to design a compre-
hensive literature summarizing genetic insights into monogenetic diabetes in
children and adolescents as well as summarizing their diagnosis and mana-
gement.

Key Words: Monogenic diabetes; Maturity-onset diabetes of the young; Insulin resistance;
Genetic mutation; Beta-cell function
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Core Tip: Monogenic diabetes, a rare yet impactful condition in childhood, results from genetic variations, causing early-
onset diabetes. Affecting 1%-5% of children, early detection and tailored genetic treatments can enhance long-term health.
Culprits include genetic variations in beta-cell regulatory genes and severe insulin resistance. Identifying specific types
allows transitioning to sulfonylureas while maintaining glucose control. Tools to differentiate diabetes types underscore
genetic screening's importance for prognosis and treatment guidance. This review delves into genetic insights into childhood
monogenic diabetes, offering diagnosis and management guidance for affected youth's better health.
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INTRODUCTION

Diabetes mellitus (DM) is a well-known metabolic syndrome characterized by elevated blood glucose levels and its
frequently related symptoms, including polyuria and polyphagia. It has the potential to produce substantial medical
issues, reducing life longevity and performance of life, and stands as a significant public health concern. For persons born
in the United States, the lifetime chance of acquiring diabetes is predicted to be one in three[1]. Types of diabetes are
commonly classified as autoimmune-mediated type 1 diabetes, which causes insulin insufficiency; diabetes caused by
pancreatic injuries; diabetes caused by particular genetic abnormalities; and type 2 diabetes, characterized by decreased
insulin production and resistance to insulin's activities[2,3]. Table 1 below shows the general classification of diabetes.

The types of diabetes that are caused by monogenic alterations are the ones that are better suited to much more specific
therapies. There are more than 50 genetic subgroups wherein the transmutation seems unaffected by behavioral or
environmental variables. Since monogenic types of diabetes have a recognized origin, their pathophysiological
mechanisms are more appreciated adequately than those of other diabetes types. Although these abnormalities constitute
a minute percentage of overall diabetes cases (about 1 to 5% of findings in pediatric and young people), they provide a
chance to display the practicality of accurate prognostic and treatment procedures[4-6]. Despite the necessity of a precise
diagnosis, it is believed that about 80% of overall monogenic diabetes patients stay undiagnosed[7].

A single genetic mutation induces an uncommon kind of diabetes called monogenic diabetes. Gestational diabetes due
to a mutation in the glucokinase (GCK) gene, maternally inherited diabetes and deafness (MIDD), mature-onset diabetes
of the young (MODY), and other conditions are examples of such mutations. Early-onset diabetes and familial
background of diabetes in several first-degree cousins are two characteristics of individuals with monogenic diabetes.
Type 1 DM and type 2 DM are common misdiagnoses for monogenic diabetes. In some circumstances, the causal gene
can guide the therapeutic strategy, and precise molecular and genetic identification of monogenic diabetes assists in the
identification of affected members of the family. MODY is the least frequent subtype of monogenic diabetes among
several forms. This is a medically diverse collection of illnesses characterized by cell malfunction, which results in early-
onset diabetes and is inherited autosomally[8-10].

One of the primary challenges in diagnosing monogenic diabetes in pediatric patients lies in its clinical and genetic
heterogeneity. Currently, the diagnosis often involves a combination of clinical presentation, family history, and genetic
testing[11]. However, recent advancements in genetic testing methodologies have significantly improved our ability to
identify specific genetic mutations associated with monogenic diabetes. Recent studies have shown promising results
using next-generation sequencing (NGS) technologies in identifying monogenic forms of diabetes. These techniques allow
for a more comprehensive analysis of the patient's genetic profile, enabling the detection of rare mutations that traditional
methods might have missed. In addition to NGS, there is ongoing research into using machine learning algorithms to
assist in interpreting genetic data. These algorithms can help clinicians pinpoint potential genetic mutations and
streamline the diagnostic process[12-14].

The treatment of monogenic diabetes in pediatric patients is evolving to become more tailored and disease-specific.
Understanding the genetic basis of the condition allows for targeted therapies that can address the root cause of the
disease[15]. Recent therapeutic advancements include the development of gene-based therapies, such as gene editing
techniques like CRISPR-Cas9, which hold promise in correcting genetic mutations responsible for monogenic diabetes.
These therapies have succeeded in preclinical studies and may offer a potential cure for certain subtypes of monogenic
diabetes[16]. International collaborations and data-sharing initiatives have also enabled researchers to collect valuable
information on the global challenges of treating monogenic diabetes in pediatric populations. This collaborative approach
fosters the sharing of best practices and the development of innovative treatment strategies[17].

This article aims to provide a comprehensive overview of the complex connections between genetic mutations, clinical
symptoms, and treatment approaches in children and teenagers with monogenic diabetes. The article aims to improve the
understanding of clinicians, researchers, and healthcare providers by exploring the genetic aspects of this condition. This
will help them make informed diagnosis, treatment, and long-term care decisions. Moreover, with the ongoing progress
in genetic research, this review article becomes crucial in laying the foundation for enhancing patient outcomes,
developing personalized therapeutic strategies, and identifying potential areas for future research and intervention.
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Table 1 General classification of diabetes

I?;Te::s Causes and characteristics

Type 1 Insulin insufficiency is caused by the autoimmune destruction of B-cells

Type 2 Insulin resistance and inadequate secretion of insulin

Gestational Diagnosed in 2 or 3™ trimester of pregnancy

Monogenic Due to genetic variation in one or multiple genes leading to maternally-inherited diabetes and deafness, mature-onset diabetes of the

young, and Neonatal diabetes

OVERVIEW OF MONOGENIC DIABETES

Monogenic diabetes encompasses a collection of infrequent hereditary variants of diabetes that arise from mutations
occurring in a solitary gene. In pediatrics, monogenic diabetes, or MODY, has been comprehensively screened in many
investigations with an estimated frequency of 1.1-4.2 percent[9]. A baseline MODY occurrence of 1.2 percent was found in
the United States multicenter population-based study "SEARCH for Diabetes in Youth", and a further 0.2 percent had
neonatal diabetes. Monogenic diabetes is 2.5 percent more common in individuals diagnosed in pediatric clinics in the
United Kingdom than in patients diagnosed in general demographics over the age of 20 years[10,18]. The mutations
could have occurred spontaneously, or they could have been transmitted predominately or recessively. Mutations in only
one gene cause monogenic diabetes inherited either dominantly or recessively, or it could be a spontaneous case due to a
de novo mutation. Most childhood cases of monogenic diabetes are caused by mutations in the genes that control beta-
cell function.

In contrast, mutations causing severe insulin resistance can occasionally cause diabetes. Molecular genetic testing
yields a diagnosis in about 1 or 2 percent of cases. Clinicians believed long ago that an abnormally significant heritable
mutation could produce diabetes in some people. The observation was made on two primary clinical characteristics
indicative of a putative monogenic origin, including diabetes in newborns or neonatal DM (NDM) and family having

diabetes in teenagers or early adulthood from many generations, indicating an autosomal dominant inheritance pattern
[18].

Maturity-onset diabetes of the young
Monogenic p-cell malfunction is known as MODY and was first clinically diagnosed in the 1970s by examining numerous
multigenerational families[19]. MODY is identified by:

Onset at an early age, dominant, autosomal inheritance, No signs of metabolic syndrome, Persistent synthesis of
endogenous insulin, Not having B-cell autoimmunity.

MODY accounts for 1%-6% of all diabetes cases, and its prevalence is increasing among children and young
individuals. However, it is believed that a significant portion, around 80%, of MODY cases are misdiagnosed as either
type 1 or type 2 diabetes[7,20]. Some advanced nations offer molecular genetic diagnostics, utilizing mainly Sanger
sequencing, which costs £350 per gene in the United Kingdom as of this writing. The ramifications of molecular diagnosis
are significant for both the probands and their families, which will benefit from cascade monitoring and definitive
diagnosis as well as from individualized care made possible by molecular diagnosis. GCK, hepatic nuclear factor 4a
(HNF4A), hepatic nuclear factor 1b (HNF1B), and hepatic nuclear factor 1o (HNF1A) gene mutations are the leading
causes of the most prevalent kinds of MODY (in order of frequency in the United Kingdom)[21,22].

HNF1A-MODY (MODY3)

In the United Kingdom, 52% of all incidences of MODY fall into this category, making it the most prevalent type of
monogenic diabetes. Hyperglycemia occurs in the 2" and 4" decades of life due to genetic abnormalities in the
transcription factor HNF1A, which promote increasing B-cell malfunction (Figure 1)[23]. Similar to type 1 and 2 diabetes,
expert follow-up is advised since microvascular and macrovascular complications are frequent if glycemic objectives are
not met. Sensitivity to sulfonylurea medications is among HNF1A-most MODY's significant characteristics[24]. The very
first therapy is the administration of a small number of oral hypoglycemics, such as gliclazide (20-40 mg daily), which
may typically be effectively replaced in patients who were previously treated with other medications, such as insulin,
without a decline in glycemic control. However, it is important to note that therapy escalation is a common occurrence as
individuals undergo treatment, particularly when it comes to insulin usage as B-cell dysfunction continues to deteriorate
over time. Extra-pancreatic characteristics of HNF1A-MODY include reduced blood C-reactive protein concentration and
a low renal glucose threshold. The latter characteristic, in particular, may serve as a useful diagnostic marker for
identifying this condition[21,25].

PDX1 (MODY 4) and NEUROD1 (MODY 6)

Another form of MODY is caused by a defect in insulin gene (INS) promoter factor 1 (IPF1). PDX1 is a transcription factor
that contains a homeobox and plays a role in pancreatic development and the expression of INSs. The NEUROD1
mutation is found in a basic-loop-helix transcription factor, which impacts the development of both the pancreas and
neurons. Most patients must undergo insulin treatment[2].
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Figure 1 Hepatic nuclear factor 1o mutations cause beta cell dysfunction. hepatic nuclear factor 10, (HNF1A) controls the expression of genes
essential in carbohydrates and protein metabolism, such as glycolysis, the Calvin cycle, and mitochondrial oxidation. HNF1A deficiency inhibits mitochondrial
respiration in human embryonic stem cell-derived beta cells. HNF1A: Hepatic nuclear factor 1a.

GCK-MoDY

The significant and frequent reason for monogenic diabetes, known as GCK-MODY or non-progressive hyperglycemia
associated with GCK, is thought to affect as many as 1 in 1000 people[26]. GCK (B-cell glucose sensor) carries hetero-
zygous inactivating mutations causing GCK-MODY[27,28]. The chain of processes leading to insulin production is
initiated by glucose metabolism, triggered by GCK activity. However, when GCK activity is impaired, the threshold
glucose level needed to start insulin secretion is raised, even though the B-cell function is relatively unaffected[29,30].
Disorders in such pathways are also brought on by GCK's crucial process in the storage and release of liver glucose. The
end outcome is mild fasting hyperglycemia with an A1C of 5.8 to 7.6% (40 to 60 mmol/mol) and a range of 97 to 150 mg/
dL (5.4 to 8.3 mmol/L) in most cases[31]. Even though there may occasionally be an age-associated elevation in A1C
similar to that reported in elderly populations, this trend is present at birth (congenital). It has remained remarkably
steady through time[32]. Patients are asymptomatic and are not detected with hyperglycemia until accidental lab testing
or regular monitoring, frequently as pediatric accidental hyperglycemia, throughout pregnancy, or after an incidental
illness results in the condition[33-36].

HNF1B-MODY

Diabetes and renal cysts are the two most common features of HNF1B-MODY. However, other developing abnormalities
in many systems can also occur[37]. Since the etiology is a deficiency in p-cell growth, this type of diabetes commonly
manifests in adolescence or early adulthood, is frequently insulin-dependent, and often requires insulin. There is a
decreased pancreatic exocrine function, which may need to be treated. Exocrine pancreatic insufficiency can be diagnosed
with the help of a smaller pancreatic tail or low fecal elastase levels. Several developmental kidney diseases have been
reported, albeit renal cysts are typically present. The most frequent genetic cause of pediatric kidney disease, which
accounts for 20%-30% of cases, is HNF1B-MODY|[38].

KCNJ11-NDM and ABCC8-NDM

The most frequent reason for permanent neonatal DM (PNDM) and a significant source of transient newborn (TNDM) is
activated heterozygous abnormalities in either gene encoding the subunits of the p-cell ATP-sensitive potassium (KATP)
channel (KCNJ11 or ABCCS8)[39,40]. However, in the presence of acute hyperglycemia, mutant channels maintain
membrane hyperpolarization. However, these deficiencies can be treated with large doses of sulfonylurea, allowing
patients to transition from insulin and resume meal-stimulated insulin release with little to no hypoglycemia. However,
after more than 10 years of therapy, effective glycemic control frequently lasts[41-43]. When a genetic diagnosis is made,
initial sulfonylurea administration could, at least to some extent, alleviate a range of neurological impairments caused by
more harmful variations. The medical phenotype is connected with the intensity of the mutation[44,45]. TNDM is
commonly caused by gentle stimulatory mutations (ABCC8 more frequently than KCNJ11), or they may manifest as a
specific type of MODY in people or families who develop later MODY-like diabetes, which is typically able to respond to
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Table 2 Different types of the most common monogenic diabetes and their characteristics

Responsible

Phenotypes Characteristics
gene

HNF1A-MODY  HNF1A Loss of function of the p-cell transcription factor, glucosuria,

GCK-MODY GCK Reduced glucokinase enzyme function, raising insulin secretion setpoint

HNF1B-MODY  HNF1B Pancreatic/renal transcription factors' loss of functioning, genitourinary/renal malformations, exocrine pancreatic
insufficiency, hypomagnesemia, variations in liver function tests, developmental delay, hyperuricemia

KCNJ11-NDM KCNJ11 Mutation in the B-cell KATP channels' Kir6.2 subunit leads to impaired neuro-developmental dysfunction of insulin
secretion

ABCC8-MODY ABCC8 Mutation in the B-cell KATP channels' SUR1 subunit, leading to impaired insulin secretion and neurodevelop-
mental dysfunctions

INS-NDM and-  INS abnormalities in the proinsulin gene leading to a gradual deterioration of B-cell functioning capability due to the

MODY accumulation of improperly coiled proinsulin proteins

KATP: ATP-sensitive potassium; NDM: Neonatal diabetes mellitus; MODY: Mature-onset diabetes of the young; INS: Insulin gene; HNF1A: Hepatic
nuclear factor 1a; GCK: Glucokinase; HNF1B: Hepatic nuclear factor 1b.

a sulfonylurea and are not identified to have had neonatal hyperglycemia[46,47]. Bi-allelic moderately activated
mutations (often homozygous) and compound heterozygous abnormalities, wherein one mutant is stimulating while the
other is an impairment form, are two additional uncommon causes of neonatal diabetes from KATP mutations.
Nevertheless, neonatal hyperinsulinism is caused by homozygous loss of function mutations in either gene[48,49].

INS-NDM and INS-MODY

A hereditary assessment may not alter the course of therapy for some varieties of monogenic diabetes, and that may
nonetheless open the door to a precision-based strategy. For instance, the second most frequent etiology of PNDM is
heterozygous abnormalities in the pro INS, which gradually deteriorate p-cell functioning capability due to the accumu-
lation of improperly coiled proinsulin proteins[50]. Even though the only existing therapy is insulin, delaying the gradual
decline of B-cell activity and improving long-term consequences may be possible by reducing the stimulation for
increased synthesis of the genetically variant nutrients via minimizing blood glucose levels by initial intensive insulin
administration[51]. Both permanent and transient neonatal diabetes are also caused by nonsense or promoter variations
of the INS that inhibit or significantly reduce insulin production. The most effective treatment choices for these
uncommon patients have not yet been determined[52-54]. Different types of monogenic diabetes in young are given in
Table 2 below.

Monogenetic diabetes in neonates and children

Recent advancements in molecular genetics have provided us with a better understanding of the causes of diabetes at a
young age. It has been discovered that these cases are often the result of monogenic abnormalities and mutations in a
single gene. NDM is a condition that impacts approximately 1 in every 90000 to 160000 live births[55]. There are more
than 20 genetic factors that might develop NDM. One of the most probable etiologies of diabetes is identified before the
age of six months; hence, additional clinical factors should be investigated to help direct genetic testing. Medically, two
categories could be distinguished: (1) TNDM, which is reversible after a median of 12 wk without the need for further
treatment, although up to 50% of patients could recur over the pediatric age range[56,57]; and (2) in addition, lifetime
insulin therapies are necessary for people with PNDM after their diagnosis[58]. Mutations in the KCNJ11 gene, which
codes for the Kir6.2 subunit of the KATP channel, are the second most prevalent sources of mutations in people with
diabetes who are reported well before the age of six months of childhood. These abnormalities might cause either TNDM
(10%) or PNDM (5% of cases)[59,60].

GENETIC VARIATIONS ASSOCIATED WITH MONOGENIC DIABETES IN CHILDREN

Monogenetic diabetes due to variations in the ATP-sensitive potassium channels

The KCNJ11 and ABCC8 genes, which code for four pore-forming Kir6.2 subunits and four SUR1 regulatory subunits,
create the hetero-octameric complexes that comprise the K,;, channels[61,62]. Every rise in intrinsic metabolic activities
causes the cell's ATP /adenosine diphosphate ratio to rise and causes the K,p, channels to shut. Depolarization of the cell
membrane, as a result, eventually causes the release of insulin[63]. KCNJ11 or ABCCS8 variants are discovered in about
50% of patients having permanent newborn diabetes. Such variations primarily weaken the channel's responsiveness to
ATP, thus preventing channel closure and subsequent release of insulin[64]. The particular mutation determines the
phenotype, and there is a strong association between the functional intensity of the mutation and the phenotype, with a
few notable omissions[65]. Permanent diabetes, instead of transient, is more common in neonates with changes in amino
acids of Kir6.2, which is neonatal diabetes induced by KCNJ11 mutations (10%). Diabetes commonly manifests between
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A Kir6.x SUR

TMD2

NBD1 NBD2 Cc42

Figure 2 The ATP-sensitive potassium channel exhibits a simple structural composition. A: The Kir6.x subunit consists of two transmembrane
regions (TM1 and TM2) linked by a pore-forming area known as H5. The SURx subunit consists of three domains, including TMDO with five transmembrane sections
and TMD1 and TMD2 with six transmembrane regions each. The intracellular localization of the nucleotide-binding domains (NBD1 and NBD2) has been observed.
The only distinction between SUR2A and SUR2B resides in their C-terminal end (C42); B: The functioning ATP-sensitive potassium channel comprises four Kir6.x
subunits and four SURx subunits. Citation: Clement A, Guo S, Jansen-Olesen |, Christensen SL. ATP-Sensitive Potassium Channels in Migraine: Translational
Findings and Therapeutic Potential. Cells 2022; 11. Copyright ©The MDPI. Published by MDPI.

infancy and 26 wk of age but is usually accompanied by severe ketoacidosis (30%) and hyperglycemia[66].

Reduced newborn weight is widespread but lesser in individuals with 6q24 imprinting anomalies. Approximately 20%
of probands with permanent neonatal diabetes have related neurological symptoms because the Kat p channel is
expressed in nerves and musculature. Individuals sometimes develop a severe syndrome of epilepsy, neonatal diabetes,
and developmental disorders [collectively known as or developmental delay, epilepsy and neonatal diabetes (ENDD)][67,
68]. Nevertheless, an intermediary ENDD syndrome is more prevalent and is distinguished by DM and relatively
developmental disorders without seizures. Like SUR1 neonatal diabetes, transient neonatal diabetes is more prevalent
than permanent, and neurological symptoms are less frequent and typically include speech problems and aberrant breast-
feeding behavior[48,69]. K,,-linked TNDM might reoccur early in adulthood, like in individuals with 6q24 imprinting
anomalies. Since oral sulfonylureas (SU) are the most successful treatment for people with activating K,;;, channel
mutations while being insulin dependent, it is critical to detect these patients. In an ATP-independent way, these attach
with the SUR subunit and block the channels[42,70].

More than 90% of people with Kir6.2 diabetes and 85% with SUR1 diabetes can switch from insulin to oral hypo-
glycemic pills and improve their blood sugar management without an increased glucose level. Furthermore, the quantity
required is significantly greater than that used in type 2 diabetes (and slightly lesser in individuals with ABCCS initiating
genetic variation than in those with KCNJ11 mutations) or might result in temporary diarrhea[42]. KCNJ11-activated
heterozygous mutations are linked to Kir6.2 DM. Since over 90% of alterations occur "de novo," individuals are typically
born to parents without diabetes. Autosomal dominant transmission is evident in familial instances. This means there is a
50% chance of NDM for each subsequent child of an afflicted person. Similar to how few SUR1 DM patients have DM in
their families. Most outbreaks also come from de novo heterozygous mutations, and those with mutations have a 50%
probability of passing it on to their offspring.

Moreover, recessive inheritance is present in about 40% of PNDM individuals with ABCC8 mutations[71]. The
probability of newborns' diabetes in these situations is 25% for every sibling of the children, but the affected child has a
very minimal possibility of shifting the condition onto offspring. Nevertheless, since germline mosaicism (mutations
involved in the germ cells but not identifiable in the blood) has been established in some individuals, healthy parents of a
kid with a de novo mutation must be advised that the recurrent chance of affecting the next baby is insignificant[72]

Figure 2)[73].

( %he pa)ncreatic KATP channels directly regulate insulin release. Multiple subunits of internal rectifying k+ channels 11
(Kir6.2, encoded by KCN]J11) and 4 subunits of the sulfonylurea receptor family (SUR1, encoded by ABCC8) combine to
produce the hetero-octamer. GCK phosphorylates glucose to glucose-6-phosphate when it enters the cell, then glycolysis
and the Calvin cycle decompose glucose to make ATP. The KATP channel closes due to the elevated ATP/MgATP ratio,
depolarizing the cellular membranes and activating voltage-gated Ca*" channels. Insulin is secreted from cells when
calcium enters the cells via the active voltage-gated calcium channel. A system of transcriptional regulators, including
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HNF1A, NEUROD1, HNF4A, PDX1, and HNF1B, modulating the expression of insulin and the growth and division of
beta cells. Red labels identify the genes linked to MODY[74,75].

Monogenetic diabetes in children due to mutation in INSs

The INS has been found to have heterogeneous mutations, which may contribute to approximately 10-13 percent of
permanent neonatal diabetes occurrences[43,76,77]. Most mutations disrupt the insulin A or B chains. They are projected
to prevent cysteine amino acids from forming disulfide bonds with one another by either adding an extra cysteine residue
or transforming the existing one. Therefore, INS mutations cause a misfolded proinsulin molecule to be retained and
aggregate in the endoplasmic reticulum, which causes the endoplasmic reticulum stress responses to be induced, inhibits
protein production, and eventually results in B-cell destruction[78]. Inadequate birth weight, a characteristic of all subcat-
egories of NDM, is the only extrapancreatic symptom present in patients with PNDM and an INS mutation.

Additionally, there is no variation in birth weight between INS mutation carriers and carriers of ABCCS8 or activated
KCNJ11 mutations. Children reported during the first 6 mo with persistent DM need molecular genetic screening to
validate the chromosomal subtype, even though individuals with INS genetic variations are detected later since the range
overlaps. Insulin is the sole medication option for individuals with monogenic diabetes because it causes the B-cells to
progressively expire[79].

The overwhelming proportion of INS mutant individuals are spontaneous occurrences caused by denovo mutations.
About 20% of incidences occur in families with an autosomal dominant transmission pattern. Therefore, 50% of afflicted
people can transmit the illness to their offspring[50]. It is worth noting that between 6 and 12 mo, both INS and KCN]JI1
mutants are an infrequent cause of irreversible diabetes. When dealing with diabetic newborns, particularly those who
lack pancreatic autoantibodies or a high-threat human leukocyte antigens genotype for DM1, this must be considered[50].

Monogenetic diabetes in children due to mutations in the GCK genes

The B-cell's sensor for glucose is the enzyme GCK, which catalyzes the rate-limiting reaction of glucose phosphorylation
and allows the cells to react correctly to the level of glycemia[81]. Heterozygous GCK genetic mutations cause familial,
moderate, non-progressive hyperglycemia. Nevertheless, the B-cells cannot secrete insulin in response to hyperglycemia
if they have homozygous or compound heterozygous abnormalities in both genes that cause complete GCK insulfficiency
[82-84]. Only 4-5 percent of instances of PNDM are explained by this mechanism. Significant intrauterine developmental
impairment and hyperglycemia can be seen as early as the first day of life (birth weight 1700 g). Individuals need to take
insulin for a lifetime and don't have any significant additional pancreatic characteristics[85]. The diagnosis must be
seriously investigated in consanguineous couples, particularly when both parents show moderate hyperglycemia.
Monitoring fasting sugar levels in the parents of each newborn having NDM ought to be mandatory, particularly when
there is no known family background of the condition because it is typically asymptomatic. Due to the recessive nature of
this kind of diabetes, a patient's future siblings have a 25% chance of developing the condition[86].

Abnormalities in insulin sensitivity and secretion

Most monogenic diabetes in children is caused by gene abnormalities that alter insulin biosynthesis, packing, glucose
sensing, or insulin release, resulting in B-cell depletion or malfunction[59,87]. The CD4* CD25" regulatory T lymphocytes,
wherein overactivation leads to auto-immunity against B-cells, often leading to diabetes in the first three months of life,
are the site of other alterations that influence insulin production and are not expressed in pancreatic beta cells. Decreased
numbers of B-cells or granules and reduced insulin levels in these globules may be caused by mutations that impair the
translational, breakdown, and packaging of insulin. Genes that control glucose sensing are affected by mutations that
influence insulin release instead of the formation or degeneration of beta cells. They consist of mitochondrial DNA
structural mutations. Most of these abnormalities decrease glucose sensitivity and metabolism, encouraging the open
configuration of the K* channel and preventing depolarization, which leads to insulin release. Monogenic diabetes,
caused by mutations leading to extreme insulin resistance, rarely develops in children. These are primarily brought on by
mutations in genes encoding the insulin receptor, which change the gene's biosynthesis and post-translational processing,
promote receptor degradation, decrease insulin binding or receptor activation, and more. These result in Leprechauns,
Rabson-Mendenhall syndrome, or type A severe insulin resistance. Alternately, hypertriglyceridemia linked to congenital
generalized lipoatrophy or familial partial lipodystrophy may cause insulin resistance[88-91].

Miscellaneous monogenetic diabetes in children and infants
The other genetic origins of newborn DM are rare. While evaluating whether to test for additional genetic subtypes,
related clinical information and understanding of kinship might be highly significant. About 5 to 10 percent of permanent
neonatal diabetes cases are caused by pancreatic hypoplasia or aplasia. Whereas some of these individuals' mutations
have already been discovered, the majority of these individuals still lack a genetic diagnosis. There have been two cases of
pancreatic agenesis where the transcription factor IPF1 has completely failed due to homozygous or complex hetero-
zygous alterations in the IPF1 gene[92,93]. Since it controls how midgut endodermic stem cells differentiate, IPF1 is
crucial for the embryonic maturation of the pancreas. It also plays a role in INS transcription in adulthood. Therefore,
IPF1 heterozygous mutations are responsible for a small number of incidences of inherited juvenile-stage diabetes[94].
Additionally, certain polymorphism variations of the gene increase the likelihood of getting type 2 diabetes[95].
Numerous individuals with pancreatic and cerebellar hypoplasia/agenesis from 2 consanguineous families had identical
mutations in pancreas transcription factor 1o, which codes for pancreas transcription factor 1-a[96,97].

GLIS3, a transcriptional modulator with high levels of expression, has now been linked to a complicated syndrome that
includes gestational hypothyroidism, neonatal diabetes, and dysmorphic traits. Neonatal glaucoma, liver cirrhosis, and
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glomerular cysts were also found in some cases. Four probands from three consanguineous families that were not linked
to each other had homozygous mutations in the GL1S3 gene so far[98,99].

Multisystemic disorder, immune dysregulation, polyendocrinopathy, enteropathy, and X-linked syndrome manifest in
homozygous recessive males with a mutation in the FOXP3 gene[100]. For regulating T cells to mature and perform
properly, the genes that encode this protein must be present[101]. Its absence is linked to several autoimmune disorders
with early development (enteropathy, DM, eczematous dermatitis, hypothyroidism, cytopenias, etc.), which frequently
cause the patient to pass away during the initial few years of adulthood. Surprisingly, antibodies against p-cell antigens
could be discovered, marking a significant distinction from other PNDM-causing factors. Therapeutic options include
bone marrow transplants and immunosuppression. Female heterozygous carriers don't exhibit any symptoms[102].

Below 1% of kids seen in diabetic clinics have syndromic versions of the disease, making them uncommon. Most cases
are either incorrectly or never diagnosed due to their rarity and complexity. It is crucial to appropriately diagnose these
disorders in children so that difficulties can be anticipated, recognized, and treated. Parents may also choose to receive
genetic counseling[103].

The condition known as MIDD is because of an A to G alteration at position m.3243A>G in the mitochondrial DNA
that codes for the gene for tRNALeu and is thought to affect up to 1% of diabetics. Beta cell mass reduction, a steady
decline in beta cell activity, and a reduction in glucose-induced insulin secretion are assumed to be the effects of
mitochondrial malfunction in the extremely metabolically dynamic pancreatic islets. When compared to the percentage of
diabetes induced by m.3243A>G, additional mitochondrial DNA genetic variations that have been linked to MIDD are
incredibly rare[104,105].

Wolfram syndrome (WFS) is the most prevalent syndromic monogenic diabetes in kids and teenagers. The occurrence
of WFS, commonly referred to as diabetes insipidus, DM, optic atrophy, and deafness, is thought to be 1 in 770000.
Despite being a nonautoimmune type of diabetes, insulin insufficiency is a common complication in WFS patients due to
the selective death of pancreatic beta cells and compromised insulin output. The latest reports link a missense alteration
to nonsyndromic, autosomal dominant adult-onset diabetes[106-108].

DIAGNOSIS STRATEGIES OF MONOGENIC DIABETES IN NEONATES AND CHILDREN

Targeted gene sequencing

Targeted therapy is made possible by the earlier diagnosis of monogenic diabetes in neonates and children.
Improvements in glycemic control reduce comorbidities from diabetes, and a reduction in the expense and load of
medication have all been linked to genetically-targeted therapy[65,109]. According to investigations, monogenic diabetes
can be detected by affordable genetic analysis in the right individuals[66,110]. It is critical to differentiate between type 1
and type 2 diabetes and monogenic diabetes to monitor complications, identify extra-pancreatic illnesses that may be
present, and identify afflicted and vulnerable members of the family[68,69]. To validate a clinical confirmation of
monogenic diabetes, genetic screening must be conducted. Clinicians have various test methods and diagnostic strategies
available as the set of genes linked to monogenic types of diabetes rises. Sanger sequencing is still the gold standard for
finding single base changes and minor penetrations or removals. Still, it can only diagnose a small number of specific
genes and requires previous knowledge of the probably afflicted gene. Carroll and Murphy[75] developed a diagnostic
method in which doctors screen the most prevalent types of MODY (GCK, HNF1A, and HNF4A) first and only take into
account the less common forms once those three have been ruled out[111].

Whole-exome sequencing (WES)

WES, which focuses primarily on the human genome's protein-coding regions, is a potent method for identifying novel
causal genes in monogenic illnesses. WES analysis has recently been a successful strategy for identifying the new genes in
MODY-X cases. WES was performed on four Turkish patients from two families who were negative for the most
prevalent MODY genes (HNF1A, HNF4A, GCK, and HNF4A). We detected disease-causing missense mutations in novel
MODY candidate genes in two families after filtering pathologic variants. Two mutations (p.His307GIn in c-Myc and
p.Gly107Ser in ARHGDIA) were not in any database and graded as probably detrimental by functional prediction

software, while p.Asp129Asn in CDK4 was previously reported but not in 1000 genome, ESP6500, or ExAc databases|[3,
112].

NGS

NGS techniques have replaced Sanger sequencing in most industrial and clinical genomic labs. Several identified genes
associated with diabetes can be simultaneously analyzed using next-generation targeted sequencing panels, which are
about as expensive as Sanger sequencing to examine a few genes. Most crucially, specialized panels may find mutations
in patients who don't have the disease's defining symptoms[113]. The likelihood that variations of ambiguous significance
would appear in genetic testing findings is a significant side effect of employing panels. These variations are frequently
challenging to interpret regarding illness risk or cause, necessitating additional patient medical data and testing of first-
degree relatives to aid the assessment. When it relates to comprehending and explaining data to patients and making
clinical care considerations, such situations present a unique difficulty for doctors. Whenever the cause of a variation is
unclear, requesting physicians should speak with experts in monogenic diabetes.
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THERAPEUTIC OPTIONS FOR THE MANAGEMENT OF MONOGENETIC DIABETES IN CHILDREN

The overall general opinion is that pharmaceutical intervention is not necessary, except for pregnancy, when
management is based on fetal genotype, provided that the mild high blood sugar, the absence of long-term abnormalities,
and the assessment that management with antidiabetic drugs or the insulin does not affect glycemia[114]. Thirty percent
of GCK-MODY participants who received incorrect diagnosis and treatment with glucose-lowering medication, such as
insulin, reported hypoglycemia and other negative consequences[115]. Vulnerability to SU is the first therapeutic option
in HNF1A-MODYS3, a significant and unique distinctiveness of HNF1A-MODY. It has an important implication,
especially for individuals misdiagnosed with type 1 diabetes, because they might be able to stop insulin and receive SU
medication even after receiving a lot of insulin[116]. Children on oral hypoglycemic drugs or sub-replacement insulin
dosages can quit their insulin treatment and switch to low-dose SUs. The smallest quantity of sulfonylurea, such as
glyburide (one-half to one 1.25 mg tab), must be used to start them. To get optimal blood glucose control, the dose can be
increased. For those using replacement insulin doses, lowering basal insulin by at least 50% and ceasing bolus insulin at
the start of SU are recommended. Meglitinides are among the additional therapy choices. In comparison to glibenclamide
1.25 mg, nateglinide 30 mg was demonstrated to produce reduced hypoglycemia in persons with HNF1A-MODY[117].

Repaglinide and nateglinide have been used in a case study of children with HNF1A-MODY. Meglitinides may be the
first treatment for kids with HNF1A-MODY instead of SUs, according to this analysis of three teenagers, where the use of
the medication was linked to little or infrequent hypoglycemia vs persistent hypoglycemia with SUs[118]. Compared to
SU, glucagon-like peptide-1 (GLP-1) receptor analogs have been demonstrated to significantly decrease blood sugar
concentrations in people with HNF1A-MODY[119]. SUs alone will not provide appropriate blood glucose control in
certain people with HNF1A-MODY, or satisfactory control may worsen over time. This appears connected to gaining
weight and latency in starting SUs[64]. Although the optimal replacement therapy plan is unknown, alternatives
comprise supplementing SUs with metformin, basal insulin, or GLP-1 agonists. A study on the effects of SGLT2 inhibitors
in HNF1A-MODY has been published, demonstrating an elevation in glycosuria[120].

Nanotechnology in the diagnosis and treatment of diabetes

The identification of diabetes at an early stage and an assessment of its progression are critical components of diabetic
care. Individuals diagnosed with diabetes must consistently check their blood glucose levels to manage and maintain
their blood sugar levels effectively, mitigating the risk of developing diabetic complications[121]. The diagnostic tools
commonly employed in clinical settings utilize the blood sample obtained by pricking the fingertip with a needle.
However, there has been a recent trend towards implementing modern technology for continuous real-time monitoring
of blood glucose levels. Glucose sensors are employed to monitor glucose concentrations in either the bloodstream or the
interstitial fluid. A glucose sensor typically comprises three essential components: A detector, a transducer, and a
reporter. A pressing requirement is to improve glucose sensors to enhance their accuracy and specificity and enable real-
time detection[122-124].

The application of nanotechnology has been found to influence glucose sensors significantly. This is primarily due to
nanotechnology's ability to enhance the sensors' surface area and improve the electrodes' catalytic activity. Moreover,
nanotechnology has also played a crucial role in developing miniaturized nanoscale devices capable of detecting glucose.
Recently, surface-enhanced raman spectroscopy-based biosensors have been widely studied to detect diabetes[125]. The
utilization of carbon nanotubes (CNTs) has also been explored in the context of glucose detection in urine. The utilization
of biopolymer chitosan (CS) aqueous solutions containing dissolved CNTs enables the monitoring of urine glucose levels
without any interference[126]. The glucose detection in urine can be facilitated by employing ZnFe204 magnetic
nanoparticles (NP) (MNPs) with inherent peroxidase-like activity. This research suggests these MNPs can be a colori-
metric biosensor[127]. Another study devised a glucometer with flexibility, self-sustainability, and a skin-like appearance.
This innovative device was designed to continuously monitor blood glucose levels within the human body, facilitating
the proactive management and treatment of diabetes. The functioning mechanism relies on the interplay between
piezoelectricity and enzyme processes within arrays of GOx@ZnO nanowires[128] (Figure 3)[129].

Diabetes is a chronic condition with no known cure; nevertheless, it can be effectively managed using many existing
medical treatments. The efficacy of the treatment is dependent on the administration of insulin and other pharmaco-
logical medicines used to manage diabetes[130]. There is a notable scientific inclination towards advancing non-invasive
techniques for administering insulin and/or extending its temporal efficacy through nanotechnology. The delivery of
insulin through nanomedicine entails the utilization of polymeric NPs, micelles, metallic NPs, solid lipid nanoparticles,
and biodegradable polymer nanoparticles[131]. Polymer-based delivery approaches commonly incorporate polyethylene
glycol (PEG), wherein peptide or protein medications such as insulin are conjugated with PEG to enhance solubility,
permeability, and stability during oral administration. Likewise, there have been notable advancements in the utilization
of insulin via the oral route with the application of micellar formulations[132] (Figure 4)[133].

Liposomes are considered to be more appropriate and enduring structures compared to micelles. Consequently, certain
variations of liposomes have been created and examined in animal models to assess their efficacy in delivering insulin.
The oral administration of liposomal insulin has demonstrated enhanced bioavailability compared to the free version
[134]. Nanoparticles loaded with insulin have been created utilizing a range of polymers such as CS, polylactide-co-
glycolic acid, and dextran. The utilization of solid lipid nanoparticles has been explored to deliver insulin[135].
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FUTURE DIRECTIONS AND RESEARCH

The investigation of genetic aspects of childhood monogenic diabetes not only provides valuable insights into the existing
body of knowledge but also establishes a foundation for promising future avenues of research. With the progression of
genetic analysis, there is an increasing potential to discover new gene mutations and comprehend their complex
involvement in the development of monogenic diabetes. This can potentially reveal previously unknown disease
subtypes and enhance our comprehension of the underlying mechanisms[136]. Furthermore, incorporating genomic data
in conjunction with other 'omics' fields, like transcriptomics and metabolomics, can offer a comprehensive understanding
of the molecular landscape of the disease. The construction of comprehensive databases through collaborative efforts in
data sharing and multinational consortia can significantly assist clinicians in accurately diagnosing patients and selecting
appropriate treatment options[137]. In addition, the prospect of gene treatments and precision medicine strategies
presents a promising perspective, wherein customized interventions aimed at specific genetic abnormalities have the
potential to profoundly transform the treatment of pediatric monogenic diabetes[138]. In essence, comprehending and
effectively handling monogenic diabetes is closely linked to the ever-evolving field of genetics. It offers the potential for
groundbreaking progress that will significantly impact the provision of diabetes care for children.

CONCLUSION

As a result of the challenges associated with identifying monogenic forms of diabetes in pediatrics, there is an increasing
tendency for these conditions to be underdiagnosed, thereby overlooking potential opportunities for treatment strategies
based on genetic factors. The misdiagnosis of diabetes can be attributed to several factors, including the clinical and
hereditary variability of its subtypes, the complex relationship between clinical and polygenic types, the high cost of
genetic screening, lack of healthcare insurance coverage, and limited knowledge of the condition among medical profes-
sionals. Integrating biomarkers with phenotype is a promising approach that can potentially speed up and improve the
accuracy of genetic diagnoses. The clinical implications of this discovery for both the patient and their family, notwith-
standing the relatively low prevalence of monogenic forms of diabetes, support the appropriate utilization of genetic
testing. Assessing an inherited genetic form of diabetes necessitates specific consideration of several factors, including the
absence of typical symptoms associated with type 1 or type 2 diabetes, early onset of the condition, familial predis-
position, and extrapancreatic abnormalities. The prognosis and management of monogenic diabetes in pediatric and
adolescent populations can be improved by expanding knowledge regarding the condition and facilitating a more
approachable assessment process.
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