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Abstract

Type 2 Diabetes Mellitus (T2DM) is an ancient disease, discussed 3500 years ago in literature. Vast population
worldwide is suffering from this disease and yet it is found to be untreatable. As per WHO statistics 2012, the
number of deaths in the world due to T2DM almost reached to 1.5 million. The number of people suffering from
T2DM in India is expected to rise from 40.9 million in 2007 to 69.9 million in 2025 due to change in their life style. Of
the two types of DM- Type 1 and Type 2, the latter is most common, affecting 80% of DM patients. Modern lifestyle
and food habits have been responsible for tremendous rise in the number of patients all over the world. Even
though, the symptoms of T2DM are seen in the later stages of life, the onset of the disease occurs quite early.
Insulin resistance and B cell dysfunction are the main causative abnormalities. Several mutations in the genes
important for glucose homeostasis and 8 cell development have been related to progress of hyperglycemia, while
this progress is related to various metabolic syndromes arising in the patients’ body. Thus, forming a vicious circle of
the causes and effects of hyperglycemia interlinked together forming the whole picture of T2DM in the patient. This
review discusses these causes and effects at the molecular and cellular levels. The current therapy practices use of
oral therapeutic drugs, which controls hyperglycemia and related complications but fails to cure the disease
permanently. Hence, stem cell therapy has drawn interest of the researchers in recent times, which seems to be a
promising source of remedy for this notorious disease. This review will provide a better understanding of T2DM and
associated complications, recent advances in the therapy and the molecular and cellular insights of the disease to
the students, clinicians, endocrinologists and diabetologists.
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Introduction

Diabetes Mellitus (DM) is a disease known to humankind since a
very long time. The disease has been mentioned in 3500 years old
literature. The etymology of the name diabetes mellitus states its
meaning as “the sweet flow or siphon” In spite of being such an ancient
disease a complete cure for DM is not available till date [1]. Millions of
people all over the world are suffering from this disease; the incidence
of DM is increasing year by year due to several reasons [1]. In India,
40.9 million people were suffering from DM in 2007. The number is
expected to rise up to 69.9 million by 2025 [2]. The common
symptoms of this disease are hyperglycemia, frequent urination,
polyuria, polydipsia, and unexplained weight loss. Diabetic patients
often show abnormalities termed altogether as “metabolic syndrome”
The indicative signs of this syndrome are high blood levels of
triglycerides and low blood levels of High Density Lipoprotein (HDL)
cholesterol which increase the risk of developing heart diseases in
human [1,3]. Diabetes often leads to several complications such as
stroke, myocardial infarction, loss of vision, renal failure and
neuropathies. There are major two types of DM, Type 1 and Type 2.
Type 1 Diabetes Mellitus (T1DM) is an autoimmune disease caused
due to disturbance in T-cell mediated immune response of B cells of
pancreas; whereas Type 2 Diabetes Mellitus (T2DM) is caused due to
insulin resistance due to failure of B cell function. However, exact
mechanism of insulin resistance is not yet known and further study in
this area is needed. DM patients show impaired glucose tolerance,
which is mainly caused by impaired insulin action and insulin

secretory malfunction [4-6]. The predisposing factors are genetic
susceptibility, environmental factors and lifestyle. The facets of modern
lifestyle such as physical inactivity, sedentary habits, overly rich
nutrition, cigarette smoking, consumption of alcohol and obesity have
led to increase in spread of diabetes [7-9]. This review will overview
major information about causation of T2DM at cellular and molecular
level. It also highlights possible cure by advanced drug discovery
program and stem cell therapy. This review will be very much useful
for Post-graduate students working on DM as well as for clinicians to
get a proper picture of T2DM so that they can plan precise treatment
protocol for successful cure of this disease.

Mechanism Involved in the Onset and Progress of
T2DM

In humans, after glucose intake, normal glucose homeostasis mainly
occurs through three major pathways. First, insulin is secreted by
pancreas; second, decline in glucose production by liver cells; third,
stimulation of glucose uptake by liver and peripheral muscles [10,11].
Shulman et al. [12] has further shown that muscle glycogen synthesis is
the principal pathway of glucose disposal in both normal and diabetic
subjects and thus defects in muscle glycogen synthesis plays very
important role in the insulin resistance in T2DM. It has also been
proved by Warrem et al. [13] that the symptoms of DM can be noticed
one to two decades before the actual occurrence of this disease in
offspring of diabetic patients. They have also shown that these patients
have hyperglycemic state, which is recompensed by hyperinsulinemia.
No hypoinsulinemia is observed at this stage thereby indicating that
much before the loss of B cell activity the defect arises in peripheral
tissue response to glucose. Hence, it can be stated that insulin
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resistance and not insulin deficiency leads to the onset of T2DM in
these patients. T2DM patients show low concentrations of Glucose-6-
phosphate and reduced rate of non-oxidative glucose metabolism. This
indicates that either hexokinase or insulin stimulated glucose transport
activity is reduced in patients. Rothman et al. [14] has shown that the
reduction in insulin stimulated muscle glycogen synthesis may
increase the risk of insulin resistance in patients with T2DM. This
reduction in the rate of muscle glycogen synthesis indicates faulty
glucose transport or hexokinase activity. They have further concluded
that the offspring of parents with T2DM have defect in muscle glucose
transport/hexokinase activity causing insulin resistance much before
the onset of hyperglycemia and this may be primary factor in the
pathogenesis of T2DM. Cline et al. [15] has also indicated that the
defect in glucose transport/phosphorylation is the major factor
responsible for reducing the rate of muscle glycogen synthesis in
T2DM patients. The hyperglycemic state results in inflammation and
stimulates  cells to produce Interleukin-1 (IL-1) at higher rate. The
lower concentration of IL-1 antagonist fails to compete and bind the
receptors. This results in B cell destruction and loss of function. Goyal
et al. [16] has studied TNF-a and Interleukin-6 (IL-6) levels in obese
and non-obese diabetic patients before and after insulin therapy and
they found that there is increased inflammation in obese diabetic
patients than in non-obese diabetic patients. They have further stated
that to counteract this inflammation in obese patients, the response to
insulin treatment is delayed than in non-obese diabetes patients.

Since completion of human genome project, several scientists are
focused on finding out molecular mechanism of T2DM. Recently Saini
et al. [17] has overviewed several such mechanisms involved in T2DM.
Marino et al. [18] has studied major mechanisms involved in defective
insulin stimulated glucose transport activity in DM patients. They have
shown that there is an increase in intramyocellular lipid metabolites
such as fatty acyl CoAs and diacylglycerol in DM patients. These
molecules activate serine/threonine kinase cascade and lead to
phosphorylation of insulin receptor substrate (IRS)-1 thus leading to
defects in insulin signaling in these patients. They have further
correlated reduction in mitochondrial function in the insulin resistant
offspring of DM patients and thus by understanding these cellular and
molecular mechanisms for insulin resistance there is a possibility of
providing potential new targets for therapies of T2DM.

Akt plays a very important role in the insulin-signaling pathway via
activation of insulin dependent glucose transporter protein GLUT4.
Martin et al. [19] has shown that GLUT4 undergoes insulin dependent
movement to the cell surface in adipocytes. These data suggest that,
GLUT4 is selectively organized into a vesicular compartment in
adipocytes and then transferred to the plasma membrane on insulin
stimulation. Recent animal experimentations have shown that PKB
(Akt2) isoform knockout mice exhibit insulin resistance and its
phenotype closely resembles T2DM in humans. This explains that Akt2
is an essential factor in the maintenance of normal glucose
homeostasis in humans [20,21]. George et al. [22] has suggested that
inherited defects in signaling pathways may contribute to insulin
resistance in human T2DM. The studies revealed that autosomal
dominant inheritance of severe insulin resistance and DM in a family
was related to mutations in kinase AKT2/PKB  domain. The Insulin
Receptor Substrate (IRS)-1 is a major component of the insulin signal
transduction pathway and mainly mediates both the metabolic and
mitogenic responses to insulin [23]. Several investigators have
examined the IRS-1 gene in insulin resistant T2DM patients and
shown that more than 11 amino acids polymorphisms have been
identified and mutations in the IRS-1 protein are associated with

insulin resistance in human muscle and fat [24,25]. Kido et al. [26] has
demonstrated in mice that IRS-1 and IRS-2 play important roles in the
regulation and function of individual B cells and insulin resistance
developed in these mice due to P cell failure. Studies have shown that
serine phosphorylation of IRS proteins reduces the ability of IRS
proteins to attract PI3-kinase resulting in reduction in activation and
subsequent degradation of the IRS-1 protein [27-29].

Insulin resistance and pancreatic B cell dysfunction are major
factors for cause of T2DM. It is also shown that there is reduction in
cell mass in severe DM. Nakae et al. [30] has shown that Foxo 1 gene is
a negative regulator of insulin sensitivity in liver, adipocytes and
pancreatic P cells. Recently Kitamura [31] has reviewed the role of
Foxol in P cell dysfunction and DM. Potdar et al. [32] has shown that
mesenchymal stem cell derived from peripheral blood of insulin
resistant DM patient showed down regulation of SOX2 gene. This
indicates that there is loss of pluripotency in these MSCs as well as they
have further postulated that it may link to alteration of self-renewal
properties of P cells.

Chronic hyperglycemia is a major cause of diabetic cardiovascular
and microvascular complications, such as retinopathy, neuropathy and
nephropathy [33]. It is further shown that increase in formation of
Diacylglycerol (DAG) and activation of Protein Kinase C (PKC)
formed advanced glycated end products which are responsible for
development of vascular complications in patients. Das Evcimen et al.
[33] has shown that the activation of the DAG-PKC pathway is
associated with many vascular abnormalities in the retinal, renal,
neural and cardiovascular tissues in T2DM. PKC isoforms, nPKCs
plays major role in insulin signaling. Several studies have
demonstrated a link between nPKCs and FFAs induced insulin
resistance in DM patients [34,35]. Noh et al. [36] have reviewed the
pathogenic role for the activation of DAG-PKC pathway in diabetic
nephropathy and other microvascular complications in T2DM.
Numerous mechanisms have been proposed to explain the association
between hyperglycemia and vascular complications [37,38]. It is
proposed to aim for an inhibitor of PKC isoform as a new therapeutics
molecule, over viewing the involvement of PKC in diabetic vascular
diseases, to delay or stop the progression of diabetic vascular
complications in T2DM with minimal side effects.

Lifestyle, Obesity and T2DM

Many life style habits are responsible for prevalence of T2DM such
as overweight, obesity, lack of physical activity, family history, Vitamin
A deficiency, use of cholesterol lowering drugs, etc. [39]. We know
diabetes and obesity interrelation from the earliest descriptions of the
disease. The modern lifestyle and foodstuffs have resulted in an
increase in obesity and thus diabetes cases. Most of the patients who
are above 50 years age and overweight are suffering from T2DM [7].
Obesity is an important factor linked to DM however, exact relation
and mechanism is inadequately understood. Ozcan et al. [40] has
worked to show that obesity leads to endoplasmic reticulum stress,
which plays an important role in peripheral insulin resistance and
hence in occurrence of T2DM at the molecular, cellular, and
organismal levels. Fiber and fat content of the diet, alcohol
consumption, smoking habit and sedentary lifestyle play a significant
role in prevalence of DM. A higher incidence of DM is linked to Body
Mass Index higher (BMI) than 25 kg/m?. The results are similar
worldwide as reported in studies from all over. The association
between BMI and DM occurrence is found to be stronger among
younger, than among older individuals [41-43]. A research on Pima
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Indians reveals that incidence of DM and obesity has increased in this
century. This is possibly due to the changes in lifestyle and diet of the
people who are already genetically susceptible to diabetes. The risk is
higher when one of the parents is diabetic and even higher when both
the parents are diabetic [8].

The current therapies like insulin, diet, exercise, behavior
modification, and oral agents, fail to return patients to long-term
euglycemia. Gastric bypass seems to be a promising option to restore
and maintain normal levels of glucose, insulin, and HbAlc. It also
reduces considerable amount of body fat. The possible reasons for the
success of gastric bypass could be- total caloric intake is limited,
proportion of carbohydrates in the diet is reduced, food is excluded
from the hormonally active parts of the digestive system i.e. antrum,
duodenum, and proximal jejunum, transit time from the stomach to
the small intestine is delayed due to the small gastric outlet. This
operative procedure can also prove to reverse other related
complications like cardiopulmonary function, cure sleep apnea and
snoring, control asthma, clear peptic reflux, improve physical activity
of patients suffering from arthritis, and restore fertility [44]. Lifestyle
changes along with proper medications can prove to control morbidity
and mortality of diabetes and related metabolic syndromes.

Recent study by Imamura et al. [39] has shown that regular
consumption of sugar-sweetened drinks, fruit juice or artificially
sweetened drinks may have the risk of T2DM. They have further
suggested that sugary drinks are associated with greater risk of obesity,
which is a major risk factor for T2DM. In general, fruit juice and
artificially sweetened beverages are recommended for good health.
However, it is not clear whether, consuming such drinks can be
blameless for occurrence of T2DM because these factors are
responsible for development of obesity and eventually responsible for
developing DM. Li et al. [45] have found that birth weight along with
lifestyle in adulthood is related to T2DM. They have suggested that
prenatal and postnatal factors are both responsible for causing DM. In
addition, it has been shown that unhealthy lifestyles such as smoking,
irregular and unhealthy diet, less physical activity, alcohol
consumption and high BMI are responsible for causation of obesity
and DM in human. The study concluded that T2DM could be
prevented by adoption of healthier lifestyle and improvement in
prenatal and postnatal factors.

Role of NF-kB and NF-«kB Regulated Cytokines in
T2DM

NF-xB is a transcription factor, which plays an important role in
many biological processes. It regulates the expression of various
cytokines, growth factors and other molecules. There are five different
types of NF-kB proteins- p65 (RelA), RelB, c-Rel, p50/p105 (NF-kB1)
and p52/p100 (NF-kB2). These proteins are inhibited or arrested in
inactive state by Inhibitor of NF-xB (IkB) in cytoplasm in normal
condition. IkB prevents translocation of NF-«B to nucleus. Protein IkB
kinase (IKK) phosphorylates IkB, thereby leading to the degradation
process of IkB protein and hence NF-kB is activated. This occurs in
several disease conditions [46]. Recent studies have shown that NF-xB
and NF-xB regulated cytokines play significant role in development of
T2DM [47,48].

NF-kB levels are elevated in obese and diabetic patients. The
accumulation of FFAs in liver causes inflammation by NF-kB pathway
and release of cytokines, which eventually leads to insulin resistance
[49,50]. Arkan et al. [51] has demonstrated the importance of IKK in

insulin resistance and also the role of NF-«kB as the main causal factor
in prevalence of DM. The higher concentration of IKK leads to over
activation of NF-kB. This could be reversed by salicylate inhibition of
IKK [50]. Obesity brings about alteration in expressions of genes of
hormones and cytokines in adipocytes. TNFa is an adiponectin which
plays a crucial role in lipid metabolism and insulin resistance [52,53].
TNFa is also associated with BMI, body fat distribution and f cell
dysfunction due to autoimmunity and cytokine production [54,55].
This results in elevation of FFAs concentration by stimulation of
lipolysis, and negative regulation of important insulin sensitizing
nuclear receptor, Peroxisome Proliferator-Activated Receptor Gamma
(PPARG). Thus, neutralization of TNFa could possibly be helpful in
reversing the effects of insulin resistance and preventing  cell
apoptosis [56,57]. High plasma levels of C- Reactive Protein (CRP) and
IL-6 also contribute to inflammation and insulin resistance. Insulin
resistance caused due to IL-6 was shown to be reversed by systemic
neutralization of IL-6 in mice [50,53,58]. IL-1 receptor antagonist is
reduced in T2DM and therefore increases in IL-1 concentration,
resulted due to high glucose level, brings about B cell dysfunction and
hence affects insulin regulation. Larsen et al. [59] has stated that
blocking IL-1 with anakinara helps to control hyperglycemia, improve
B cell functions and insulin sensitivity and overcome inflammation.
Liu et al. [60] has mentioned about the upregulation of IL-1 in patients
with diabetic retinopathy. The role of NF-kB and NF-kB regulated
cytokines have also been mentioned in prevalence of diabetic
nephropathy [61,62], diabetic cardiomyopathy [48,63] and diabetic
retinopathy [60,64]. Chronic activation of inflammatory pathways in
skeletal muscle is one of the major factors in the pathology of obesity,
insulin resistance and T2DM [65]. More than 75-80% of glucose
disposal in humans is through skeletal muscle and therefore
impairment of insulin action in this tissue is major site for insulin
resistance. Of late, Green et al. [66] has shown that NF-xB signaling
serves as an indicator of inflammatory signaling pathway in skeletal
muscle. Overall, it suggests that control of NF-kB and NF-kB regulated
cytokines may prove to be a useful treatment for T2DM.

Role of Mitochondrial DNA in T2DM

Insulin is stored in secretory vesicles in B cells and is released on
glucose stimulation by exocytosis as shown in Figure 1. Mitochondrial
functions are essential for this glucose stimulated insulin secretion.
Mitochondrial dysfunction and mutations in mitochondrial DNA
(mtDNA) leads to impaired insulin secretion and T2DM [67,68].
mtDNA consists of two regions, coding region which codes for RNAs
and control region which controls the expression of the mtDNA [69].
Variants arise due to mutations in any of these regions in the DNA
during evolution [70]. Also, the weak repair mechanism in
mitochondria is inefficient as compared to the nuclear DNA repair
mechanism and hence allows transmission of these mutations at a
higher rate [69,71].

mtDNA is inherited only from the mother and thus the mutation
occurred in mtDNA can only be transmitted via mother to child.
Approximately 1% of all diabetes patients are suffering from
Maternally Inherited Diabetes and Deafness (MIDD) which is a rare
form of diabetes caused due to specific mtDNA mutation. This
mutation was first discovered by Van den et al. [72] in 1992 in a Dutch
family and by Reardon et al. [73] in a UK family. MIDD is mainly
caused due to A to G substitution at the conserved position 3243 (m.
3243A>G) of the mtDNA and so far, it is investigated by several
investigators [74-76]. Maternal mitochondria are inherited by the
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offspring and thus the prevalence of T2DM could be attributed to
maternal inheritance [77]. Recently Crispim et al. [78] has investigated
the prevalence of ten described mtDNA mutations in MIDD patients
from Brazil. They have also studied most common A3243G mutation
in the tRNA Leu (UUR) gene in these patients along with other 9
mutations such as C1310T, A1438G, T3271C, G3316A, T3394C,
A8344G, A12026G, T14577C and T14709C. Fania et al. [79] has
studied four regions of mtDNA- the tRNA Leu (UUR) gene, NADH-
dehydrogenase subunit 1 (ND1) gene and part of the 16S-rRNA gene
and ATPase8 gene. Thus, they have stated the importance of mtDNA
mutations in the pathogenesis of MIDD and other T2DM patients.
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Figure 1: Role of mitochondria in insulin activation.

A common mitochondrial variant called 16189 variant is a result of
T to C substitution at nucleotide position 16189 in the hypervariable
D-loop (control) region of mtDNA [80,70]. Ye et al. [81] has reported
in their review on Europid population study that Ori B variant i.e.
16181-16193 polycytosine variant, of mtDNA augments the probability
of prevalence of T2DM. Tawata et al. [76] has mentioned about
another mutation in mtDNA at 14577 T/C which may probably be an
important cause of maternally inherited T2DM. Liu et al. [82] has
found novel mtDNA mutations in MIDD in Chinese population.
Similarly Tang et al. [83] has shown variation in mtDNA mutations
associated with T2DM in a Chinese population.

Due to these inherited and acquired defects, obesity and T2DM
patients show impaired mitochondrial function in their skeletal
muscles [84,85]. This results in accumulation of FFAs, which causes
reduction in insulin stimulated muscle glucose transport. This leads to
fall in muscle glycogen synthesis and glycolysis [35,86]. Defective
insulin stimulated glucose transport is an early event in the
pathogenesis of T2DM [87].

Molecular Markers in T2DM

Occurrence of T2DM is associated with alteration in expression of a
number of genes. Detection of these alterations in the gene expression
is useful in revealing the stage of disease in the patients and provides a
better understanding for its treatment.

Endothelial dysfunction related molecular markers in T2DM

One of the major complications caused due to T2DM is the
development of cardiovascular disease in human. The endothelium
plays a very important role in the regulation of production of
vasodilator molecules such as Nitric Oxide (NO), prostacyclin,
Endothelium Derived Hyperpolarizing Factor (EDHF), and
vasoconstrictors such as Endothelin-1 (ET-1) and angiotensin II for
maintenance of arterial quality and proper blood flow [88]. Endothelial
dysfunction is related to insulin resistance, inflammation,
atherosclerosis and cardiovascular disease in T2DM [89-91]. Thus, the
expression of molecular markers released by endothelial cells can
provide us an estimate about endothelial dysfunction in these patients.
Loss of bioavailability of NO, overproduction of vasoconstrictors and
imbalanced regulation of inflammation, thrombosis, and cell growth in
the vascular wall are the major signs of endothelial dysfunction
[88,92]. Numerous studies have confirmed that the dysfunction of
endothelium causes development of atherosclerosis and insulin
resistance in obese and T2DM patients [93-95].

In normal condition, proper regulation of NO by endothelium
prevents leukocyte adhesion and inflammation of arterial wall [88].
However, dysfunctional endothelium enhances the pathogenesis of
atherosclerotic vascular disease. This results into inflammation and
thrombosis of arterial wall which interfere in regulation of arterial
tendency and flow [91,96]. In these conditions, the dysfunctional
endothelium is activated to express Vascular Cell Adhesion Molecule-1
(VCAM-1), Intercellular Adhesion Molecule-1 (ICAM-1), soluble E-
selectin  (sE-selectin), chemotactic factors, such as monocyte
chemoattractant protein-1 and cytokines such as macrophage colony-
stimulating factor, and Tumor Necrosis Factor-beta (TNF-f), which
help in the adhesion of leukocytes to the endothelial surface [97-99].
An increase in prothrombotic factors like Plasminogen activator
inhibitor-1 (PAI-1) by endothelial cells is observed in T2DM [90].
PAI-1 causes accumulation of extracellular matrix in kidneys thereby
leading to diabetic nephropathy [100]. Upregulation of PAI-1 and
fibrinogen causes thrombosis and inefficient clots dissolution. Insulin
antagonizes platelet activity by sensitizing the platelet to prostacyclin
and NO secreted by vascular endothelium [101]. In T2DM patients,
this activity becomes faulty due to lack of insulin. As a result, platelets
adhere to vascular endothelium and aggregate more readily,
contributing to faulty macrovascular and microvascular events [102].
Overall, it is clear that endothelial dysfunction is very well linked to
cardiovascular problems in T2DM patients.

Cytokines and chemokines markers in T2DM

Cytokines are low molecular weight polypeptides having autocrine,
paracrine, and juxtacrine activity. They are classified into several
different types such as interleukins, tumor necrosis factors, interferons,
colony-stimulating factors, transforming growth factors and
chemokines. Cytokines are produced by a wide variety of cells in the
body and also have great therapeutic potential [103]. Cytokines are
involved in pathogenesis of DM and its microvascular complications.
Inflammatory cytokines like IL-1, IL-6, IL-18 and TNF-a play major
role in development and progression of diabetic nephropathy [107].
Inflammatory proteins are other important molecular markers of
T2DM. Elevated levels of IL-6, TNF-a, TGF-p and CRP are stated to be
involved in development of T2DM [58,104,105]. High production of
IL-1P is induced in P cells due to hyperglycemia, resulting in faulty
insulin secretion, deficient cell proliferation, and apoptosis [59].
Moriwaki et al. [106] has discussed elevated levels of IL-18 along with
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that of IL-6 and TNF-a in the serums of T2DM patients. On the other
hand, it is observed that the serum concentration of anti-inflammatory
proteins like adiponectin and IL-10 is reduced in obese and diabetic
patients [107,108].

Irisin and other molecules as markers for obesity and T2DM

A recent discovery has introduced Irisin as a molecular marker in
obesity, metabolic syndrome and T2DM. Irisin level is lower in T2DM
patient serum compared to that in non-diabetic person [109]. Irisin is
an exercise-mediated myokine, which controls energy metabolism by
inducing browning of white adipose tissue and thus converts chemical
energy to heat energy. Bostrom et al. [110] has reported amelioration
of glucose levels and obesity induced by Irisin in humans and mice.
Exercise induced mild increase in Irisin levels was shown to boost
energy expenditure in mice. Thus, Irisin controls diet induced weight
gain and its effects like obesity, insulin resistance and T2DM. The
studies on caveolin-1 (CAV-1) gene expression in obese and diabetic
patients by Catalan et al. [111] show that there is an upregulation of
CAV-1 in the patients. CAV-1 is known to play important roles in
many facets of cellular biology, such as vesicular transport, cholesterol
homeostasis and signal transduction. This study implies that CAV-1
probably has some function in prevalence of obesity and obesity
associated T2DM. Lancha et al. [112] has reported upregulation of
syntaxin 8 (STX8) in Visceral adipose tissue of obese T2DM patients.
STX8 is an important protein in endosome transport mechanism. The
study suggests that high expression of STX8 may possibly be associated
with glucose transport mechanism and occurrence of T2DM in obese
patients. Visfatin or Pre-B cell colony Enhancing Factor (PBEF) and
apelin are adipocyte secreted hormones highly expressed in visceral fat
and blood of obese patients. Visfatin promotes the growth of B cell
precursors and acts as an insulin analog on the insulin receptor.
Studies have reported that visfatin and apelin levels could be associated
with occurrence of T2DM [113,114]. Some studies have investigated
the role of mutation in Calpain-10 gene in development of T2DM.
Calpain- 10 is a ubiquitously expressed member of the calpain-like
cysteine protease family. Calpain-10 is thought to be involved in
glucose metabolism [115,116]. Further study of the function of these
genes and their products is required to obtain a better understanding
of their roles in glucose homeostasis. Mutations in certain other genes
crucial for development and functioning of pancreas and liver have
been shown to be responsible for development of T2DM. NEUROD1,
PDX-1, Hepatocyte nuclear factor-1 homeobox A (HNF1A),
Hepatocyte nuclear factor- 1 homeobox B (HNF1B), Insulin Receptor
Substrate-1 (IRS-1), Insulin receptor (INSR) and High Mobility Group
Al (HMGAL) are such essential genes associated with progression of
T2DM [117,118]. However, further investigation is necessary to
conclude the susceptibility of these genes in development of T2DM in
human.

Complications Associated with T2DM

The complications associated with T2DM intensify the state of
morbidity and mortality of the patients. Diabetes complications are of
two types- microvascular, which are caused due to damage to small
blood vessels and macrovascular, which are caused due to damage to
larger blood vessels. Microvascular complications include retinopathy
leading to blindness, nephropathy leading to renal failure and
neuropathy leading to impotence and diabetic foot disorders including
severe infections, which may even lead to amputation. Macrovascular
complications include cardiovascular diseases like heart attacks,

strokes and deficiency of blood flow to legs [119]. We have further
discussed some of these complications and their association with
incidence of T2DM.

Retinopathy

Diabetic retinopathy is a very common microvascular complication
associated with diabetes, leading to blindness in a large number of
people suffering from diabetes per year [120]. It is a chronic ocular
disorder developing, to some extent, in almost all diabetic patients as
the disease progresses. The common characteristics of diabetic
retinopathy are retinal non perfusion, wherein the blood supply to the
retina ceases because of alterations in microvasculature causing lesions
in retina. In addition, increase in vasopermeability, capillary
degeneration, uncontrolled neovascularization and macular edema is
also observed [121]. Maintenance of euglycemia and control on blood
pressure helps in delaying diabetic retinopathy and slowing its
progress. Procedures used for treating diabetic retinopathy are
cryotherapy, virectomy and laser photocoagulation. The recent
treatment procedures include injection of steroid triamcinolone and
Vascular Endothelial Growth Factor (VEGF) antagonists into the eye
[121,122].

Nephropathy

Nephropathy develops in 30-40% of diabetes patients and the main
causal factor is hyperglycemia. Other factors responsible are
hyperlipidemia, hypertension, and proteinuria. Diabetic nephropathy
is characterized by persistent microalbuminuria, hyperfiltration and
renal lesions in patients. In the earlier stages of the disease,
accumulation of extracellular matrix in the mesangium and
glomerular basement membrane is observed. As the disease
progresses, mesangial nodules are formed and tubulointerstitial lesions
are seen [123,124]. The symptoms of the disease in earlier stages can be
reversed by insulin treatment [123]. The best treatment approach for
diabetic nephropathy is pancreas transplantation [124,125].
Angiotensin-II-receptor antagonist such as losartan and Angiotensin
Converting Enzyme (ACE) inhibitors are used for therapy. However,
patients suffer from the side effects of these drugs [126,127].

Neuropathy

The peripheral nerve dysfunction observed in diabetic patients is
called diabetic neuropathy [128]. It affects different parts of the
nervous system. The most common diabetic neuropathies are Diabetic
Peripheral Neuropathy (DPN) and Diabetic Autonomic Neuropathy
(DAN). DPN patients suffer from loss of reflexes and sensations,
especially in their lower limbs. They experience burning, pricking,
electrical, stabbing or tingling sensations. Some patients experience
extreme numbness. Almost half of the DPN cases are asymptomatic.
These patients are at risk of developing ulcers, which may even lead to
amputations. DAN may affect any of these organs- heart, lungs, blood
vessels, bone, adipose tissue, sweat glands, gastrointestinal system and
genitourinary system. The patients suffer from gastroparesis,
constipation, diarrhea, anhidrosis, bladder dysfunction, erectile
dysfunction, resting tachycardia, silent ischemia, and sudden cardiac
death [129,130].

Like earlier discussed complications, diabetic neuropathies also
develop as diabetes progresses. The accurate pathophysiology of
diabetic neuropathies is unknown but is probably related to polyol
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accumulation, generation of Advanced Glycation End (AGEs)
products and Reactive Oxygen Species (ROS) [131].

There is no cure to reverse diabetic neuropathy till date but the
symptoms of the disease can be treated [129,131]. Therapeutic drugs
are prescribed to the patient depending upon the symptoms shown by
the patient and the type of neuropathy implicated. Anticonvulsants or
antiepileptic drugs like gabapentin, pregabalin, topiramate
carbamazepine, and lamotrigine are employed to treat painful
neuropathies [129,132,133]. Other anticonvulsants being analyzed for
their effectiveness are clonazepam, valproate, tiagabine, oxcarbazepine
and levetiracetam [134]. Antidepressant drugs like desipramine,
imipramine, nortriptyline and amitriptyline block norepinephrine
uptake and hence have analgesic effect [133,135]. Acupuncture and
electrical stimulation are other effective treatment procedures [133].
There is no single efficient treatment for diabetic neuropathy; various
procedures discussed are utilized in synergy to give the patient a
successful treatment.

Although the treatment procedures used to treat these disorders are
effective, they have certain side effects. In addition, these procedures
do not cure the diseases but only heal the symptoms. The best cure for
these complications associated with DM is lowering the blood sugar
level and blood pressure. Maintenance of euglycemia and normal
blood pressure helps in delaying these complications and slowing their
progress.

Therapies of T2DM

Oral therapeutic agents

The main goal of therapy of DM is to maintain euglycemia.
Maintenance of normal blood glucose levels reduces risks of related
metabolic syndromes. Physicians prescribe a particular drug keeping
in mind several aspects and their adverse effects. Various oral
antihyperglycemic agents are equally efficient in lowering blood
glucose concentrations and HbAlc, except for the Alpha Glucosidase
Inhibitors (AGIs) and nateglinide. Sulfonylureas result in reduction of
microvascular complications, while metformin result in reduction of
microvascular as well as macrovascular risks. Insulin sensitizers,
metformin and TZDs, avoid the possibility of hypoglycemia associated
with secretagogue therapy [4]. Majority of patients suffering from
T2DM require multiple therapy to attain normal glycemic levels, as
monotherapy rarely serves the purpose and if it does, it takes
comparatively very long time [4,136]. These therapeutic agents provide
a control over hyperglycemia; however they are not efficient in curing
the disease and related complications permanently. In addition, they
cause several side effects. Recent developments in stem cell therapy
would provide a better solution over these problems. In fact, the
disease can be permanently sorted out by this approach. Also, unlike
organ transplantations, stem cell therapy does not face problems like
graft rejection and shortage of donors. The patient’s own stem cells can
be differentiated in vitro to islet cells and these autologous cells can
serve the purpose for curing this disease [1,6]

Stem cells therapy a new avenue for treatment of T2DM

Stem cells have enormous potential to divide and differentiate into
various different types of specialized cells of the body. Thus, stem cells
therapy is a promising key not only for treatment of T2DM but also for
many other disorders and diseases for which complete cure is not yet
available. Stem cells could prove to be a non-exhausting source of the

degenerated B cells in T2DM patients [6]. Figure 2 illustrates major
causes of T2DM in human. There are two major faults associated, one
is impairment of insulin function and other is P cell dysfunction
(137,138].

|i Causes of Type 2 Diabetes Mellitus I

I
. Impaired insulin function I ‘ p-cell dysfunction
I
] 'I Decreased p-cell mass |

Figure 2: Major causes of T2DM in humans

Impalred Insulin
secretion

Both the aspects of (B-cell physiology can be comprehensively
corrected with stem cell therapy. B cells can be cultivated from stem
cells and used further for transplantations in diabetic patients.
Research is going on for developing and establishing functional { cell
mass from different types of stem cells. Recent progress in research
raises hopes for T2DM patients to be cured in future by this
miraculous therapy.

Human embryonic stem cells: Human Embryonic Stem Cells
(HESCs) are the cells derived from the early human embryo and can
propagate indefinitely in the undifferentiated state while exhibiting
pluripotency. They are capable of giving rise to cells derived from all
three germ layers. Thus, these cells can be cultured in vitro and further
differentiated to provide a source of various specialized cells that can
be used for replacement therapies of degenerative diseases [139].
Barclay et al. [140] has described a study where ESCs were successfully
used in concert with oral therapeutic drugs like metformin or
sitagliptin to treat T2DM in mice. Kroon et al. [141] derived pancreatic
endoderm from HESCs which could differentiate into glucose-
responsive, insulin-secreting cells in vivo. D'Amour et al. [142] has
derived insulin, glucagon, somatostatin, pancreatic polypeptide and
ghrelin secreting pancreatic endocrine cells from HESCs. The cells
were differentiated by process designed to imitate the in vivo
development process of the islet cells. The study of Cai et al. [143] has
revealed that NGN3 expressing cells characterize pancreatic endocrine
progenitor cells. These cells express PDX1, NKX6.1, and chromogranin
A and also differentiate in vivo to insulin, glucagon, and somatostatin
producing cells. The cells thus obtained from HESCs express B cell
markers and exhibit their functions too [141,144]. ESCs are less
immunologically potent than allogenic adult stem cells and hence may
require less immune suppression [6]. However, ESCs stand the risk of
developing into teratomas from the undifferentiated fraction of the
transplanted cells. The other limitation of the use of ESCs is the ethical
issues involved and therefore use of HESCs is restricted in stem cell
therapy.

Mesenchymal stem cells: Mesenchymal Stem Cells (MSCs) can be
obtained from various body tissues, viz. bone marrow, adipose
tissue ,umbilical cord or its blood, fibroblasts, endometrium, and liver
cells; bone marrow being the richest source [138,145,146]. Bone
marrow derived MSCs are highly capable of self-replicating and
differentiating, both in vitro and in vivo, to various tissue cells. They
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are easy to cultivate and remain pluripotent for long durations of
culturing. They maintain the capacity of multilineage differentiation
[6]. Jiang et al. [145] has reported that the multipotent adult progenitor
mesenchymal cells proliferate extensively without any apparent
senescence or loss of differentiation potential, and hence they may be
an ideal cell source for therapy of inherited or degenerative diseases
such as diabetes. Bone marrow derived MSCs transplantation in
concert with hyperbaric oxygen treatment is found to be effective in
improvising metabolic variables such as fasting plasma glucose, C-
peptide, HbAlc and C-peptide/glucose ratio, as well as reduction in
insulin requirements [147]. Bone marrow MSCs can be effectively used
to produce glucose induced insulin-secreting cells, arrest insulin
resistance, recovery of liver and pancreas damage and to cure diabetic
ulcers and limb ischemia. MSCs transplantation also results in
elevation of GLUT4, insulin receptor substrate 1 (IRS-1) and Akt
(protein kinase B) [148-150]. MSCs were shown to suppress
diabetogenic T cells and thus prevented autoimmune B cell destruction
and other related disorders in mice [151]. Zhao et al. [152] worked on
Bone marrow MSCs to study their effect on pathogenic action of
hyperglycaemia in T2DM. Their findings reveal that there was an
improvement of B cell function and survival induced by MSCs
mediated through autophagy; also the alterations caused due to
hyperglycemia were reversed. An alternative source of stem cells,
peripheral blood could provide a more non-invasive approach. The
mesenchymal stem cells thus obtained from the peripheral blood can
be used in future regenerative stem cell therapy [32]. The effects of
single MSCs transplantation are relatively short. In order to obtain
long term maintenance of euglycemia, multiple intravenous
transplantations must be carried out. Multiple infusions effectively
maintain normal glucose levels and ameliorate the pathogenic effects
of hyperglycaemia [153,154]. MSCs are the most studied type of stem
cells for DM therapy. However, the safety and efficacy of MSCs therapy
needs to be confirmed yet so as to use this approach for treatment.

Induced pluripotent stem cells: Induced Pluripotent Stem Cells
(IPSCs) are developed from differentiated adult somatic cells by
establishing expression of early development genes Oct3/4 and SOX2,
along with cMyc and Klf4 or Nanog and Lin28. These embryonic-like
stem cells show high clonogenicity and are able to give rise to cell
lineages from all three germ layers. This technology can hence be
exploited to produce fully functional p cells [155-157].

Jeon et al. [158] illustrated that IPSCs cultured from non-obese
diabetic mice show typical ESCs-like characteristics such as expression
of markers for pluripotency, in vitro differentiation, teratoma
formation, and generation of chimeric mice. It was also demonstrated
that epithelial cells derived from the pancreas of the non-obese
diabetic mice differentiated more readily into insulin-producing cells
and expressed various pancreatic f cell markers. These cells also
secreted insulin in response to glucose and KCI stimulation.
Transplantation of these cells into diabetic mice led to kidney
engraftment. The engrafted cells successfully normalized blood glucose
levels by insulin secretion. Thus, patient-derived IPSCs can prove to be
a potential therapy for autologous P cell transplantation for treating
diabetes. Alipio et al. [159] successfully achieved long term
amelioration of hyperglycemia in mice by transplanting iPSC derived
pancreatic B -like cells. The cells obtained efficiently secreted insulin in
response to glucose stimulation and lowered blood glucose and
hemoglobin A1C levels.

T2DM is a cosmopolitan disease and yet incurable in spite of long
periods of research and efforts. Tissue regeneration and stem cell

therapy is a ray of hope for the treatment for this wide spreading
disease. However, the safety issues involved must be considered and
further advancements in the protocols are required before clinical
application of this study so as to provide patients an effective long term
treatment. The efficacy and mechanism of stem cells also needs to be
determined so as to understand study well and make new researches to
develop better treatment.

Conclusion

T2DM being an ancient disease, cure of this disease has not been
possible due to lack of study of the various mechanisms causing this
disease. Due to advancements in Molecular Medicine and Stem Cell
Research, there are hopes for the use of these advance technologies for
complete cure of T2DM. This review has mainly highlighted the
important mechanisms involved in occurrence of T2DM, Molecular
profiling, Insulin resistance, endothelial dysfunction and related
Molecular Markers. There is a probability of developing stem cell
therapies by using MSCs or IPSCs cells for autologous transplantation
for complete cure of this disease. This review will be of importance for
future studies to be carried out in this area by researchers, clinicians,
endocrinologists and diabetologists to define T2DM precisely and
discover some key for the treatment of T2DM in humans.
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