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Abstract

Type 2 diabetes mellitus (T2DM) is a heterogeneous condition that is related to both defective insulin secretion and peripheral
insulin resistance. Beta cells are the major organ for secreting insulin hence, it is important to maintain an adequate beta-cell mass
in response to various changes. Insulin resistance is a major cause of T2DM leads to elevated free fatty acid (FFA) levels which
increases beta-cell mass and insulin secretion to compensate for insulin insensitivity. Chronic increase of plasma FFA levels
results in disturbances in lipid metabolism, which contributes to decreased beta-cell function and lipotoxicity thus promoting
T2DM. In the present review, we have discussed the process of beta-cell destruction, the role of genes in contributing to the fast
increase in the progression of T2DM in detail. More than 130 variants in various T2DM susceptibility and candidate genes have
been discovered to be associated with T2DM. Still, these variants elucidate only a small amount of total heritability of T2DM.
Further, there is also an inventory of presently used therapeutic tools and a review of novel therapeutic approaches like incretin-
based therapies or sodium-glucose transporter-2 inhibitors. Additionally, providing a concise but comprehensive update, this

review will be essential to every clinician involved in the treatment of diabetes mellitus.
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Introduction

Type 2 diabetes mellitus (T2DM) persists to be one of the
major health problems worldwide. It is a metabolic disor-
der caused by hyperglycemia, which occurs due to inade-
quate pancreatic insulin secretion or insulin resistance in
peripheral tissues [1]. T2DM is the outcome of a diverse
interaction between genetic, epigenetic and environmental
factors [2]. Long term defects in (3-cells can affect insulin
levels and may result in severe glucotoxicity effects on
pancreatic cells resulting in impaired insulin secretion
[3]. Insulin resistance is a condition in which cells fail to
react to insulin appropriately and inhibit the activity of
lipoprotein lipase as a consequence of modifying lipids
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and apolipoprotein by altering the catabolism [4]. These
changes may contribute to increasing lipolysis and free
fatty acid (FFA) into the blood that results in the disease
phenotype. Among the different known factors, the most
general cause of developing insulin resistance is obesity
and overweight [5, 6]. T2DM also shows a strong inherit-
able genetic association with a family history, where dis-
ease risk increases up to 40% if one of the close relatives
had diabetes and doubles when the mother shows disease
phenotype [7].

Recently, Genome-wide association (GWAS) study, sug-
gests the involvement of more than 50 genetic variants with
T2DM [8]. Several genes previously observed are significant-
ly associated with T2DM including PONI, LCAT, APOE,
FTO, and TCF7L2 [2, 9]. Polymorphisms in these genes have
previously been shown to be significantly associated with
T2DM by an increase in free fatty acid (FFA). Exposure of
cells to increased FFA inhibits the phosphorylation of serine
residues of the insulin receptor substrate (IRS). This phos-
phorylation diminishes the tyrosine phosphorylation of IRS-
1 in reaction to insulin and loses the capability to bind with
insulin receptors thus inhibiting insulin action and signaling.
Mechanism and causes of T2DM are mostly unknown and
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various polymorphic studies in different ethnicities are being
conducted to identify the genes responsible for the progres-
sion of diabetes [10]. However, the sequence of genes di-
verges in various regions, and the dissimilarity in nucleotide
modifies a phenotypic trait that displays an increased risk of
T2DM. Apart from coding genes, non-coding genes can also
raise the risk of diabetes by modifying the regulation of genes
which alters the protein product and functioning [11]. It has
also been identified that the development of T2DM results
from the involvement of genetic makeup and the environmen-
tal factors together with increased obesity (visceral fat) [12]
(Fig.1). The population of different ethnicities is also at in-
creased risk of diabetes such as African-Americans, Asian-
Americans, and Hispanic-Americans [7]. However, the in-
crease in a sedentary life, poor foodstuffs, stress, red meat,
westernization culture, urbanization, and competition showed
an increased frequency of T2DM among Indians [7]. This
review will thus focus on a wide variety of significant aspects,
from genetic background to topics related to the pathogenesis
of diabetes mellitus such as dysfunctional beta cells and
lipotoxicity. There is also an inventory of presently used ther-
apeutic tools and a review of novel therapeutic approaches
like incretin-based therapies or sodium-glucose transporter-2
inhibitors. Additionally, providing a concise but comprehen-
sive update, this review will be essential to every clinician
involved in the treatment of diabetes mellitus.

Pathogenesis of T2DM

T2DM is a multifactorial disease involving the influence of
multiple genes along with obesity, insulin resistance, and en-
vironmental factors [5]. In T2DM, insulin resistance

contributes to increased glucose production in the liver and
decreased glucose uptake in muscle and adipose tissues at a
set insulin level. Additionally, dysfunctional {3-cells also re-
sult in reduced insulin secretion which is not enough for main-
taining normal glucose levels [13].

Genetic factors

The risk of growing T2DM also depends on lifestyle as well as
genetic background. There is a higher probability of develop-
ing T2DM in individuals having diabetic parents and this ratio
further increases if both the parents have T2DM [14].
Similarly, odds of having T2DM also increases up to 70% in
monozygotic than in dizygotic twins [11]. Additionally, by
purifying selection method alleles that are susceptible to the
T2DM are reserved at low frequency and these inherited genes
can be used for screening and early diagnosis in families with
a history of T2DM [15, 16]. However, these variants are act-
ing independently or in combination with common variants in
different geographical areas [17].

Modern researches are meticulously working to discover a
genetic variant that contributes to disease and increases the
risk of T2DM. Genetic variations might add to the outcome
of the possibility of T2DM, and modifications in these gene
traits could also increase the chances of diabetes and obesity
[18]. Also, past findings showed that Indians are at increased
risk of diabetes due to increased obesity and waist circumfer-
ence in comparison to other racial populations [19]. Even
though Indians had decreased body mass index (BMI), but,
increased waist circumference and body fat upsurge their risk
of developing T2DM in the future [10, 20]. However, an in-
crease in physical activity and a healthy diet, maintaining

Fig. 1 Proposed mechanism of
genetic predisposition and
obesity-induced insulin resistance
and type 2 diabetes mellitus
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normal BMI may perhaps decrease the risk of diabetes in
individuals with a family history of diabetes [21]. In addition,
epigenetics also modify and alter genes by altering gene ex-
pression patterns through DNA methylation and histone mod-
ification [22]. Mixing altogether, genome sequencing, and
epigenetic examination might increase the understanding of
genetic risk models and T2DM pathogenesis. Since the pro-
cess to identify whole-genome methylation is in progress and
discovery of only a limited portion of the methylation region
that could be valuable in the early diagnosis of diabetes [22].
Advancement in scientific and research approach might con-
tribute to examine genome-wide methylation more precisely
since identification of whole-genome methylation is in prog-
ress and only a limited portion of the methylation region as-
sociated with T2DM had been discovered.

Increased lipolysis

The insulin peptide hormone is a potent inhibitor of lipolysis
and inhibits the release of FFA from adipocytes by inhibiting
the enzyme hormone-sensitive lipase. It is also observed that a
long term increase in FFA could raise the prevalence of insulin
resistance and impair insulin secretion [23]. Furthermore, in-
crease circulation of FFA could markedly raise the storage of
triglycerides (TG) in muscles and induces insulin resistance in
these tissues. Fatty acyl CoA of FFA has been shown to dam-
age insulin action due to lipotoxicity which results in the de-
struction of beta-cell [1]. Additionally, FFA oxidation pre-
vents glucose oxidation in muscles by inhibiting glycolytic
enzymes and excessive FFA oxidation leads to the accumula-
tion of acetyl CoA, inhibitor of pyruvate dehydrogenase, and
increases the NADH/NAD ratio hindering Krebs’s cycle [1].
As a result accumulation of glucose-6—phosphate inhibits
Phosphofructokinase (PFK) leading to the accumulation of
glucose-6—phosphate that in turn inhibits hexokinase II.
Further, the blockage of glucose phosphorylation causes an
upsurge in glucose level and obstructs the transportation of
glucose inside the cells.

Adiposity (obesity)

Increased FFA is known to cause insulin resistance in tissues
by modifying perilipin expression that is found in adipocytes
on the exterior of triacylglycerol, inhibiting lipases from hy-
drolyzing triacylglycerol to enable the release of FFAs [24].
Likewise, in obese individuals, adipose tissues produce more
proinflammatory markers and increased expression of pro-
inflammatory proteins like TNF- «, monocyte chemotactic
proteinl, interleukin 6 (IL-6), macrophages and reduce leptin
levels. Moreover, adiponectin as well as IL-10 secreted by
adipose tissues also increases along with retinol-binding pro-
tein 4 and secreted frizzled-related protein 5 (SfipS) [1]. In
adipose tissue, Leukotrienes (LTs) are potent pro-

inflammatory mediators that inhibit 5-lipoxygenase, an en-
zyme involved in the biosynthesis of LTs that protects obese
mice from insulin resistance by reducing AT macrophages
and T cell infiltration. In the presence of excess nutrients,
the adiponectin receptor is down-regulated by the activation
of the JNK pathway by TNF-«, IL-6, and oxidative stress [7].

Further, after dietary intake adipose tissues store FFA as
TG in adipocytes and discharges FFA to fuel other organs
through lipolysis and lipogenesis during starvation [25].
However, FFA binds to toll-like receptor 4 (TLR4) triggers
proinflammatory action, causes the build-up of adipose tissue
macrophages but excess FFA released from adipocytes stored
in the liver, together with glucose could be a consequence of
fatty liver disease [26]. FFAs can also provoke IR by hinder-
ing glucose transport activity, which may be a result of de-
creased insulin receptor substrate-1 (IRS-1)-mediated phos-
phatidylinositol 3-kinase (PI3-k) activity. Increased FFA up
regulates intracellular fatty acyl-CoA and diacylglycerol
(DAG) concentrations, which lead to activation of protein
kinase C (PKC)-theta. Further, PKC-theta stimulates IRS-1-
mediated PI3-k activity, which decreases insulin-stimulated
glucose transport activity [27]. FFAs from dietary fat is also
the main signaling molecules that binds to free fatty acid re-
ceptors (FFARs), which are G protein-coupled receptors
(GPCRs) and these long-chain fatty acids (FAs) triggers
GPR40/FFAR1 and GPR120/FFAR4, whereas short-chain
FAs stimulate GPR43/FFAR2 and used as possible beneficial
targets to decrease FFA-mediated IR [23].

Insulin resistance

Insulin resistance is a pathological condition of the body in
which cells are unable to sense insulin hormone and the body
cells lose sensitivity to insulin [28]. Insulin resistance causes
decrease glycogen synthesis and protein catabolism in mus-
cles as well as inhibits lipoprotein lipase activity in adipocytes
thus increasing FFA and inflammatory markers cytokines like
Interleukin-6 (IL-6), tumor necrosis factor (TNF). Increased
circulation of cytokines causes an alteration in insulin sensi-
tivity and interruption of glucose metabolism [29]. Further,
TNF is the main cause that activates the secretion of FFAs
from the adipose tissue into the circulation and mediates the
suppression of many genes responsible for glucose and FFA
storage. On the other hand, TNF has also been shown to
down-regulate the genes encoding adiponectin, GLUT4,
IRS-1, etc. as well as recovers insulin sensitivity by various
mechanisms, causing a decrease in plasma FFA and glucose
levels. In the liver, adiponectin stimulates FFA oxidation, de-
creases lipid synthesis, reduces uptake of FFA and inhibits
gluconeogenesis. In skeletal muscle, adiponectin increases
glucose and FFA oxidation as well as restrain the secretion
of TNF [30], affecting insulin sensitivity in either a helpful
(adiponectin, leptin, interleukin-10) or as a destructive way
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(TNF, resistin, interleukin-6, retinol-binding protein 4, mono-
cyte chemoattractant protein-1, plasminogen activator inhibi-
tor-1) [20]. Recently, it was noticed that adiponectin may im-
prove the survival of pancreatic islets by acting as an
antiapoptotic and inhibits the cytokine effect on FA induced
[3- cell apoptosis to prevent lipotoxicity provoked dysfunc-
tion. It also reduces the formation of toxic lipids and neutral-
izes the lipotoxicity induced beta-cell destruction [7].

Loss of B-cell mass and B-cell destruction

Insufficient functional beta cell mass is the main factor for
type 1 diabetes and a major contributor to T2DM, highlighting
the significance of understanding beta cell dynamics in the
occurrence of diabetes. Increased FFA and saturated fats can
harm beta-cell through cytokine-induced inflammation with
progressive weakening of beta-cell function leading to beta-
cell collapse and death [27]. Proinflammatory cytokines cause
beta cell death due to mitochondrial stress leading to beta-cell
destruction [1]. Furthermore, saturated fatty acid encourages
islet inflammation and proliferates cytokines expression in
beta cells thus making beta-cell dysfunction. Beta-cell hyper-
trophy (decreased beta-cell size) and hyperplasia (increased
beta cell number) arise during beta-cell compensation to in-
crease beta-cell mass in response to hyperglycemia [27]
(Fig.2). Interestingly, when cell death happens, beta-cell com-
pensation occurs to repair cell physiology. Previous studies
showed that saturated fats increase intramuscular palmitic acid
accumulation that may lead to insulin resistance and extended
exposure to palmitate (PA), that hinders the secretory ability
of beta cells and increases beta-cell apoptosis [1]. In T2DM,
reduced beta-cell mass occurs through apoptosis, necrosis,
autophagy and increase apoptosis together with reduced rep-
lication [7]. The cytokine, IL1 induces beta-cell necrosis sig-
nifies that macrophage-derived cytokines contribute to the
carly pathogenesis of diabetes by inducing beta-cell death
through a mechanism that promotes necrosis and islet inflam-
mation. Additionally, in obese individuals, adipose tissue is a
primary source of inflammation with the penetration of mac-
rophages that numbs the glucose recipient organs to the action
of insulin thus raising the likelihood of T2DM [31]. Saturated
fats in the blood resulting from diet or due to lipolysis of fat
depots lead to fatty acid and glucose rival for uptake and
metabolism in tissues. Long term increased blood sugar, high
FFA causes glucotoxicity and damage beta cells by elevating
oxidative stress. Further, the uncontrolled growth of beta cells
enhances beta cell numbers and improves the functional ca-
pacity through increased blood glucose that might result in
uncontrolled beta cell growth due to constant secretion of
insulin [6]. Additionally, islet inflammation (insulitis) occur-
ring due to excess FFA might leading to metabolic collapse in
beta cells resulting in synthesis of cytokines, and recruitment
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of immune cells to the site of assembly which initiates beta
cell dysfunction and impair insulin secretion [22].

Early detection of T2DM

Nowadays, exome sequencing, whole-genome sequencing,
Tag SNP sites show the way to determine the increased risk
of T2DM and also detecting the locus associated with genes
responsible for the progression of diabetes. Polymorphic
studies are developed and designed to compare the genes of
T2DM subjects with matched healthy controls [30]. The gene
sequences of T2DM and controls differ in various regions
and this dissimilarity in nucleotide sequences modify a phe-
notypic trait that displays an increased risk of T2DM.
Population-based findings and advances in the statistical ap-
proach will enhance the examination of genes associated with
T2DM. Earlier than GWAS phase, association studies of ge-
netic variants with T2DM, was dependent on SNPs identifi-
cation [32]. Nowadays signs of progress in genotyping have
extensively enhanced the chance of identifying the genetic
architecture of T2DM. The latest advancement in this field
is Metabochip and Illumina Exome chip that can identify
100,000 SNPs variants associated with T2DM and which
could be helpful in the identification of early diagnostic bio-
markers for T2DM. [33]. Large population-based meta-anal-
ysis studies with similar genetic backgrounds can minimize
genotyping errors. Investigation on the Japanese population
showed that after taking carbohydrates they had a lower abil-
ity of insulin secretion with minor pancreatic cell function
than the western population [10]. These findings proved that
most Japanese individuals have diabetes sensitive genes in-
cluding thrifty genes which make them more predisposed to
diabetes [2]. Also, noncoding region genes and several SNPs
in the open reading frame (ORF) alter the protein stability,
conformation, and function that might also increase the sus-
ceptibility of T2DM [34].

Detection of susceptible genes

Genetic testing of susceptible genes is helpful in early diag-
nosis and the management of T2DM. Further, genes present in
coding and non-coding regions do not separately manipulate
diabetes risk but they act in combination with multiple genes
and jointly with environmental factors. Earlier findings sug-
gested that Calpain10 impacts insulin secretion [35] and nu-
merous ethnic populations showed involvement of Calpain10
with T2DM [36]. Moreover, some candidate gene is also used
in pharmacogenomics to study how genes affect a person’s
response to drugs that might aid in developing useful medica-
tions and doses that will be personalized to a person’s genetic
constituents [35]. Screening of exonic region genes and its
association with diabetes will provide a mechanism to prevent
T2DM and delay its progression. Further sequencing of
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important susceptible genes in the earlier stages of life could
be helpful in the diagnosis and prevention of T2DM.
Association of common number variation (CNV), insertion,
and deletions in diabetes are still inadequately identified with
no strong association of CNV with T2DM reported [11]. In
this context, Next-generation sequencing has been proved to
be much better than polymorphism and CNV, which could
decipher novel pathways to identify T2DM possibility.
Hence, CNV is not considered as an important genetic risk
marker in identifying diabetes and is mainly assumed to be
only 5% in the human genome [11].

Screening of associated genetic variants

Earlier findings prove that rare variants are a causative factor
in the development of diabetes and we still need to find out the
effect and frequency in different populations because the fre-
quency of alleles varies from population to population [37].
More possibly, Next-generation sequencing (NGS) can pro-
vide an insight into the exposure of genetic variation as whole-
genome sequencing (WGS) proved to be a hallmark for early
diagnosis of T2DM [38]. Previous studies established that
early sequencing of candidate genes can be helpful in early
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detection of the susceptibility of diabetes [39]. Exome se-
quencing and Array-based genotyping provide noteworthy
results in the early detection of T2DM. Also, whole-exome
sequencing, in the Latin population observed a significant
association of T2DM risk with uncommon variants [37].

Common variants are the genes that are found in coding
regions as well as in regulatory sequences of the gene. These
genes are susceptible to complex disease and are valuable in
manipulating disease phenotype [14]. Some common variants
are significantly associated with T2DM and are important in
identifying its risk. There are various common variations ob-
served in humans like copy number variations, variable num-
ber of tandem repeats, microsatellite, minisatellite [40].

Additionally, SNPs in the intronic region also affect gene
expression and could also result in disease phenotype by al-
ternative splicing, separately or in combination with multiple
genes that expresses and generates numerous mRNA’s
through alternative splicing. Splicing can also alter gene ex-
pression by placing in or removing regulatory elements that
affect mRNA strength and translation [41]. Large numbers of
splicing are an outcome of manipulation in the encoded pro-
teins and alternative splicing produces a fragment of mRNA
that brings in termination codon. Each intron in genes needs
splicing, the majority of the gene coding for protein are alter-
natively spliced [42]. Earlier studies proved that the intronic
region gene and silent synonymous showed no effect on pro-
tein modification however, recent meta-analysis findings on
diabetes confirmed a potential association of these intronic
regions with the increased risk of diabetes [30].

Pharmacological treatment

Numerous drugs are prescribed to T2DM subjects depending
on disease severity. Biguanides are a class of drugs that are
primarily prescribed for the management of T2DM [43].
Incretin-based treatment motivates secretion and further re-
strains glucagon production from the liver. It is the most widely
used therapy in the European population [44]. Also, Sodium-
glucose co-transporter type 2 (SGLT2) used as an inhibitor in
the treatment of T2DM since it helps in reabsorption of renal
filter glucose and raises urinary glucose by retaining glucose
levels. Apart from this, Epoxyoukalide, a marine product, was
found to be protective against cytokine-induced apoptosis, pre-
serves beta-cell function, and persuade beta cell proliferation
mediated by extracellular signal-regulated kinases (ERK1/2)
activation and targets, cyclin D2, and cyclin R [27]. C-Kit is
also significant in the progression and functioning of islets,
especially in support of beta-cell proliferation, maturation, and
survival. c-Kit role in overexpression of beta cells confers im-
prove glucose metabolism by enhancing insulin secretion and
increase beta-cell mass along with proliferation, probably
through the activation of the phosphatidylinositol-3-kinase
(PI3K)-Akt signaling pathway [45].
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Dipeptidyl peptidase-4 (DPP-4) inhibitors are useful in
blocking and degrading the DPP-4 enzymes. Sitagliptin,
regulates T2DM insulin secretory capacity while,
Vildagliptin help in the preservation of «- and (3-cell func-
tions by inhibiting lipolysis and triglyceride storage in the
muscles, pancreas, and liver [46]. These drugs mainly act
on the glucagon secretion and inhibit the progression of
T2DM. These drugs are also efficient as compared to other
anti-diabetic drugs which cause gastrointestinal distur-
bances [47, 48]. Mimitin, a small 20 kDa mitochondrial
protein that targets c-myc, implicated in cell proliferation
also acts as a modulator of GSIS and prevents its inhibition
by proinflammatory cytokines [49].

Exenatide, GLP-1 receptor agonists are useful in lowering
HbAlc by 0.9-1.1% and useful in maintaining blood glu-
cose levels by lowering blood glucose. GLP-1 receptor func-
tions by inhibiting glucagon discharge and prompting insulin
release [50]. These are mainly prescribed in combination
with Sulfonylureas and Biguanides when the insulin hor-
mone becomes insensitive and the blood glucose levels re-
main uncontrolled for a prolonged period [46]. Further, in-
sulin maintains lipid metabolism and directs the hepatic glu-
cose production. Metabolic abnormalities and hyperglycemia
causes defect in insulin receptor and activity. Additionally,
insulin therapy is effective in managing insulin sensitivity
and functioning by decreasing blood glucose levels, thus
reducing glucose toxicity and suppressing the production
of ketosis [1]. However, in Caucasians and African
Americans oral antidiabetic drugs failed to act on cells in
some conditions thus maintaining the glucose levels by
shifting the patient to insulin therapy [51]. Oral antidiabetic
agents and insulin are currently used for the treatment of
T2DM and have brought about promising outcomes but
few problems like efficacy and adverse effect of these drugs
still exist which calls for further research to identify novel
therapeutic strategies. We still need to examine the impact of
novel therapies on diabetes subjects without any side effects.

Adjuvant therapies for T2DM management
Exercise

Regular aerobic exercise, physical activity is beneficial in inhibi-
tion of onset of T2DM [52]. Additionally, regular exercise such
as walking or dancing is more beneficial for insulin sensitivity
and reducing abdominal fat, reduced free fatty acid in muscle,
and shown good results in restoring insulin sensitivity [53].

Meditation
Research evidence proved the role of yoga-based lifestyle

amendments in managing T2DM. It has also been observed
that psychoneuro endocrine and immune mechanisms have
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complete effects on T2DM control. Parasympathetic activa-
tion and the related anti-stress mechanisms recover overall
metabolic and psychological profiles, upsurge insulin sensi-
tivity, and improve glucose tolerance [54].

Diet

The T2DM food plan should follow a variable ratio of fats,
proteins, and carbohydrates, where the carbohydrates con-
sumed, must be of low glycemic load and the fat along with
proteins consumed should primarily come from plant sources.
Both the amount and quality of dietary fat may alter glucose
tolerance and insulin sensitivity [7]. Interestingly, reduced fat
intake (particularly saturated fat) may lower the risk of T2DM
by improving insulin resistance as well as promoting weight
loss. Previous evidence verified that changing dietary fats with
unsaturated (polyunsaturated and/or monounsaturated) fatty
acids had notably improved insulin sensitivity by decreasing
low density lipoprotein (LDL) [52].

Conclusion

T2DM needs to be prevented on a priority basis especially in
India and China to resist constant growth. Previous trials and
follow up findings show that lifestyle and dietary modifica-
tions play a vital role in the regression of diabetes and its
complications. However, a large proportion of diabetes sus-
ceptibility gene is still incomplete and unidentified with minor
extents is recognized. To overcome this ambiguity computa-
tional biology approach should also be utilized to gain a clear
understanding of how polymorphism and variation in genes
lead to diabetes. Besides, the inclusion of risk populations in
the developing world may expand understanding of gene-
environment interaction and is more likely to lead to the dis-
covery of rare variants and unique variants that associate with
the disease.
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