Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 February 2020 d0i:10.20944/preprints202002.0098.v1

Review

Insulin resistance in diabetes: the promise of using
induced pluripotent stem cell technology

Ahmed K. Elsayed!, Selvaraj Vimalraj?, Manjula Nandakumar!, Essam M. Abdelalim'*

1Diabetes Research Center, Qatar Biomedical Research Institute (QBRI), Hamad Bin Khalifa

University (HBKU), Qatar Foundation (QF), PO Box 34110, Doha, Qatar.

2Centre for Biotechnology, Anna University, Chennai, 600025, Tamil Nadu, India.

3College of Health and Life Sciences, Hamad Bin Khalifa University (HBKU), Qatar Foundation, Education City,
Doha, Qatar.

* Correspondence: e-mail: emohamed@hbku.edu.qa; Tel.: +974-44546432 / Fax: +974-44541770

Abstract: In this review, we discuss the insulin resistance (IR) and its development in the insulin target
tissues that leads to diabetes. Also, we highlight the use of induced pluripotent stem cells (iPSCs) to
understand the mechanisms underlying the development of IR. IR is associated with several metabolic
disorders, including type 2 diabetes (T2D). The development of IR in insulin target tissues involves
genetic and acquired factors. Persons at genetic risk for T2D tend to develop IR several years before
glucose intolerance. Although there are currently several mouse models for both IR and T2D that had
provided a lot of information about the disease, these models cannot recapitulate all the aspects of
this complex disease as seen in each individual. Patient-specific iPSCs can overcome the hurdles faced
with the classical mouse models for studying IR. iPSC technology can generate cells genetically
identical to IR individuals, which can help in distinguishing between genetic and acquired defects in
insulin sensitivity. Combining the technologies of the genome editing and iPSCs may provide
important information about the inherited factors underlying the development of different forms of
IR. Further studies are required to fill the gaps in understanding the pathogenesis of IR and diabetes.
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Introduction

Insulin resistance (IR) is a hallmark of type 2 diabetes (T2D) and other related metabolic disorders.
Several hereditary and environmental factors are known to be involved in the development of IR in
individuals at risk for T2D. Persons at genetic risk for T2D tend to develop IR several years before
glucose intolerance [1,2]. Diabetes is associated with several complications, such as diabetic
ketoacidosis, nonketotic hyperosmolar coma or death, heart disease, stroke, kidney failure, foot ulcers
etc. Glucose metabolism is regulated by a feedback loop between islet (3-cell and insulin -target tissues.
Under IR condition, the B-cells control normal glucose tolerance by increasing the level of insulin
secretion [3,4].

IR in different tissues (adipose tissue, skeletal muscle, liver, brain, gut, pancreas, vasculature and
kidney) and their cross talks leads to several metabolic disorders, including T2D, cardiovascular
diseases, hypertension, polycystic ovary syndrome (PCOS), fatty infiltration of the liver (non-alcoholic
fatty liver disease (NAFLD), apnea, a sleep disorder, arthritis, skin diseases, and cancers. Previous
studies showed alterations in the gene expression prolife between the individuals with family history
of T2D and those without family history of the disease. Those defects were mainly observed in the
genes related to mitochondprial function and fat metabolism [5-7]. However, it is difficult to distinguish
between whether the alterations in the gene profiles are due to genetic or environmental factors.
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Although, several genetic and environmental factors are known to be involved in the development of
IR, the molecular and cellular mechanisms underlying IR development and its progression to T2D
remain not completely understood. This is due to lack of the appropriate human models to study the
pathophysiology of different forms of IR. Induced pluripotent stem cell (iPSC) technology offers new
tools to study the genetic factors involved in the development of human diseases. Therefore, iPSCs
provide a source to be used as human model to study the IR in insulin target tissues and pancreatic 3-
cell dysfunction [8]. iPSCs can generate cells genetically identical to insulin resistant individuals, which
can help in distinguishing between genetic and acquired defects in insulin sensitivity. In the current
review, we mainly focus on the IR associated with diabetes and the mechanism involved. Also, we
discuss the use of iPSC technology to understand and treat these disorders and explain the challenges
and limitations of using the human iPSC-based models.

INSULIN SIGNALING AND ITS PHYSIOLOGICAL ROLE

Insulin is an anabolic polypeptide hormone synthetized in pancreatic 3-cells as a pre-proinsulin and
stored in its secretory vesicles as an immature proinsulin, which secreted into portal vein as mature
insulin and c-peptide [9,10]. This hormone plays a critical role in a wide range of cells and tissues in the
body through its main action in regulating the cellular energy supply and metabolic processes of the
macronutrients (carbohydrate, protein, and lipid) in addition to its growth promoting action through
its mitogenic effect. These basal requirements for every individual tissue indicate the great necessity of
insulin as any impairment in insulin can influence on the functionality of most organs and affecting the
normal physiology of the whole body.

On the cellular level, the insulin actions and effects on the target tissues achieved through its signaling
pathway starting from its binding to insulin receptor which activate the downstream intra-cellular
molecules that express the insulin action either metabolic or mitogenic (Fig. 1). The metabolic effect of
insulin is anabolic as it promotes the glycogen, lipid and protein synthesis as well as inhibiting the
gluconeogenesis and lipolysis [11]. It also facilitates the intracellular glucose uptake through
translocation of the insulin dependent glucose transporter (GLUT4) as in skeletal muscle and adipose
tissue [12,13]. This metabolic action of insulin is achieved through phosphatidylinositol 3 (PI3K) kinase
pathway and its downstream PIPD 1&2 kinases, protein kinase B (AKt/ PKB) and Protein kinase C
(PKC). GLUT4 can be alternately translocated by insulin stimulation through the activated GTP/TC10
complex [14]. Meanwhile, the insulin’s growth promoting action is achieved through INSR and insulin
growth factor receptor (IGFR), which activate the RAS/ MAP kinase pathways which in turn activate
the transcription factors of cell division and proliferation [15].
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Figure 1. Schematic illustration of insulin signaling pathways. Insulin binding activates the IR, which enables
the recruitment of IRS isoforms and subsequent activation of the PI3K. The downstream event of PI3K enhances
glucose uptake by translocation of glucose transporter proteins over cell membrane, enhances glycogen, lipid and
protein synthesis and regulates lipolysis and gluconeogenesis. Alternative pathway for GLUT-4 translocation by
insulin stimulation. Insulin binding activates the IR, which enables F binding to CAP Phosphorylates Cbl and
recruit CrkII/C3G complex. This complex converts GDP into GTP on TC10. The stimulated GTP containing TC10
involved in GLUT-4 translocation by actin remodeling on GLUT-4. Insulin receptor (INSR), Insulin receptor
substrate (IRS), phosphatidylinositol 3-kinase (PI3K), phosphatidylinositol 4,5 bisphosphate (PIP2),
phosphatidylinositol 3,4,5 trisphosphate (PIP3), phosphatidylinositidedependent protein kinase 1 (PDK1), atypical
protein kinase C (aPKC), glycogen synthase kinase 3 (GSK3), forkhead box O (FoxO), mTOR complex (mTORC),
Akt substrate 160kDa (AS160), Flotillin (F), Cbl associated protein (CAP). CRK proto-oncogene, adaptor protein
(CRK), transcript variant II (CrklII). Guanine nucleotide exchange factor (C3G), guanosine triphosphate (GTP),
guanosine diphosphate (GDP), small GTP binding protein TC10 (TC10), Glucose transporter type 4 (GLUT-4).

INSULIN RESISTANCE AND ITS CONSEQUENCES

IR is the condition in which the cells respond inappropriately to the circulating insulin. In other terms
itis the impaired sensitivity to insulin-mediated actions [16]. It is known that insulin controls the energy
production to be mainly through glucose oxidation and inhibiting the other sources such as lipolysis,
protein catabolism, glycogenolysis and gluconeogenesis. However, in case of IR, these processes
directed to be activated as an alternative source of energy to glucose. These catabolic processes are
accompanied by accumulation of toxic metabolic byproducts and inflammatory factors, which have
harmful effects on the insulin-target tissues. The muscular glycogen and protein synthesis is impaired
with decrease in glucose uptake leading to sarcopenia [15].

Under IR conditions, the lipolysis is enhanced leading to the release of triglyceride, free fatty acids
(FFAs) and inflammatory cytokines (e.g. IL-6, TNFa, Leptin) into the circulation [17]. The metabolic
toxic derivatives of FFAs and the inflammatory cytokines affect the functionality of most other tissues
either directly through its lipo-toxic and lipo-apoptotic effects or indirectly through impairment in the
insulin signaling pathways [18-20]. The liver responds to IR and the demand of other cells to glucose
by stimulation of the glycogenolysis process and so more glucose output [21,22]. The released FFAs
from fat (due to IR) transported to liver causes nonalcoholic fatty liver disease (NAFLD)
(Steatohepatitis), which is subsequently followed by liver cirrhosis [23]. This impairment in the liver
function leads to decrease in the insulin clearance with hyperinsulinemia. IR induces the impaired
mitochondrial oxidative metabolism and the endocrine disorders like polycystic ovary syndrome
(PCOS), adrenal disorders and thyroid function abnormalities [24,25]. It has been discussed that the
insulin sensitive brain areas are hypothalamus, prefrontal cortex, hippocampus and fusiform gyrus. So
the IR in brain cause mild cognitive impairment (MCI) and dementia and Alzheimer's disease [26,27].
IR in gut leads to alteration in microbiota thereby resulting in dysregulated short chain fatty acid
(SCFAs) production and dysregulated gut hormone production [18,28].

INSULIN RESISTANCE AND TYPE 2 DIABETES (T2D)

Impairment in glucose homeostasis that regulated by the feedback loop between the insulin target
tissues and the pancreatic insulin producing 3 cell, is the main cause of diabetes mellitus. In other
words, the diabetes mellitus is considered as the end stage of chronic disorders caused by IR in the
insulin target tissues, which lead to more increase in blood glucose and finally impair the 3-cell function
(Fig. 2). IR and decreased insulin synthesis and eventual pancreatic -cell failure are the major
characteristic features of T2D pathological condition. IR leads to hyperinsulinemia, which may play an
important role in these abnormalities. There is an increase in the breakdown of fat with hyperglycemia,
which impairs pancreatic 3-cell insulin production and aggravates IR. Increased FFA concentrations,
inflammatory cytokines from adipose tissue, oxidative factors and differentially expressed genes have
been accountable in the pathogenesis of T2D and their accompanied metabolic disorders.
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Impairment in insulin sensitivity in skeletal muscle, adipose tissue and liver are mainly responsible for
the IR progression in the entire body and are the precursor of T2D and other metabolic disorders. The
relation between the IR in these tissues and its link to T2D is discussed below.

" Dysregulated Adipocytes
=y’ O t Lipolysis
%= Inflamatory cytokines
) Adiopkines
TFFAs

Adipose tissue

Skeletal

g

1 Glucose uptake

Gluconeogensis
| Glucose uptake 9

: Fatty liver
Gluconeggenesns » Dysregulated hepatocytes
Altered flb_er composition  Hepatokines
Sarcopenia liver cirrhosis

Cell growth + survival 1
m...'m’.m:... Insulin Resistance Y T e~
3 ' Brain
Bloo! els *ﬁjz =rafa %\“

Pancreas

Mild cognitive impairment (MCI)
Dementia
Alzheimer's disease

Beta cell dysfunction

Vascular dysfunction finsulin fssistance

Figure 2. The pathological effect and consequence of insulin resistance (IR). Genetic alterations and mutations
in the insulin signaling pathway can lead to IR in the insulin-target tissues. The red stars indicate the reported
genetically defective molecules, such as insulin receptor (INS), insulin receptor substrates (IRS), p85, AKT and
TBC1D4. In response to insulin resistance, the insulin target tissues (adipose tissue, skeletal muscle, liver, pancreas,
brain and blood vessels) show activation of the catabolic processes and accumulation of toxic metabolic byproducts
and the inflammatory cytokines, leading to pancreatic (3-cell dysfunction and other metabolic disorders.

Skeletal Muscles

IR in the skeletal muscle is one of the main defects, which appears several years before the development
of (3-cell dysfunction and hyperglycemia [29,30]. The molecular and genetic basis for the development
of IR in the skeletal muscle is not fully understood. In human, skeletal muscle is considered as the
primary site of glucose uptake (~ 80% take place in the skeletal muscle) [31]. The main defect
responsible for the IR during the early stages of T2D development is the impairment in the glycogen
synthesis in skeletal muscle. Previous studies used muscle biopsies showed that the mitochondrial
DNA, mitochondrial genes, and respiratory chain subunits proteins are downregulated in IR subjects
in comparison to healthy controls [32,33]. Another study showed that cultured myoblasts isolated from
skeletal muscle of T2D patients have defects in glucose transport and insulin signaling [34]. In the
skeletal muscle of the insulin resistant offspring of T2D parents, it has been found that the
mitochondrial ATP production, mitochondrial density, and AKT activation are significantly reduced,
while the IRS-1 phosphorylation (serine) is significantly increased [32,35]. The activation of PI3K
pathway is required for transport of glucose and synthesis of glycogen, which are impaired after insulin
stimulation in insulin resistant skeletal muscle [36,37]. The upregulation of IRS-1 phosphorylation on
serine residues has been found to suppress insulin signaling in T2D [35]. Furthermore, the hiPSC-
derived myotubes generated from patients with INSR mutation stimulated with insulin didn’t increase
glucose uptake, glycogen synthase activity, or glycogen stores, suggesting impairment in insulin
signaling as a result of INSR mutation [38]. Taken together, these findings indicate that the defects in
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the insulin signaling, glucose transport, glycogen synthesis, and mitochondrial activity are main
dysfunctional features associated with the IR in the skeletal muscle.

Adipocytes

Adipose tissue is considered the main regulator of insulin action in the body; therefore, defects in
insulin signaling in adipocytes cause systemic IR, indicating that impairments in adipose insulin
signaling are a common hallmark of IR [39]. Molecular dysfunctions of this process, such as defects in
insulin-signaling pathway, involving suppression of lipolysis and glucose transport, leads to the
development of IR in adipocyte tissues. [40]. Glucose transporter, GLUT4, is significantly down-
regulated in subcutaneous adipose cells from T2D patients and in healthy individuals with a genetic
susceptibility for T2D [41]. This reduction in GLUT4 expression is associated with changes in the
secretion of adipokines. Also, activation of peroxisome proliferator activated receptors (PPARs), which
are responsible for the regulation of adipogenesis as well as lipid metabolism in adipocytes, leads to an
improvement in insulin sensitivity through the induction of the expression of several genes that are
related to insulin signaling pathway. In addition to its role in adipogenesis, PPAR is involved in
regulating lipid, metabolism in mature adipocytes by increasing fatty acid trapping [42]. The
importance of insulin signaling in the development of adipocyte IR has been reported in T2D, where
previous studies reported that the substrate of insulin receptor (IRS-1) is involved in IR in adipocytes
by inhibiting insulin-signaling [43]. Also, in T2D patients, several IRS-1 mutations have been found [44-
46] and a reduced IRS-1 protein level has been observed in adipocytes from other T2D patients [47],
relatives of T2D patients, and obese individuals [48]. In addition to insulin signaling defects,
dysregulation of adipokines and lipolysis process are linked to IR and T2D. The adiponectin gene is
considered a candidate susceptibility gene for T2D, because it has been detected on chromosome 327,
which is linked to T2D and the metabolic disorders [49-51].

Liver cells

The insulin signaling in the hepatic cells is crucial in maintaining normal liver function and regulating
glucose homeostasis [52]. The liver activates the glucose uptake and glycogen storage, but it inhibits
glycogenolysis and gluconeogenesis. Hepatic IR progression plays a critical role in the pathogenesis of
T2D. Loss of INSR signaling in hepatic tissue leads to an increase in the gluconeogenesis and a decrease
in the lipogenesis [52-54]. The IRS-1/2 is involved in the suppression of gluconeogenesis and
stimulation of lipogenesis. In the liver, insulin inhibits IRS-2 expression at the transcriptional level and
doesn’t influence on IRS-1 expression [53,55]. Hepatic IR characterized by inability of insulin to inhibit
the production of glucose in the liver [56]. This impairment in the liver function leads to decrease in the
insulin clearance with hyperinsulinemia. The released FFAs from fat tissues due to IR transports to
liver causing nonalcoholic fatty liver disease (NAFLD) (Steatohepatitis), which followed by liver
cirrhosis [23]. Liver-derived proteins termed as hepatokines are released into the circulation which
causes defective insulin signaling [57]. The hepatokine fetuin-A was identified as an endogenous ligand
for TLR4 through which saturated fatty acids induce proinflammatory cascade and regulate insulin
action [58]. Other than fetuin-A, hepatokines Fibroblast growth factor 21 (FGF21) and Selenoprotein P
are major drivers of IR [59,60].

GENETIC FACTORS INVOLVED IN INSULIN RESISTANCE DEVELOPMENT

The IR arises due to counteracting insulin action or any defect affecting the insulin signaling pathway
starting from its receptor (INSR) followed by a series of downstream branching pathways which
involve complex cross talks and feedback effect on each other. This complexity widens the variety of
IR etiologies from environmental and genetic perspectives. Several factors and effectors are involved
in IR including; diet habit, obesity, lifestyle, physical activity, pharmacological agents, drugs, stress,
cytokines, hormones and any factor antagonist the insulin action.

In many cases, the familial history and hereditary factors showed the effect of genetic alterations as a
risk factors of IR occurrence that will be discussed below. Genetic alteration causing IR may have a
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direct effect on the cellular insulin signaling pathway or indirectly through affecting other targets with
subsequent secondary effect on the insulin pathway. The disruption and/or mutations in the genes
encoding proteins involved in insulin signal transduction impairs insulin action and reduces rate of
glucose uptake leading to IR.

Mutations in INSR and Insulin Signaling Genes

There are several mutations in the INSR, which have been classified into several classes: classl
(impaired receptor biosynthesis); class II (receptors with impaired processing and trafficking to plasma
membrane); class III (decreased affinity to insulin binding); class IV (receptors with defective
phosphorylation and kinase activity); and class V (receptor recycling defects and receptor degradation
in lysosome) [61]. There are two types of INSR mutations, autosomal recessive and mild type
mutations. The autosomal recessive condition is more severe as it is caused by mutation in both alleles
of INSR gene and is usually presented in the infantile and early childhood stage as in Donohue and
Rabson Mendenhall syndromes. These syndromes are characterized by an increase in the plasma
insulin level with postprandial hyperglycemia in addition to severe growth retardation with poor
prognosis history [62,63]. The mild form of INSR mutation is caused by mutation in one allele or
mutation in the intra cellular domain only of the INSR and is commonly presented around puberty
period and is usually accompanied by lipoatrophy and hyperandrogenism [64,65].

Homozygous mutation in INSR (INSR-/-) develops diabetes rapidly and causes lethality within the first
week after birth in mice [66,67]. Nonsense and deletion mutations have been correlated in INSR and
cause IR through decreasing the insulin receptor mRNA level or by deletion of the important domains
of INSR [68,69]. Also, INSR mutation might cause the reduction of INSR tyrosine kinase activity [70].
Several mutations and polymorphisms in IRSs, particularly IRS1 and IRS2 have been proved to be
involved in IR [71].

Genetic loss-function of the molecule(s) involved in intracellular signal transmitting from
phosphorylated INSR impairs insulin signaling leading to development of IR. Several post-receptor
genetic defects have been reported. Loss of function and mutation of PI3K showed a severe IR which
is common in SHORT syndrome, which is characterized by short stature, joint hyperextensibility and
hernias, ocular depression, Rieger anomaly and teething delay [72-74]. A family with mutation in gene
encoding for AKT2 inherited with severe IR and diabetes mellitus. R274H mutation disrupted the
conformation of the activation and catalytic loops of the enzyme depleting its catalytic activity [75]. In
another study, a family with Acantho nigrans was found to possess a heterozygous premature stop
mutation in AS160 (TBC1D4), which led to GLUT4 translocation inhibition to the membrane and
decrease in the intracellular transportation of glucose and hyperglycemia [76]. TBC1D4 nonsense p.
Arg684Ter variant (arginine replaced by a termination codon) was also described with severe insulin
resistant case of muscle selective form with, impaired glucose tolerance, T2D and postprandial
hyperglycemia and IR [77-81].

Other Mutations Associated with Insulin Resistance

Other inherited genetic defects affect other tissues or other biological processes may have a secondary
action causing IR. There are some complex genetic syndromes associated with IR. Alstrom syndrome,
which is autosomal recessive disorder with monogenic form of IR associated with infancy onset obesity,
showed mutations in ALMS1 gene with unknown function but it is thought to be involved in
intracellular trafficking. A set of missense, nonsense and truncation mutations in ALMS1 were
observed in UK cohort [82]. In a case study of familial syndrome of IR, it was observed that members
with severe IR were doubly heterozygous frame shift stop mutations in PPARG and PPP1R3A [83]
genes that are involved in carbohydrate and lipid metabolism [84]. More heterogenous class of complex
monogenic condition exhibiting IR are Werner syndrome [85], Bloom syndrome characterized by
premature aging caused by defects in DNA helicases. Another case is of primordial dwarfism caused
by mutations in NSMCE.2 [86]. These genes play role in cell division. MDP syndrome is another
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complex syndrome exhibiting severe IR caused by heterozygous mutations in POLD1 encoding DNA
polymerase Delta [87].

IR is associated with genetic syndrome linked to lipodystrophy and dyslipidemia. Although,
several studies proved that the obesity is a strong predisposing risk factor for IR, the pathogenesis of
this process is critically related to adipose tissue defects rather than the obesity degree and adipose
tissue capacity. In lipodystrophy, the impaired functionality of the adipose tissue is considered as a
sump for flux of free fatty acids into the circulation causing harmful effects, including lipotoxicity and
IR. Inherited lipodystrophy is classified according to the degree of adipose tissue loss into; recessive
congenital generalized lipodystrophy (CGL) with complete adipose absence and familial partial
lipodystrophies (FPLD) with defects in only some parts of adipose tissue [88]. In both types, the clinical
cases are associated with fatty liver, hypertriglyceridemia, dyslipidemia and sever IR. CGL is mainly
caused by mutation of both allele of either AGPAT2, which is a key factor in the synthesis of
triglyceride, or BSCL2 genes, which is important for droplet formation and adipocyte differentiation
[89-91]. These two genes mutations represent about 90-95% of the etiologies of CGL. Defects in other
genes as CAV1 and PTRF can lead to CGL through perturbation in small plasma membrane
investigation (caveolae) and the disturbance in lipid trafficking [92,93]. In some cases, the genetic
alteration in phosphate cytidylyltransferase 1 (PCYT1A) also reported in CGL patients [94]. There are
seven mutations in genes regulating the adipocyte biological processes involved in FPLD; LMNA,
PPARG, PLN1, CIDEC, PIK3R1, and AKT2 with high incidence in LMNA and PPARG [88]. LMNA is
essential in supporting the structural cytoskeleton and protein network surrounding the nuclear
envelop; therefore, its mutation alter the gene expression as a result of the defect in the nuclear envelop
and abnormal binding of the transcription factor and chromatin in adipose tissue causing
lipodystrophy [90]. The LMNA mutant patient lose the adipose subcutaneously in leg and trunk region
only with cushingoid topography [95]. PPARG is essential nuclear receptor hormone for adipocyte
differentiation and for sensing the flux of fatty acids. The recorded heterozygous PPARG mutation
sometimes causes sever dyslipidemia with reduction in the subcutaneous fat [96,97]. Miscellaneous
mutation in important lipid droplet proteins (perilipin and CIDEC) that regulate the triglyceride
mobilization also implicated in the FPLD [98,99]. Loss of fat droplets and femoro-gluteal adipose tissue
is accompanied by severe IR in the primary insulin signaling disorders especially SHORT syndrome
and PI3K/AKT mutation where the insulin signaling is very important for adipocyte differentiation
causing lipodystrophy in these syndromes [72,100,101].

INSULIN RESISTANCE AND B-CELL DYSFUNCTION

In T2D, p-cell dysfunction occurs as a result of IR in the insulin-target tissues [102]. However, the
interplay between IR and pancreatic -cell dysfunction is still complex (Fig. 2). Many metabolic insults
such as obesity, saturated FFA overconsumption, inflammatory cytokines, and oxidative stress and
endoplasmic reticulum (ER) stress that decline the functionality of (3-cells, dysregulate the normal
physiological state of $-cells and their exhaustion, leading to their demise [103,104] (Fig. 2). Loss of
insulin sensitivity or IR results in hyperglycemia, hyperinsulinemia as well as activation of the catabolic
processes, which increase the level of FFAs and lipotoxic cytokines. All of these elevated elements
caused by IR are responsible factors for $-cell stress and dysfunction [105]. In early stages of IR, 3-cells
try to compensate and control the glucose homeostasis through production of more insulin [106].
However, with chronic prolonged exposure to hyperglycemia, 3-cells secrete large quantities of insulin,
leading to ER stress and exhaustion of (-cells with depletion of insulin store [107]. Moreover,
hyperglycemia for long time lead to decrease in the activity of insulin promotor through reduction in
the binding of PDX1 and MAFA with subsequent decrease in insulin gene expression and its secretion
[108,109]. Hyperglycemia also can induce oxidative stress, inflammation, pro-apoptotic, and apoptotic
genes expression in p-cells [110,111]. Elevated plasma level of FFAs and glucose due to IR lead to
glucolipotoxicity causing p-cell failure [112]. These saturated FFAs induce both ER and oxidative stress
in human p-cells and islets through overproduction of NOS2 and NO in (3-cell mitochondria [107,113-
115] or through compromising the ER morphology and integrity [113,114,116]. In presence of
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hyperglycemia, FFAs influences on the biosynthesis and expression of the insulin gene, leading to
suppression of the adequate insulin secretion in response to glucose (GSIS) [108,117-119]. Increased
FFAs leads to intrapancreatic and intra [3-cell accumulation of triglyceride and fat droplets, triggering
the p-cell dysfunction and death due to an increase in the inflammation process [120,121].
Inflammation and the proinflammatory cytokines are increasingly being recognized as an important
contributor to (3-cell dysfunction [122]. IR associated inflammatory cytokines such as IL6, TNFa, IFNYy,
NF-«xB and others cause the dysfunctionality and death of (3-cells via damage in the mitochondria,
cellular proteins, lipids and nucleic acids and ER stress [123-126]. The inflammatory cytokines and the
recruited immune cells in the inflamed dysregulated pancreatic islet trigger the {-cell dysfunction
[127,128]. Proinflammatory cytokines mediate reactive oxygen species (ROS) and reactive nitrogen
species (RNS) production and reduce the ATP production and eventually lead to -cell dysfunction
[129].

The B-cell dysfunction and inadequate -cell mass expansion can be due to the defect in the insulin
signaling pathway in the pancreatic [3-cell itself. Improper glucose sensing has been noticed in mouse
[-cells, which lack the INSR or IGF-1R. Additionally, loss of INSR led to 3-cell mass reduction and early
onset diabetes [130-132]. Another study showed similar diabetic phenotypes in mice with PDK1
deficiency in (3-cells [133]. The impairment of cell cycle progression is hypothesized to be engaged in
the p-cell mass reduction and dysfunction. It has been found that the cell cycle inhibitor, p27Kipl, is
accumulated in the nucleus of the {3-cells of hyperglycemic IRS2-deficient mice and the deletion of
p27Kipl gene ameliorates (3-cell proliferation and the hyperglycemia, reflecting the role of cell cycle
inhibition in the (3-cell function [106,134].

ANIMAL MODELS OF INSULIN RESISTANCE AND THEIR LIMITATIONS

Although the condition of IR and its complications in human health is well recognized in last three
decades, there is no permanent treatment available. It is mainly due to lack of human models to
understand the pathophysiological condition of IR and associated diseases. Most of the animal models
used to study the IR are derived spontaneously or induced by stress, diet, injuries, chemicals and by
different combinations mimicking the IR condition that have been reviewed in details in the previous
literatures [135]. Meanwhile, the genetically modified IR animal models (transgenic or knockout) are
few [135-137]. The genetic animal models are generated through modification of the genes that are
directly involved in the insulin signaling pathway or indirectly through dysregulating the factors
causing IR as that involved in obesity and others. IRS knockout mouse model (IRS-/-) showed growth
retardation and mild IR, while the heterozygous mutation of INSR and IRS1 model develope acute IR
with diabetes within the first 4-6 months of age [138]. Akt2 knockout mouse model showed an
impairment in the insulin signaling of the adipocytes and skeletal muscles [139]. GLUT4 +/- null mutant
mouse showed a decrease of GLUT4 expression in the insulin-target tissues, which is accompanied by
hyperglycemia, hypertension and hyperinsulinemia [138]. On the other hand, GLUT2-/- mice, but not
GLUT2+/- develop hyperglycemia and hypoinsulinemia with elevated levels of FFAs [140]. Other
animal models exhibit impaired glucose intolerance and IR features with heterozygous knockout of
Syntaxin 4 and BDNF (Brain-derived neurotrophic factor), which play an important role in glucose
metabolism and body weight [141,142]. Lipodystrophy has shown a strong association with sever IR;
therefore, transgenic animals with defects in the genes regulating the fatty acid metabolism used to
study IR mechanism [143]. Transgenic mice with overexpression of the adipocyte sterol regulatory
element binding protein (SREBP)-1 result in sever diabetes with 60 fold increase of plasma insulin level
[144]. Transgenic fatless mouse lacking the white adipose tissue expressing a dominant negative
protein (A-ZIP/F-1) develop severe form of IR due to blocking the IRS- dependent activation of PI3K in
the liver and muscle [145]. Toll-like receptor 4 (TLR4) knockout mice is used to study the role of TLR4
in the regulation of energy balance and IR [146]. There are several animal models showed the features
of the IR and diabetes due to mutations in specific genes either spontaneously or through selective
breeding. Leptin ob/ob and leptin db/db mouse strains develop early hyperglycemia and
hyperinsulinemia due to autosomal recessive defects in leptin gene and its receptor, respectively.
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Studies on this model demonstrated the contribution of hepatic tumor factor, NF-kB/RelA, TNF and
interleukin4 in the development of IR [147-149]. Zucker fatty (fa/fa) rat exhibit hyperinsulinemia,
glucose intolerance and hyperlipidemia due to deficiency in the leptin receptor and autosomal
recessive fa gene [150]. Defect in leptin transportation through the blood brain barrier represented in
New Zealand mice strain (NZO), which is a hepatic IR model [151]. The spontaneous deletion mutation
in CD36 fatty acid transporter gene developed the OLETF rat as a model to study the IR syndrome in
hypertensive, hyper insulinemic glucose intolerant animal [152] as it resemble the clinical and
pathological features of human non-insulin-dependent diabetes mellitus (NIDDM). KK/Ay mouse
model with defects in the yellow obese gene represents a condition of severe hyperinsulinaemia,
hyperglycaemia, glucose intolerance and obesity due to defective insulin receptor and post-receptor
signaling [153]. There are other models of the spontaneously developed IR strains [154]. Although the
above-mentioned animal models provided a lot of information about the mechanisms of IR, they did
not answer all the questions related to the development of IR in human tissues and relationship
between IR and (3-cell dysfunction.

USING INDUCED PLURIPOTENT STEM CELLS (IPSCS) TO STUDY INSULIN RESISTANCE

Although animal models provided knowledge on the pathogenesis of certain forms of IR and diabetes,
they cannot reflect all pathophysiological features of human diseases due to the physiological
differences between humans and animals. It has been reported that the genetic makeup of mouse model
is involved in the alterations of the phenotypical outcome, even when the same mutation is created in
mice with different genetic makeup. Several population-based studies have been reported, in which
the biopsies are isolated from both IR and insulin sensitive individuals to determine the mechanisms
underlying IR [155,156]. The primary endothelial cell based methodologies have been used to study the
vascular inflammation in diabetes and atherosclerosis [157]. However, it also has certain limitations
such as lack of donor availability and limited lifespan of primary cells. Also, it is difficult to access
human tissues, such as hepatocytes, and skeletal muscles, particularly at the preclinical stages of the
disease. Furthermore, it is difficult to distinguish between genetic and environmental factors.
Therefore, establishing a human cell model offers a great opportunity to understand the
pathophysiology of human diseases. iPSCs can be generated from patients with genetic IR and diabetes
(Fig. 3). Those patient specific-iPSCs can generate all insulin target cells, such as skeletal myotubes,
adipocytes, and hepatocytes as well as other cell types. The generated cell types carry the same genetic
signature of the patients allowing further studies to identify the genetic defects involved in the disease
progression. Recent studies showed generation of iPSCs from patient with IR. In the published
literatures, there are not many reports used iPSC approach to study IR and most of those studies
focused on a very specific form of IR, which is due to specific mutations [38,158-160]. Two of those
studies generated iPSCs from patients with INSR mutations (INSR-Mut) (Donohue syndrome) focused
on the effect of INSR-Mut on pluripotency and mitochondrial function in undifferentiated INSR-Mut
hiPSCs [158,159]. It has been shown that INSR-Mut iPSCs are defective in their self-renewal ability,
because insulin and its downstream signaling are involved in regulating the unique properties of self-
renewal and pluripotency in the undifferentiated iPSCs [161,162]. The PI3K, one of the insulin
downstream signaling, has been shown to be crucial for self-renewal of pluripotent stem cells [162].
Also, the INSR-Mut-iPSCs have mitochondrial dysfunctions, including alterations in the number and
the size of mitochondria and were associated with an upregulation in the expression of mitochondrial
fission factor (MFF) and inverted formin 2 (INF2) [159]. These two genes are known to enhance the
mitochondrial fission indicating the increase of the mitochondrial fission in IR-Mut-hiPSCs [159].
Interestingly, increased mitochondrial fission has previously been detected in adult tissues, such as
pancreatic 3-cells and skeletal muscle of T2D patients [33,163]. Furthermore, it has been reported that
mitochondrial DNA variation could be associated with genetic alteration in known risk factors for T2D
[164]. Also, the expression of glycolytic enzymes is downregulated while lactate production is
increased. These events lead to enhancement of ADP/ATP ratio and 5' AMP-activated protein kinase
(AMPK) activity as well as leading to inefficient ATP and decrease in energy production with increase
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in the oxidative stress [165]. All the derived INSR-Mut hiPSCs showed reduced proliferation and
defected INSR phosphorylation and defects in its downstream signaling pathway such as, AKT, GS5K3,
ERK1 and ERK?2 [158]. Differentiation of INSR-Mut hiPSCs towards skeletal myotubes exhibits defect
in insulin signaling, glucose uptake, glycogen accumulation and altered insulin signaling gene
expression [166], indicating the genetic defects in the skeletal myotubes. Another iPSC model for IR, in
which iPSCs have been generated from the fibroblast of insulin resistant patient with congenital
generalized lipodystrophy (CGL), an autosomal recessive disease due to BSCL2 mutation [90]. These
patient-specific iPSCs have been used as an in vitro model to study the physiopathology of lipid
accumulation and lipodystrophy and its relation to IR. Adipocytes derived from these BSCL2-Mut
iPSCs showed reduced lipid droplet formation and dispersed cytoplasmic distribution of adipose
differentiation related protein (ADRP) [167]. Recent studies showed the ability to generate adipocytes
from hiPSCs. It has been reported that hiPSC-derived adipocytes, transplanted into mice, are able to
sustain their functional characteristics for several weeks [168,169], suggesting that these cells can be
also used therapeutically to improve metabolic disorder conditions in patients. Therefore,
differentiation of patient-specific hiPSCs into white adipocytes can offer a large number of functional
adipocytes for transplantation as a possible way to treat adipocytes-associated disorders as well as
studying IR. Since the liver is an important insulin target tissue, the iPSCs were used to interpret the
etiology of steatosis due to the NAFLD, which is accompanied by IR and hyperlipidemia. The iPSCs
generated from patients with liver steatosis showed a decrease in the AKT/mTOR signaling molecule
and the phenotypes of IR are observed in both liver and skin fibroblasts of the patients. Additionally,
it showed that the transcription factor, sterol regulatory element binding transcription factor 1
(SREBF1) and its downstream targets like LIPIN1 (LPIN) and low density lipoprotein receptor are
involved in glycerolipid and fatty acid biosynthesis [170]. Recently, we generated the first iPSCs from
patients with psoriasis and insulin resistance. Our study showed that iPSC-derived keratinocytes carry
genetic defects associated with insulin resistance [171], indicating that the IR in patients with psoriasis
is due to genetic defects in signaling pathways regulating insulin sensitivity in the epidermal
keratinocytes. Further studies are required to fill the gaps in understanding the pathogenesis of IR and
diabetes. There are several genetic factors involved in the development of IR; therefore, patient-specific
iPSCs can be used to study the most common form of IR leading to T2D. Also, hiPSCs/hESCs can be
genetically edited using genome editing tools, such as Crisper/CAS9. The combination of these
technologies may provide more details about the inherited factors underlying the development of
different forms of IR.

LIMITATIONS OF IPSCS AS AN IN VITRO MODEL

There are some challenges of using iPSC-based models. For example, robust protocols are needed for
the differentiation of iPSCs into the desired cell types for studying metabolic diseases. Although there
are certain protocols available for the efficient differentiation of iPSCs into a specified cell type, but
most of them lead to a combination of diverse cell types. The variability in the biological properties of
iPSCs derived from different individuals shows the difference in the differentiation nature towards a
given lineage. This reasonably affects the consistency of interpretation of the phenotypes [172,173]. The
results obtained from populations of different genetic background may show differences. For instance,
a report emphasized that population based gene sequencing shows significant variations in human
genome [174]. Hence, generating iPSCs from patients with genetic factors, differentiating them to
specified cell types may hold a noteworthy risk [175]. Generation of iPSC model for IR is comparatively
tough process because the development of metabolic diseases is typically slow and it shows weak
phenotypic changes under in vitro conditions [175]. Genome editing in iPSCs can be used to study
candidate genes involved in IR and diabetes [176]. Also, generation of isogenic cell line from iPSCs
could be a worthy strategy to overcome the problem of differences in the genetic background. The
isogenic cell line possesses similar genetic milieu, epigenetic nature and differentiation properties. This
strategy may provide more consistent output and interpretation for complex diseases. The genome
editing tools can make this strategy possible by engineering the genomic of iPSCs. There are several
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reports highlighting the use of genome editing tool for generation of iPSC-based disease models
[175,177].
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Figure 3. Using hiPSCs to study insulin resistance (IR). A schematic diagram showing the possibility of using
iPSCs to study IR with special focus on the genetic factors. Somatic cells are reprogrammed into pluripotency to
generate iPSCs carrying the genetic signatures of insulin sensitive (IS) and IR individuals. The generated iPSCs can
be differentiated in vitro into the main insulin-target cells, including hepatocyte, adipocyte, and skeletal myotubes
as well as insulin producing (3-cells. Genome editing tools can be used to correct specific mutations in the generated
iPSCs to establish the isogenic iPSC control. Studying those cells can help in understanding the signaling pathways
involved in the development of IR and T2D. Also, these iPSC-based models can be used for drug screening.

CONCLUSIONS AND FUTURE PERSPECTIVES

The metabolic diseases like diabetes leads to several life-threatening complications. To develop a
regenerative medicine for metabolic diseases, it is important to understand the factors involved in the
development of the disease. The iPSC technology provides a great opportunity to supply different kind
of cells from healthy and diseased individuals. Furthermore, iPSCs generated from IR patients enable
to conquer a successful disease model and it helps to understand the disease nature and drug discovery.
Studies on human genetics shows that numerous genes or genomic loci related to different metabolic
diseases are present. The functions of these genes largely remain unknown. The current progress in
genome editing tool permits fast and efficient edit of any interested gene or genomic locus in iPSCs.
Gene editing tool-based generation of a robust method for iPSC differentiation into given metabolic
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disease specific cells are brought forward to avail a successful point to characterize specific gene.
However, combining genome editing tool and iPSCs have certain limitations. Most of the metabolic
diseases are not caused by a single gene dysfunction, but a group of complex genes are involved in
regulation of metabolic diseases. Development of iPSC differentiation protocols is very important to
generate a homogenous population of the target cell. One of the limitations of the genome editing tools
is the off-target effect. Therefore, improving the gene-editing process is critical to avoid the off-target
effects.
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