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Preface

The pancreatic beta cells present in the islets of Langerhans are the only source of
insulin in the body. Insulin is a key metabolic hormone and plays a central role in
the maintenance of glucose homeostasis, which includes the regulation of glucose
uptake in muscle and adipose tissue as well as carbohydrate, fat, and protein
metabolism in the liver. Defective beta cell functioning results in subnormal plasma
levels of insulin, leading to either hyperglycemia (diabetes mellitus) or hypogly-
cemia. Hypoglycemia is a rare, although life-threatening condition, in which the
beta cell’s hyperactivity results in unnecessarily high insulin levels. Contrary to
hypoglycemia, diabetes mellitus is a very common disorder turning into an epi-
demic. Diabetes is profoundly considered a major threat to human health in the
current century. The number of diabetic patients worldwide is rapidly increasing
and is predicted to reach around 650 million by 2040, according to the International
Diabetes Federation (IDF). Diabetes mellitus is a heterogeneous disorder with
some forms such as maturity-onset diabetes of the young and permanent neonatal
diabetes being primary genetic disorders of the beta cell. The common forms of
diabetes mellitus, designated type 1 and type 2, are multifactorial in origin with
both genetic and environmental factors contributing to their development. Type 1
diabetes is caused by the autoimmune destruction of beta cells leading to an abso-
lute deficiency of insulin and fatal hyperglycemia and ketoacidosis if not treated.
Type 2 diabetes is a disorder of relative deficiency of insulin resulting when the beta
cell mass is not able to expand and thereby secrete more insulin in response to an
increasing demand such as occurs in obese individuals. In every form of diabetes,
the pancreatic beta cell plays a central role in the disease process. Understanding
beta cell biology and regulation is fundamental for the development of treatment
options for diabetics and might help us to formulate diabetes preventive measures
in everyday life. This book provides a comparative, up-to-date review of beta cell
biology in human health and disease. The chapters address the architecture and
pathology of normal and diabetic pancreatic islets; regulation of beta cell prolifera-
tion and death; the potential of stem cells as beta cell replacement therapies; insulin
biosynthesis from transcription to processing; and regulation of insulin secretion,
including metabolic control of the beta cell. We hope this book inspires students
and young investigators to understand and get involved in diabetes research and
develop new approaches for the prevention and treatment of diabetes. In addition,
we hope it will provide encouragement to others in the field. Although we have
made a great deal of progress in understanding the relationship between the beta
cell and health and disease, much remains to be done. We gratefully acknowledge
the contributing authors for their chapters.
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Chapter1

Understanding Insulin: A Primer

Michael Awuku

Abstract

Insulin is an essential protein hormone secreted by the beta cells of the islet of
Langerhans in the pancreas which is involved in glucose homeostasis, cell metabolism
and mitogenesis. It is essential that healthcare providers are conversant with the
normal physiology of this protein in the human body, to aid them in clinical decision-
making when processes pertaining to this crucial substance go aberrant in the “cor-
pus”. Healthcare providers will then be able to better appreciate the pathophysiology
of disease states pertaining to this hormone most importantly diabetes which is a
great cause of global morbidity and mortality. Healthcare providers should be com-
fortable especially in recognizing these disease states clinically and instituting the
most appropriate form of management in-line with the most recent evidence-based
medicine to improve patient outcomes.

Keywords: insulin, diabetes, beta cells, pancreas, hyperglycemia, hypoglycemia

1. Introduction

Insulin (from the Latin word insula, meaning island) is an essential protein
hormone secreted by the beta cells of the islet of Langerhans in the pancreas which is
involved in glucose utilization, cell metabolism and mitogenesis [1, 2]. It is essential
that healthcare providers are conversant with the normal physiology of this protein in
the human body, to aid them in clinical decision-making when processes pertaining to
this crucial substance go aberrant in the “corpus™

Diabetes mellitus (DM) needs no introduction as a significant cause of morbid-
ity and mortality. In 2015, it was estimated that 415 million people were afflicted by
diabetes, this number is expected to rise to 642 million in 2040, with an increasing
disease burden being shared by people in the developing world. The microvascular
and macrovascular complications of this disease have plagued man for a long time.
These negative consequences include nephropathy, neuropathy, retinopathy, stroke,
renovascular disease, limb ischemia and the dreaded amputation of the limb [3, 4].
The earliest references to this disease in written literature go as far back as 1550 BCE
[5]. Despite great progress in our understanding of diabetes and our ever growing
arsenal of therapeutic agents used to combat the disease, this old foe of man remains
very much alive.

Currently, diabetic kidney disease (DKD) is the leading cause of end-stage renal
failure in the world. Approximately, 30% of individuals affected by type 1 DM
develop diabetic nephropathy, this increases to 40% in persons affected by type 2 DM
[6]. This situation has been compounded by the ever increasing rates of obesity in the
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world [7]. In 2013 pertaining to the United States of America (USA), the age-adjusted
prevalence of obesity was 35% in men and 40% in women representing an upward
trajectory of this statistic when juxtaposed to the year 2000 where the overall preva-
lence of obesity in that country stood at 31% [6, 8]. The connection between obesity
and type 2 DM is corroborated by many a research. This only strengthens calls for
healthcare professionals involved in the management of this canker to spell out clearly
to their clients the gargantuan benefits of lifestyle interventions in the management
of DM. Insulin therapy has been a cornerstone in the medical management of type
1 DM. It is also used in the treatment of type 2 DM being necessitated by beta cell
exhaustion [9].

This review will attempt to feebly summarize the advances we have made over
the years in understanding insulin pertaining to its structure, effects on the various
tissues and the development of analogues.

2. An important protein

Insulin’s significance to medical science cannot be overemphasized. This small yet
mighty peptide hormone together with other counter-regulatory hormones notably
glucagon and epinephrine is important in glucose homeostasis in the body. These
hormones are important in mediating the switch between anabolic and catabolic
phases of the human body enabling it to respond adequately to various stressors such
as major burns, sepsis, major surgery and other possibly injurious states. Glucose is
the chief fuel used by many cells in the body, typified by neurons and erythrocytes, in
cellular respiration to release adenosine triphosphate (ATP) [1, 2].

ATP provides the energy to power life processes of the cell. This is needed to main-
tain the physiologic milieu of the organism. Too much insulin which is more common
in diabetic patients on insulin and insulin secretagogues such as the sulfonylureas and
meglitinides may tip the individual into life-threatening hypoglycemia which may be
manifested by neurogenic and neuroglycopenic symptoms. Neurogenic symptoms are
said to be a response of the autonomic nervous, principally the adrenergic division, to
the dip in glucose and are characterized by tremor, anxiety, palpitation, paresthesia,
diaphoresis and sensation of hunger. Although, this can be compounded by hypo-
glycemia unawareness where these symptoms may be blunted and the individual is
not able to tell that they are hypoglycemic. Hypoglycemia unawareness affects about
40% of people with type 1 DM. It affects a lesser number of individuals with type 2
DM. Repeated bouts of hypoglycemia lower the level of glucose at which the human
body may respond, whiles chronically elevated levels of this may raise this threshold.
Neuroglycopenic symptoms which typically occur at lower glucose levels are the result
of brain neuronal deprivation of glucose and include confusion, dizziness, headaches,
seizures, coma among other symptoms [10, 11].

Perturbation about inducing iatrogenic hypoglycemia presents a hindrance in
achieving glycemic targets [10]. Too little insulin for a prolonged period or a reduced
action of the hormone may manifest acutely as a decompensated diabetic state such
as diabetic ketoacidosis and hyperglycemic hyperosmolar state. Regrettably, the
incidence of these two hyperglycemic crises has been on the increase. In the USA,
for example, there were 220,340 hospital admissions for DKA in 2017 compared
to 168,000 in 2014. Mortality from these conditions though is subsiding. Mortality
rate was estimated to be under 1% for DKA, while it can get as high as 20% for HHS.
Advanced age, comorbidity and severe dehydration contributed to higher fatality
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rates in HHS. There is the need for healthcare practitioners and their clients to be
more proactive in preventing these dangerous states which can impact a significant
economic toll. DKA is the cause of more than 500,000 hospital days per year in the
USA according to the Centers for Disease Control and Prevention (CDC). The cost of
inpatient care for DKA stood at approximately 6.76 billion US dollars in 2014; in 2017
it was 5.1 billion US dollars [6].

2.1 Discovery

More than a century has elapsed since the crude “isolation” and discovery of
insulin by Canadian surgeon Banting and American-Canadian medical student Best
with aid from Scottish professor Macleod and Canadian biochemist Collip at the
University of Toronto, Canada. Their method was to try to obtain a purified insulin
preparation from dog pancreases (later on, rabbits). Their persistence finally paid
off in 1921 when their preparation proved capable of normalizing hyperglycemia and
glycosuria in dog subjects. That monumental year of 1921 ushered medicine in into
anew era. Indeed, insulin has been a pioneer protein for medical research in many
regards [12].

In the wake of Paul Langerhans description of islets in the pancreas in 1869, which
now eponymously bear his name, scientists had found out that a substance in the
pancreas if deficient was implicated in the pathogenesis of diabetes. They had tried to
purify this substance from the pancreas for a possible transition from bench-to-beside
in the treatment of diabetes. However, despite some strides no one had been able
to isolate this substance and demonstrate its reproducible use in man convincingly
without toxic reactions up until 1921. In 1889, Minkowksi and von Mering found out
that severe diabetes mellitus could be induced in dogs by carrying out a total pancre-
atectomy leading them to the realization that a substance in the pancreas was needed
in the control of blood glucose level. In 1909, Belgian de Meyer suggested the name
“insuline” for this substance. Scientific thinking evolved over the years localizing this
substance to the islets of Langerhans in the pancreas, thus setting the stage for the
work of Dr. Banting and his colleagues. By 1909, Eugene L. Opie had demonstrated
histological evidence of hyaline degenerative changes in the islets of Langerhans of
individuals with diabetes mellitus [2, 7, 12].

Doctors at Toronto General Hospital led by Walter Campbell were finally able to
inject a young boy in 1923 with success to their delight. Fourteen-year old Leonard
Thompson showed marked clinical and laboratorial amelioration after he received
a second trial of more purified insulin. Testament to its significance, Banting and
Macleod received the Nobel Prize in Medicine or Physiology in 1923. Hitherto insulin’s
discovery, a diagnosis of diabetes mellitus had largely been a death sentence [5].

Of interesting note was the fact that very little was known of insulin’s structure
at the time of its discovery. To buttress this, Macleod did not think insulin was even
a protein. It would take painstaking work of another- Fred Sanger- to elucidate the
polypeptide structure of the hormone using 1-fluoro-2,4-dinitrobenzene (DNFB)
(Sanger’s reagent) among other techniques. He surmised that bovine insulin must be
made of two polypeptide chains and deduced their amino acid sequences. Indeed,
three different scientific groups set out to confirm Sanger’s proposition about insulin’s
structure with the aid of protein chemical synthesis in the 1960s. They confirmed his
earlier findings about insulin’s structure by showing that the synthesized protein had
biological activity. For his efforts, Sanger received the Nobel Prize much earlier in
1958. X-ray crystallography was used to determine the three-dimensional structure of
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insulin by Hodgkin, Blundell and Dodson. They published their results in 1969. Yalow
and Berson invented radioimmunoassay which proved capable of quantifying insulin
levels in the blood in 1959. For this work Yalow received the Nobel prize in 1977, after

Berson had died [12].

Again, with the advent of recombinant DNA technology in the 1970s, the gauntlet
tell to insulin. It became the second protein after somatostatin to be synthesized by
these methods forever revolutionizing the care of individuals with DM. It was the
first therapeutic protein engineered by recombinant DNA technology to be approved
for human use by the US FDA in 1982. Prior to this the food industry supplied animal
pancreases for the extraction of porcine and cattle insulin which both differ from
human insulin by 1 (B30) and 3 amino acids (B30, A8 &A10) positions respectively.
Recombinant DNA techniques as well as the elucidation of the hormone’ structure
introduced new paradigms in the treatment of diabetes that allowed mass production
of better quality insulin as well as the modification of its chains to produce analogues
with desirable properties that more closely mimicked insulin’s famous natural bipha-
sic secretion pattern (Figure 1) [12, 13].

2.2 Structure and secretion

Insulin is produced by beta cells of the islet of Langerhans in the pancreas. Recent
findings suggest that some cells in the brain may also be capable of synthesizing
insulin. The constituents of the islets of Langerhans include alpha cells which produce
glucagon, beta cells which produce insulin, delta cells which produce somatostatin
and pancreatic polypeptide (PP) cells which produce pancreatic polypeptide. Beta
cells make up the majority of cells in the islets of Langerhans and are found in the
centre of the islets compared to the a cells which tend to be found in the periphery.
There human pancreas contains over a million islets of Langerhans. They make up
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Figure 1.
Primary structure of human insulin.
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about 1-2% of the weight of the pancreas, although they receive about 10% of the
organ’s blood supply. These are scattered groups of endocrine cells within the exocrine
acinar cells of the pancreas. The pancreas, just like the liver is both an endocrine and
exocrine gland with important roles in digestion and assimilation of food substances.
The acinar cells are responsible for manufacture of various enzymes (trypsinogen,
chymotrypsinogen, procarboxypeptidase, deoxyribonuclease, ribonuclease, pan-
creatic lipase and pancreatic amylase) that are important components of the succus
entericus which is essential in the hydrolysis of peptides, nucleic acids, lipids and
carbohydrates. These are first secreted as zymogens which later undergo activation to
function. The exocrine cells in response to secretin produced by enteroendocrine cells
in the duodenal mucosa also secrete sodium bicarbonate which serves to neutralize
acidic chyme from the stomach among other functions [14, 15].

Insulin is a peptide hormone made up of 51 amino acids, with a molecular weight
of 5802 and its isoelectric point at pH 5.5. It is composed of two chains: a B chain with
30 amino acids and an A chain with 21 amino acids. These chains are joined together
by two interchain disulphide bonds connected via cysteine residues. The A chain
also has an intrachain disulphide bond. The gene for insulin’s synthesis is located on
chromosome 11p [2].

Insulin is first synthesized as 110-amino acid chain known as preproinsulin by
polysomes. Preproinsulin consists of an N-terminal signal peptide, a B chain, a
connecting peptide (C-peptide) and a carboxyl-terminal A chain. The N-terminal
signal peptide directs insulin to the endoplasmic reticulum where it is cleaved off by
an endopeptidase. The protein undergoes further repackaging in the Golgi bodies
and is transmitted through the trans-Golgi network. It is incorporated into secretory
vesicles from which it can be released from beta cells by exocytosis for example upon
glucose stimulation [16]. Glucose is transported into human beta cells by glucose
transporters (GLUT) 1 and 3; GLUT? is currently thought to be more important in
this function in rodents. Although, the question about the functions of GLUTs in the
human f cell is still not completely answered. Upon cell entry, glucose is phosphory-
lated by glucokinase to form glucose 6-phosphate [1]. Eventually, ATP is formed by
oxidative processes in the cell. ATP-sensitive K+ channels in the cell membrane of the
beta cell subsequently close as the ratio of ATP/ADP molecules in the p cell increases.
This causes depolarization of the cell and resultant movement of Ca*" ions into the
cell via voltage dependent Ca** channels. These ions are important in causing glucose
stimulated insulin secretion (GSIS) into the bloodstream. The mechanism of action of
sulphonylureas which are a drug class used in used in the treatment of type 2 DM also
involves closure of ATP-sensitive K* channels independent of blood glucose levels by
their binding to the sulphonylurea receptor of these particular channels. GSIS occurs
by both ATP-regulated K*dependent and ATP-regulated K* independent pathways.
Insulin secretion in response to glucose is classically said to be biphasic. In that there
is an initial rapid phase lasting a few minutes in response to postprandial hyperglyce-
mia, then a more sustained second phase. The increase in intracellular calcium ions
causes exocytosis of secretory granules in the readily realizable pool (RRP). Typically,
blood glucose concentrations above 5 mmol/l are necessary to cause the initial surge
in insulin secretion. Lower levels of between 2 and 4 mmol/l, however are enough to
cause synthesis of insulin into secretory granules. This is necessary to ensure that §
cells can respond rapidly to the body’s metabolic demands [1, 2]. Insulin exists as a
hexamer complexed with zinc ions in the secretory granules.

Nutrient in the gastrointestinal tract are able to cause insulin secretion which is not
dependent on glucose. The incretin hormones, that is gastric inhibitory polypeptide
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(GIP) and glucagon-like peptide 1 (GLP1), are implicated in this process. While
nutrients and non-nutrients can cause the initial phase, the more sustained phase is
mediated primarily by nutrients. Amino acids like alanine cause an increase in insulin
secretion. Non-nutrient secretagogues are also able to cause an increase in insulin
secretion. There are endocrine, autocrine, paracrine and neural factors that affect
insulin release. Somatostatin inhibits both insulin and glucagon secretion. While insu-
lin downregulates glucagon secretion, glucagon upregulates insulin secretion. Insulin
is thought to have positive effects on its own secretion. Cholinergic stimulation
increases insulin secretion, while activation of o2 receptors by sympathetic nervous
system inhibits insulin secretion. Vasoactive intestinal peptide from peptidergic fibers
also cause an increase insulin secretion [1, 2].

2.3 Insulin’s effect on tissues and mechanism of action

The insulin receptor (IR) responsible for mediating insulin’s effects is a tyrosine
kinase with a heterotetrameric structure consisting of 2 alpha and 2 beta subunits and
is located on the cell surface membrane. The gene for the insulin receptor is 150-kb
long, has 22 exons and is on human chromosome 19p13.3-p13.2. Insulin binds to the
extracellular alpha units, with the intracellular part of the beta subunit involved in
recruitment of several adaptor proteins including the insulin receptor substrates
(IRS) which mediate insulin’s intracellular actions via phosphorylation. There are
two sites in the extracellular portion of the receptor with different affinities where
insulin is capable of binding to. The IR is said to exhibit negative cooperative binding.
There are two known isoforms of the receptor: IRA and IRB. IRA has fewer amino
acids due to alternative splicing of exon 11. IRB is more specific for insulin than IRA.
Three regions in the beta subunit of note undergo trans-autophosphorylation: one
in the juxtamembrane domain (Yoes and Ys7,), one in the activation loop (Y1162, Y1158
and Yy1¢3) and another in the C-terminal portion of the receptor (Yi35 and Yi334)
after insulin binds to the extracellular portion to cause a transformational change in
shape. IRS 1 and 2 are more widely distributed in the tissues. Upon activation of the
IR, after phosphorylation of NPEpY732 in the juxtamembrane zone of the receptor,
IRS-1is recruited to this site. IRS-1 has amino-terminal pleckstrin homology (PH)
and phosphotyrosine binding (PTB) regions which are necessary for membrane
and receptor association. Also, it has an unstructured part consisting of 14 tyrosine
phosphorylation sites which follow these two other regions and undergo phosphoryla-
tion when the IRS-1 is activated. After phosphorylation, two YMPM motifs in IRS-1
bind src-homology 2 (SH2) binding sites of p85a which is a regulatory subunit of
phosphatidylinositol-3-kinase (PI3K). The catalytic portion PI3K then becomes able
to phosphorylate phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylino-
sitol 3,4,5-triphosphate (PIP3) which is responsible for some of insulin’s downstream
actions including the activation of phosphoinositide — dependent protein kinase 1
(PDK-1). PDK-1 activates AKT. AKT2 mainly mediates insulin’s metabolic functions
in skeletal muscle, adipose tissue, hepatic tissue and other bodily tissues. These pro-
cesses will be discussed in more elaborate detail in the text below. It is now known that
insulin, as well as the insulin-like growth factors (IGFs) 1 and 2, has important roles
in other tissues of the body apart from the striated muscle, fat and the liver mediated
by various receptors [1, 2, 7, 17].

Insulin just like IGF-1 has mitogenic actions. Insulin plays various roles in cell
growth, division, differentiation and survival mainly via mitogen activated pro-
tein kinase pathway (MAPK). The insulin concentration needed for its mitogenic
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functions is greater than that for its metabolic activities. This involves the binding of
IRS-1 to growth factor receptor-bound protein 2 (Grb2) which occurs after insulin
signaling via the insulin receptor. Son of sevenless Ras/Rac guanine nucleotide
exchange factor 1 (SOS1) is recruited by Grb2 leading to the activation of the rat
sarcoma protein (RAS) via GTP-GDP exchange. RAS then involves c-Raf which phos-
phorylates MAPK/extracellular-signal regulated kinase (MERK), which then activates
extracellular-signal regulated kinase (Erk). Translocation of Erk to the nucleus leads
to the transcription of nuclear factors important in mitogenesis [1, 2, 17].

2.3.1 Skeletal muscle

The skeletal muscle is the primary site of postprandial glucose uptake. Insulin
acting on the IR causes the translocation of GLUT4 receptor to the surface membrane.
This effect is mediated via the AKT pathway. This involves the phosphorylation of
Cbl-associated protein (CAP) and CAP: CBL: CRKII complex formation. GLUT4
shuttles glucose molecules into the cell by facilitated diffusion. The translocation
of GLUTH4 is reversible as insulin concentrations dwindle. Insulin is thought to also
influence GLUT4 gene expression in muscle and adipose tissue. Once inside the cell,
glucose can be used for energy release or stored as glycogen. Insulin upregulates
glycogenesis n skeletal muscle and inhibits glycogenolysis [1, 17, 18].

2.3.2 Adipose tissue

Insulin stimulates white adipose tissue to undergo lipogenesis and inhibits
lipolysis. Glucose is converted to triacylglycerol in the fed state. The functions of
adipose tissue, especially visceral fat is of special interest in the pathogenesis of
hyperinsulinemia, insulin resistance, obesity and type 2 DM. Insulin resistance is
when the response of target cells to insulin is lower than it should be. In cases of
nutrient excess, when the storage capacity of fat tissue is exceeded, lipases hydrolyse
triacylglycerol into free fatty acids (FFA) and glycerol which enter the circulation.
Insulin is unable to inhibit lipolysis, and this may lead to “lipotoxicity”. Ectopic
accumulation of lipids occurs in skeletal muscle and hepatocytes. This encourages
the development of non-alcoholic fatty liver disease (NAFLD). In skeletal muscle, this
intramyocellular accumulation sometimes is associated with the development insulin
resistance [1, 17, 18].

2.3.3 Liver

The liver has a special role in the regulation of glucose homeostasis. The liver is
capable of converting non-carbohydate sources like alanine, lactate and pyruvate into
glucose in a process known as gluconeogenesis. This is upregulated by glucagon and
inhibited by insulin and alcohol. Insulin also inhibits glycogenolysis but upregulates
glycogenesis. The liver typically holds about 100 g of glycogen, with about 500 g
in skeletal muscle. This helps to explain partly the tendency of patients with liver
cirrhosis to suffer hypoglycemia. GLUT 2 receptor is bidirectional as it is involved in
both glucose uptake and release into the blood [1, 7, 18].

When there is lipotoxicity, hyperinsulinemia is unable to suppress the release
of non-esterified fatty acids (NEFA) by adipose tissue. The liver uses some of these
excess fatty acids to synthesize VLDL leading to hypertriglyceridemia. Also, individ-
ual are prone to suffering non-alcoholic steatohepatosis (NASH) and non-alcoholic
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fatty liver disease (NAFLD). Infection with hepatitis C virus is thought to also poten-
tiate such pathways. Insulin-resistance may lead to uncontrolled gluconeogenesis with
attendant chronic hyperglycemia precipitating end-organ damage. Dysregulation

of forkhead box O family (FOXO) of transcription factors by defective insulin PI3K/
AKT signaling allows the unrestrained translocation of these factors to the nucleus to
promote gluconeogenesis [17, 18].

2.3.4 Brain

The brain is selective for glucose as its principal fuel, though it is capable of
switching in lean times. GLUT1 receptors at the blood-brain barrier are capable of
extracting glucose from the blood in an insulin-independent fashion. Recent findings
though suggest that certain areas in the brain such as the pineal gland choroid plexus
and the pituitary as well as the spinal cord obtain glucose in an insulin-dependent
fashion. Studies show that insulin may improve cognition and memory in individu-
als with Alzheimer’s disease (AD). Besides this, patients with AD are more prone to
developing type 2 DM. This link has generated much excitement in medical circles
with some practitioners labeling AD as “type 3 diabetes”. Intranasal insulin is being
tried in this respect [1, 19].

2.3.5 Endothelial tissue

Insulin acts via the insulin receptor on endothelial tissues. Aberrant insulin
signaling associated with selective insulin resistance may lead reduced nitric oxide
production, endothelial dysfunction, poor wound-healing, atherogenesis, pro-
thrombotic and pro-inflammatory states with an increased risk of hypertension and
other cardiovascular morbidity and mortality. Novel targeted therapies are needed to
attenuate these effects [1].

2.4 Insulin today

When insulin was first made available clinically, large volumes of the product had
to be given which often led to local site infections and abscesses. These problems have
reduced for today’s diabetic patient. Also, increased ease of delivery of insulin and
glucose monitoring have improved the quality of life of people living with diabetes.
Infusion pumps and insulin pens have allowed more efficient drug administration.
Blood glucose monitoring with capillary glucose tests, continuous glucose monitoring
and widespread availability of HbA1C test have allowed more precise glycemic control
and attenuated the risks of diabetic complications [9].

Today’s insulin’s preparations have been upgraded with refinements in their peak
action times and duration of action, although they are still a poor substitute for
insulin’s complex physiology with its feedback systems. They have facilitated the use
of today’s basal bolus regimen in the management of diabetes mellitus.

There are rapid-acting, short-acting, intermediate-acting and long-acting insulin
analogs. Rapid-acting insulin analogs include lispro, aspart and glulisine which have
on the average an onset of action of about 5-15 min, a usual peak action time of about
30-60 min and duration of 2-5 h. Short-acting insulin analogs such as regular human
insulin typically have an onset of action of time of about 30-60 min, a usual peak
action time of about 1-3 h and duration of 4-8 h. Intermediate-acting insulin analogs
include Neutral Protamine Hagedorn (NPH) on the average have an onset of action
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of time about 1-2 h, a usual peak action time of about 4-8 h and duration of 8-12 h.
Long-acting analogs including detemir, and glargine have on the average an onset

of action of time of about 30-60 min, with no peak action time, last about 16-24 h
and can generally be dosed as a single shot per day. There are also premixed analog
formulations available which combine different types of analogs [9, 20]. Concerns
have been raised about the theoretical risk of analogs to cause cancer through insulin’s
mitogenic pathways. Evidence to support this stance though remains paltry, and more
research work will need to be done in this regard [21]. Economic barriers remain in
acquiring these novel therapies perhaps in ironic contrast to this saying attributed to
Banting, “insulin does not belong to me, it belongs to the world [5].”

3. Conclusion

It goes without saying that all healthcare professionals especially doctors should be
abreast of the ever-changing landscape in the management of DM. The pervasive nature
of this malady in surgery, internal medicine, child health and obstetrics & gynecology
make this imperative. This of course will be a nine-day wonder without an understand-
ing of insulin’s mechanisms not only in type 1 DM, but also in other forms of DM. This
in the long run will boost patient outcomes. Medical research must also continue with
necessary funding. Additionally, it will be of great benefit for pharmaceutical companies
to consider the costs of drugs so as to make them accessible to society’s most vulnerable.
As history has shown us, it is only on the intrepid steps of alacrity and sometimes good
old serendipity will other scientific breakthroughs be made in the treatment of DM.

As the torch is passed on to this generation of medical practitioners in the next century
after insulin’s discovery we owe a lot to the prescience of the men who have contributed
to our understanding of this interesting peptide hormone. It is only befitting tribute to

their memories that we expand their work and finally “defeat” DM together.
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Chapter?2

Type 1 Diabetes and Beta Cells

Sheila Owens-Collins

Abstract

This book chapter provides an overview of Type 1 diabetes, focusing on the
role of beta cells, autoimmunity, genetics, environmental factors, and beta cell
health. While genetic factors are also important, environmental factors such as
viral infections and dietary factors may trigger or accelerate the development of
Type 1 diabetes. Maintaining beta cell health is essential for the prevention and
management of Type 1 diabetes. Factors such as glucose toxicity, oxidative stress,
and inflammation can contribute to beta cell dysfunction and death. The chapter
discusses transplantation of islet cells both primary and stem cell-derived to treat
diabetes. The chapter also outlines the stages of Type 1 diabetes development, start-
ing with the pre-symptomatic stage and progressing to the onset of symptoms, the
clinical diagnosis, and the eventual need for insulin therapy. Supporting hormones,
such as insulin, glucagon, amylin, somatostatin, and incretin hormones, play
critical roles in maintaining glucose homeostasis. Finally, the chapter highlights the
effect of food on beta cell health and the effect of various drugs and medications
used to manage diabetes.

Keywords: beta cells, diabetes, insulin, autoimmunity, diabetes medications

1. Introduction

Type 1 diabetes (T1D) is a chronic condition in which the body’s immune system
attacks and destroys the insulin-producing cells in the pancreas, called beta cells.
Insulin is a hormone that regulates the amount of glucose (sugar) in the bloodstream
and allows the body to use it for energy. Without enough insulin, glucose builds up in
the blood and can lead to a range of health problems.

T1D is usually diagnosed in children and young adults, although it can occur
at any age. The exact cause of T1D is not known, but genetic and environmental
factors are thought to play a role. Symptoms of T1D can include frequent urination,
increased thirst, extreme hunger, unexplained weight loss, fatigue, and blurred
vision.

There is no cure for T1D, but with proper treatment and management, people with
the condition can live long and healthy lives. Ongoing research is focused on improv-
ing treatments and finding a cure for this chronic disease. This book chapter aims to
highlight key aspects of diabetes and beta cells.
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2. Autoimmunity and diabetes

Genetics can play a role in the development of type 1 and type 2 diabetes [1-4]. In
the case of T1D, genetic factors can contribute to the destruction of beta cells in the
pancreas, which leads to a lack of insulin production. This destruction is often caused
by an autoimmune response, where the body’s immune system attacks and destroys
the beta cells. The exact cause of this autoimmune response is not fully understood,
but both genetic and environmental factors are thought to play a role.

Several genetic factors have been identified that can contribute to the destruction
of beta cells in the pancreas and the development of T1D [2]. Some of these factors
include:

2.1 Genetic factors

Certain genetic variations have been associated with an increased risk of develop-
ing T1D. These variations affect the immune system and can make individuals more
susceptible to autoimmune diseases.

Certain variations in the human leukocyte antigen (HLA) genes have been associ-
ated with an increased risk of developing T1D [5]. These genes play a key role in
regulating the immune system and can affect how the body recognizes and attacks
foreign invaders, including beta cells.

Variations in the insulin gene (INS) have also been associated with an increased
risk of developing T1D [6]. This gene plays a role in the production of insulin, and
variations can affect the development and function of beta cells [7-10].

The protein tyrosine phosphatase non-receptor type 22 (PTPN22) gene is involved
in regulating the immune system and has been associated with an increased risk of
developing T1D [11-13]. The Trp620 variant of PTPN22 gene is also associated with
other autoimmune disorders [14-16].

The cytotoxic T-lymphocyte antigen 4 (CTLA4) gene encodes a molecule that
functions as a negative regulator of T-cell activation. Polymorphisms in this gene are
involved in regulating the immune system and has been associated with an increased
risk of developing T1D [17-20].

Other genes involved in immune system regulation, such as IL2ZRA/CD25 [21,

22], IL7RA, SUMO4 [23, 24] and IFIH1 [25, 26], have also been associated with an
increased risk of developing T1D.

Given the autoimmune basis of T1D autologous hematopoietic stem cell transplan-
tation (auto-HSCT), a type of auto-transplantation where hematopoietic stem cells
are removed from a patient, enriched and introduced back into the patient [27-30]
could regenerate immune tolerance against auto-antigens and be associated with
lasting and complete remission of T1D.

2.2 Environmental factors

Environmental factors such as viral infections, toxins, and diet have also
been linked to the development of T1D [31]. Some researchers believe that viral
infections can trigger the immune system to attack the beta cells, leading to the
development of T1D. In particular, enteroviruses have been linked to an increased
risk of developing T1D [32, 33]. Exposure to toxins such as nitrosamines [34]
and bisphenol A (BPA) [35] has also been associated with an increased risk of
developing T1D.
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2.3 Other factors

Other factors that may play a role in the development of autoimmune diabetes
include the gut microbiome [36, 37], stress [38], and low levels of vitamin D [39].

Overall, the development of autoimmune diabetes is likely due to a combination
of genetic and environmental factors. In the case of type 2 diabetes, genetics can also
play a role in the development of the condition [40, 41]. Certain genes can affect
how the body processes insulin, leading to insulin resistance and an increased risk of
developing type 2 diabetes. However, lifestyle factors such as diet, exercise [42] and
stress [38] also play a significant role in the development of type 2 diabetes.

3. Beta cell health

The classic view of immune response gone wrong in T1D is that autoreactive T cells
mistakenly destroy healthy p-cells. There is an alternative view that in response to cell
stress an unhealthy -cell provokes an immune attack that negatively effects the source
of insulin [43, 44]. Restoring f-cell health therefore is proposed as an important compo-
nent of treating T1D. Beta cell health can be affected by a variety of factors, including:

3.1 Glucose and lipid levels

Chronic exposure to high levels of glucose and lipids in the blood can lead to beta
cell dysfunction and damage, impairing their ability to produce and release insulin
effectively. The beta cell workload hypothesis [45] is a theory that suggests that
chronic exposure of beta cells in the pancreas to high levels of glucose and lipids (fatty
acids) can lead to beta cell dysfunction and the development of type 2 diabetes.

3.2 Oxidative stress

Beta cells are known to express lower levels of antioxidant enzymes like catalase
and glutathione peroxidase that are required to protect against reactive oxygen spe-
cies (ROS), thus making them have higher susceptibility to ROS damage [46]. This
oxidative stress can damage cell membranes, DNA, and other cellular components,
impairing beta cell function [47, 48]. Oxidative stress leads to loss of p-cell identity by
downregulation of maturity genes like MAFA and PDX1, and upregulation of pro-
genitor genes like SOX9 and HES1 [49, 50]. This makes beta cells less beta-cell like and
leads to further decrease in insulin secretion.

3.3Age

Beta cell function tends to decline with age, contributing to an increased risk of
developing diabetes in older individuals [51, 52]. This decline in beta cell function
may be due to a combination of factors, including increased oxidative stress, inflam-
mation, and mitochondrial dysfunction, which can accumulate over time and impair
beta cell survival and function.

In addition to these cellular changes, aging is also associated with changes in
hormonal and metabolic regulation, which can further contribute to beta cell dys-
function. For example, age-related changes in insulin sensitivity and glucose metabo-
lism can increase the demand on beta cells, leading to increased oxidative stress and
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cellular damage. Furthermore, changes in hormones such as growth hormone and
cortisol, which occur with aging, can impair beta cell function and contribute to the
development of diabetes.

3.4 Other factors

Inflammation and genetic factors: Chronic inflammation can also contribute to
beta cell dysfunction, damage [53] and dedifferentiation [54], as well as impairing
insulin sensitivity [55]. Certain genetic variations can affect beta cell function and
increase the risk of developing diabetes. These factors have been discussed in detail in
Section 2.1.

Obesity and physical activity: Excess body fat, particularly abdominal fat, can
contribute to beta cell dysfunction and insulin resistance, increasing the risk of
developing diabetes [56, 57]. Regular physical activity can improve beta cell function
and insulin sensitivity, reducing the risk of developing diabetes [58].

Medications and environmental toxins: Certain medications, such as corticosteroids,
can impair beta cell function and increase the risk of developing diabetes. These effects
have been discussed elsewhere in this chapter. Exposure to environmental toxins, such
as bisphenol A (BPA) and phthalates, can also impair beta cell function and increase the
risk of developing diabetes. These effects have been discussed in Section 2.2.

Overall, maintaining beta cell health is important for preventing and managing
diabetes, and a healthy lifestyle that includes regular physical activity, a balanced diet,
and avoidance of environmental toxins can help support beta cell function.

4. Islet cell transplants
4.11slet cell auto-transplantation

Auto-transplantation is a type of islet transplantation where the islet cells are
taken from the patient’s own pancreas and transplanted back into the patient’s liver
[59]. This procedure is typically used in cases where the patient’s pancreas has been
removed or damaged due to disease or injury. Auto transplantation may also be used
to treat chronic pancreatitis [60], a condition that causes inflammation and scarring
of the pancreas, which can lead to diabetes.

Stem Cell Derived Beta Cell (SC-p cell) transplantation is a special type of auto-
transplantation where p cells derived from a patient’s stem cells can be transplanted
into the patient [61, 62]. SC-p cell therapy is still in its early stage where work is being
done to understand how to prevent cell death post engraftment [63, 64].

4.2 Islet cell allo-transplantation

Allotransplantation is a type of islet transplantation where the islet cells are taken
from a donor pancreas and transplanted into the recipient’s liver [59]. This procedure is
typically used in patients with T1D who have severe hypoglycemia unawareness or diffi-
cult-to-control blood sugar levels despite optimal medical therapy. Allotransplantation
can provide long-term insulin independence for some patients, but it requires immuno-
suppressive medications to prevent rejection of the transplanted cells.

Both auto-transplantation and allotransplantation have advantages and disad-
vantages. Auto-transplantation avoids the need for immunosuppressive medications,
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as the transplanted cells are from the patient’s own body, but it may not be effective
for all patients with diabetes. Allo-transplantation can provide long-term insulin
independence, but it requires immunosuppressive medications, which can have side
effects and increase the risk of infections and other complications.

In summary, both auto-transplantation and allo-transplantation of islet cells are
potential strategies to treat diabetes. However, their use depends on the individual
patient’s medical history and condition.

5. Stages of type 1 diabetes development

JDRF (formerly known as the Juvenile Diabetes Research Foundation) has identi-
fied several stages of T1D development, based on the progression of autoimmunity
and beta cell destruction [65]. These stages are:

Stage 1—Autoimmunity: During this stage, the immune system begins to attack
the beta cells in the pancreas, but there are no symptoms of diabetes yet. This stage
can last for months or even years.

Stage 2—Abnormal blood sugar levels: During this stage, the destruction of beta
cells has progressed to the point where blood sugar levels begin to rise, but there are
still no symptoms of diabetes. This stage is also known as preclinical T1D.

Stage 3—Clinical onset of diabetes: During this stage, the destruction of beta cells
has reached a critical threshold, and the individual begins to experience symptoms of
diabetes, such as frequent urination, excessive thirst, and weight loss. At this point,
the individual is diagnosed with T1D.

6. Supporting hormones for glucose homeostasis

There are supporting hormones that complement insulin’s role in regulating glu-
cose levels in the body. Glucagon, amylin, somatostatin, and incretin hormones are all
involved in regulating glucose homeostasis in the body [66]. Here are brief summaries
of their roles:

Glucagon is produced by the alpha cells of the pancreas in response to low blood
glucose levels. Its main function is to stimulate the production and release of glucose
from the liver, increasing blood glucose levels [67].

Amylin is co-secreted with insulin from the beta cells of the pancreas. Its main
function is to slow down gastric emptying and suppress glucagon secretion, which
helps to regulate blood glucose levels [68].

Somatostatin is produced by the delta cells of the pancreas and inhibits the release
of insulin, glucagon, and other hormones that affect glucose metabolism [69].

Incretin hormones, such as glucagon-like peptide-1 (GLP-1) and gastric inhibitory
polypeptide (GIP), are produced by the intestines in response to food intake. They
stimulate insulin secretion from the pancreas, inhibit glucagon secretion, and slow
down gastric emptying, all of which help to regulate blood glucose levels [70].

Overall, the actions of these hormones work together to maintain glucose homeo-
stasis in the body. Insulin and amylin work to lower blood glucose levels, while gluca-
gon and incretin hormones work to increase or decrease blood glucose levels depending
on the body’s needs. Somatostatin plays a regulatory role by inhibiting the secretion of
other hormones to maintain balance. Dysfunction in any of these hormones can lead to
impaired glucose regulation, which can contribute to the development of diabetes.
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7. Infections associated with diabetes

People with diabetes are generally more susceptible to infections due to a weak-
ened immune system [71]. Some infections that are particularly associated with
diabetes include:

7.1 Urinary tract infections (UTIs)

There are several reasons why people with diabetes are more susceptible to urinary
tract infections (UTIs). High blood glucose levels can cause bacteria to grow in the
urinary tract, leading to UTIs [72]. Diabetes can damage nerves that control bladder
function, leading to incomplete bladder emptying and increased urine retention,
which can also increase the risk of UTIs [73, 74]. Diabetic patients also tend to have
increased adherence of bacteria to uroepithelial cells [75]. There is a downregula-
tion of the antimicrobial peptide psoriasin and this increases bacterial burden in the
urinary bladder [76]. This too may play a role in the pathogenesis of UTIs in diabetics.

7.2 Skin infections

High blood glucose levels can lead to dry, cracked skin, making it easier for
bacteria to enter and cause infections. High blood glucose levels can also promote the
growth of certain types of bacteria, leading to an overgrowth of harmful bacteria
on the skin. Poor wound healing and decreased immunity can also contribute to the
development and persistence of skin infections in people with diabetes. Common skin
infections in people with diabetes include cellulitis, styes, and boils [77].

7.3 Fungal infections

High blood glucose levels can also create a favorable environment for fungal
infections, particularly in the mouth, genital area, and feet. Yeasts like Candida spp.
can utilize glucose as a viable nutrient [78]. Since diabetics with uncontrolled hyper-
glycemia have increased glucose in their secretions, they are at a higher risk for fungal
infection. Diabetes can create an imbalance in the body’s natural microbiota, which
can promote fungal growth [79]. Common fungal infections in people with diabetes
include oral thrush, vaginal yeast infections, and athlete’s foot [80].

7.4 Respiratory infections

People with diabetes may be more susceptible to respiratory infections, such as
pneumonia and bronchitis, due to a weakened immune system [81]. Diabetes can
damage the small blood vessels and nerves in the lungs [82], making it more difficult
to clear mucus and other secretions from the airways. This can create an environ-
ment that is more conducive to bacterial growth and increase the risk of respiratory
infections.

7.5 Tuberculosis (TB)

People with diabetes are at increased risk of developing TB, a bacterial infec-
tion that mainly affects the lungs [83] due to several factors. The weakening of the
immune system makes it harder for the body to fight off infections such as TB. This
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can allow the TB bacteria to take hold and multiply, leading to an active TB infection.
Diabetes can also increase the risk of latent TB infection (LTBI), which occurs when

a person is infected with TB bacteria but does not develop active TB disease [84, 85].
People with diabetes are more likely to progress from LTBI to active TB disease, as dia-
betes weakens the immune system?s ability to control the TB bacteria. Finally, people
with diabetes may have other risk factors for TB, such as malnutrition, poverty, and
overcrowding, which can increase their risk of exposure to TB bacteria [86].

It’s important for people with diabetes to practice good hygiene and take steps to
prevent infections, such as keeping blood glucose levels under control, washing hands
frequently, and getting vaccinated against preventable infections like the flu and
pneumonia.

8. Foods affecting f3-cells

In this section we will cover vitamins, supplements, and foods that improve or
impair p-cell function and ultimate blood glucose control [87]. Consuming too much
carbohydrates, especially those with a high glycemic index increases stresses on p-cells
and risk of diabetes. The key to preventing insulin resistance and protecting p-cells
is to increase intake of foods that allow blood sugar to rise slowly. Dietary fiber slows
digestion and release of sugars and that is key to reduce blood sugar spikes. Simple
carbohydrates like the sugars found in candy, syrups, etc. are easily digestible causing
rapid increase in blood sugar levels and stressing the B-cells to rapidly produce large
amounts of insulin.

Vitamin deficiencies have been linked with increased risk for diabetes mellitus.

8.1 Vitamin A (VA)

Vitamin A (VA) is the name of a group of fat-soluble retinoids [88]. In animal
models, VA deficiency has been linked with p-cell death, insulin insufficiency, and
hyperglycemia [89]. While incorporation of VA in the diet has been shown to improve
hyperglycemia and glucose tolerance [90]. Islet stellate cells (ISCs) are VA-storing
cells in pancreatic islets. ISCs when activated are implicated in islet fibrosis which
reduces p-cell mass and glucose tolerance [91]. VA deficiency reduces islet function by
activating ISCs, while reintroduction of dietary VA can restore pancreatic VA levels,
endocrine hormone profiles, and inhibit ISCs activation [92].

8.2 Vitamin B6 (VB6)

Vitamin B6 is a cofactor in various metabolic reactions that regulate glucose,
lipids, and amino acids [93]. Because of this VB6 deficiency impairs glucose and lipid
metabolism. Mutations in genes involved in vitamin B6 metabolism cause diabetes
[94, 95]. Reduced VB6 availability affects T-cell composition [96], which may con-
tribute to pancreatic islet autoimmunity in T1D.

8.3 Vitamin B9 or folate (VB9)

Depletion of VB9 causes oxidative stress, abnormal glucose and lipid metabolism,
insulin resistance, and endothelial disruption [97]. Folate supplementation low-
ers insulin resistance and improves glucose metabolism [98, 99]. While the exact
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mechanisms linking folate deficiency and beta cell health are not yet fully understood,
it is thought that folate may play a role in regulating the expression of genes involved
in beta cell function and survival [100].

8.4 Vitamin B12 (VB12)

Vitamin B12 is a cobalt containing vitamin and is therefore also called as cobala-
min [101]. VB12 has many physiological functions but its effect on diabetes comes
from its role as a cofactor for methionine synthase which catalyzes the conversion of
homocysteine to the essential amino acid methionine [102]. Homocysteine promotes
oxidative stress, autoimmunity, insulin resistance, p-cell dysfunction, systemic
inflammation, obesity, and endothelial dysfunction. Reduced VB12 availability affects
homocysteine levels and through that route promote p-cell dysfunction [103-105].

8.5 Vitamin C or ascorbic acid (VC)

Vitamin C cannot be synthesized by humans and has to be obtained from diet
[106]. Ascorbic acid acts as a cofactor for 15 mammalian enzymes [107]. Some studies
suggest that VC deficiency predisposes to T2DM [108] and VC supplementation
reduced fasting glucose levels in patients with T2DM [109]. VC administration has
been shown to reduce blood glucose and increase superoxide dismutase and glutathi-
one levels, resulting in reduced insulin resistance by lowering oxidative stress [110].
VC prevents sorbitol accumulation and glycosylation of proteins and thus reduces
the microvascular complications of diabetes [111]. Overall, while the relationship
between ascorbic acid deficiency and beta cell health is still not fully understood,
there is evidence to suggest that optimizing ascorbic acid status through a healthy diet
or supplementation may be beneficial for preserving beta cell function and reducing
the risk of diabetes or its progression [112].

8.6 Vitamin D or calciferol (VD)

Vitamin D is a fat soluble vitamin that is obtained through diet and endogenously
when ultraviolet (UV) rays from sunlight strike the skin and trigger VD synthesis
[113]. VD deficiency may promote p-cell autoimmunity [97, 114], cause insulin resis-
tance, insulin insensitivity, and impaired insulin secretion through p-cell dysfunction
[115-119]. VD has been shown to prevent epigenetic alterations associated with
insulin resistance and diabetes [120]. Some clinical studies [121-124] have shown that
calciferol supplementation was associated with the improvement of insulin secretion
while others have not shown a statistically significant benefit [125-127]. Overall,
while the relationship between VD deficiency and beta cell health is still not fully
understood, optimizing calciferol status through a healthy diet or supplementation
may be beneficial for preserving beta cell function and reducing the risk of T1D.

8.7 VitaminE (VE)

Vitamin E is the collective name for a group of eight fat-soluble compounds that
have distinctive antioxidant activities [128]. As a dietary anti-oxidant VE inhibits lipid
per oxidation [129]. Significant correlation has been observed between the increased
blood sugar levels and the depletion of the antioxidants [130] and higher dietary
anti-oxidant capacity is inversely associated with prediabetes [131]. VE deficiency is
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associated with prediabetes in apparently healthy individuals [132]. In clinical trials
VE supplementation has been shown to protect residual beta-cell function in insulin-
dependent diabetes mellitus [133, 134].

8.8 Vitamin K (VK)

Vitamin K (VK) is the generic name for a group of fat-soluble vitamins with a
common structure that includes phylloquinones (VK1) and menaquinones (VK2)
[135] and can regulate glycemic status [136-138]. Menaquinone-4 is the predominant
form of VK2, which is present in large amounts in the pancreas [139]. Human studies
indicate that VK-dependent protein osteocalcin [140], anti-inflammatory properties,
and lipid-lowering effects may mediate the beneficial function of vitamin K in insulin
sensitivity and glucose tolerance [140]. Glucose-stimulated insulin secretion is higher
in pancreatic islet cells that have been treated with VK2 [139]. Vitamin K supplemen-
tation has been found to be associated with significant reductions in blood glucose,
increased fasting serum insulin, reduced hemoglobin Alc and increased 3-cell func-
tion in diabetic animal studies [137].

9. Drugs and medications for diabetes

There are several classes of drugs and medications used to treat or manage
diabetes [141, 142]. Here is a summary of the most common types:

Metformin is a biguanide medication that is often prescribed as the first-line
treatment for type 2 diabetes [143]. It helps to lower blood glucose levels by reducing
glucose production in the liver and improving insulin sensitivity [144].

Sulfonylureas are a class of medications that stimulate insulin secretion from the
pancreas, helping to lower blood glucose levels. They close ATP-sensitive K-channels
in the beta-cell plasma membrane. This closure causes depolarization of the cell
membrane, which triggers the release of insulin into the bloodstream [145]. Examples
of sulfonylureas include glyburide, glipizide, and glimepiride [146].

Dipeptidyl Peptidase-4 (DPP-4) inhibitors, also known as gliptins, are a class of
medications that increase insulin secretion and decrease glucagon secretion, helping
to lower blood glucose levels. They work by blocking the action of the enzyme DPP-4,
which is responsible for breaking down incretin hormones such as GLP-1 (glucagon-
like peptide 1) and GIP (glucose-dependent insulinotropic peptide) [147]. By block-
ing DPP-4, gliptins increase the levels of these hormones in the body. GLP-1 and
GIP stimulate the secretion of insulin from the beta cells in the pancreas, reduce the
production of glucose by the liver, and slow the emptying of food from the stomach.
Examples of gliptins include sitagliptin, saxagliptin, and linagliptin [148].

GLP-1 receptor agonists are a class of medications that mimic the action of incretin
hormones, stimulating insulin secretion, suppressing glucagon secretion, and slowing
down gastric emptying. Examples include exenatide, liraglutide, and dulaglutide [149].

SGLT2 inhibitors are a class of medications that work by blocking the reabsorption
of glucose in the kidneys, leading to increased urinary glucose excretion and lower
blood glucose levels. Examples include canagliflozin, dapagliflozin, and empagliflozin.

Insulin is a hormone that is essential for the regulation of blood glucose levels.
People with T1D and some with type 2 diabetes may require insulin therapy to
manage their condition. Insulin can be administered through injections or an insulin
pump [150].
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It’s important to note that diabetes treatment is highly individualized, and the choice
of medication depends on a variety of factors, such as the type and severity of diabetes,
other medical conditions, and the patient’s preferences and lifestyle. A healthcare
provider can help determine the most appropriate treatment plan for each individual.

10. Conclusion

Beta cell health is critical for the development and management of T1D, as these cells
produce insulin, the hormone that regulates blood glucose levels. Current approaches
to preserving and promoting beta cell health in T1D include optimizing blood glucose
control, reducing inflammation, and minimizing exposure to environmental toxins that
can damage beta cells. Scientists are also exploring the use of targeted immunotherapies
to prevent or reverse the autoimmune destruction of beta cells.

Future directions in beta cell health and T1D treatment include the development
of regenerative therapies aimed at restoring beta cell function. These therapies may
involve the use of stem cells, gene editing techniques, or biomaterials that promote
beta cell growth and survival.

In addition to these approaches, precision medicine and personalized care are also
gaining momentum in the T1D field. This involves tailoring treatment plans to the
specific needs and characteristics of individual patients, such as their genetic profile,
immune system status, and environmental exposures.

Advances in technology are also transforming the landscape of T1D care and
management. For example, continuous glucose monitoring systems and closed-loop
insulin delivery systems are becoming increasingly sophisticated and may improve
outcomes for individuals with T1D.

Overall, a multifaceted approach that includes a focus on preserving and promot-
ing beta cell health, precision medicine, and technological advancements offers
promise for improving outcomes and quality of life for individuals with T1D.
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Chapter 3

Stem Cell-Derived Pancreatic Beta
Cells for the Study and Treatment
of Diabetes

Jessie M. Barva and Holger A. Russ

Abstract

Patients suffering from Type 1 Diabetes rely on the exogenous supply of insulin.
Cell replacement therapy employing cadaveric islets cells has demonstrated a proof
of principle for a practical cure, rendering patients insulin independent for prolonged
periods of time. However, challenges remain before this innovative therapy can be
widely accessed by diabetic patients. Availability of cadaveric donor islets is limited,
necessitating the generation of an abundant source of insulin-producing pancreatic
beta cells. Immunological rejection of the allogeneic transplant and recurring autore-
activity contribute to eventual graft failure in all transplant recipients. In the current
chapter, we summarize past and current efforts to generate functional beta cells from
pluripotent stem cells and highlight current knowledge on graft immune interactions.
We further discuss remaining challenges of current cell replacement efforts and
highlight potentially innovative approaches to aid current strategies.

Keywords: pancreas, insulin-producing beta cell, autoimmune diabetes, autoreactive
T cell, human pluripotent stem cell, direct differentiation, genome engineering

1. Introduction
1.1The beta cell and type 1 diabetes

Global regulation of the essential metabolite, glucose, relies on the proper
action of small clusters of endocrine cells within the pancreas known as the islet of
Langerhans. Mostly comprised of alpha, beta, delta, gamma, and epsilon cells, these
endocrine populations release a tightly synchronized set of hormones to maintain
systemic glycemic control [1, 2]. Most importantly beta cells respond to increased
glucose levels by secreting the hormone insulin, which triggers glucose uptake by
peripheral tissues such as the muscle and adipose tissue [3]. To counter regulate
the beta cell’s suppressive impacts on blood glucose levels, alpha cells produce the
hormone glucagon, which acts on the liver to increase glucose production and raise
glucose concentrations [4]. While less studied, literature suggests that somatosta-
tin-producing delta cells, pancreatic polypeptide-producing gamma cells, and
ghrelin-producing epsilon cells, also have counterregulatory impacts on hormone
secretion from the beta and alpha cells and help provide satiety signals to modulate
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gastric processes [5-7]. When this delicate balance of hormonal signals is dysregu-
lated, particularly when the release of insulin from beta cells is impaired, systemic
glucose homeostasis is perturbed. The loss of functional insulin-producing beta
cells results in chronic hyperglycemia, a key hallmark of the disease state known as
diabetes mellitus.

Type 1 diabetes (T1D) is distinguished from other types of diabetes mellitus by
the involvement of autoreactive immune cells in the destruction of the pancreatic beta
cells. While T1D only accounts for 5-15% of total clinical cases of diabetes, incidence
rates are steadily increasing worldwide [8]. Despite this concerning trend, the field
currently lacks the ability to identify future T1D patients early in disease progres-
sion before glucose homeostasis is affected. Clinical diagnosis usually presents with
severely elevated peripheral glucose measurements combined with positive titers for
autoantibodies against known beta cell antigens such as insulin, glutamic acid decar-
boxylase-65 (GAD-65), islet antigen-2 (I-A2), or zinc transporter 8 (ZnT8) [9]. At the
time of diagnosis, it is estimated that around 60-90% of the total beta cell mass has
already been lost and circulating insulin levels are severely reduced [10]. Therefore,
once identified, patients are dependent on exogenous insulin injections to maintain
some glycemic control. Insulin can be administered through various technologies
including insulin pens and closed-loop insulin systems or bi-hormonal pumps.
However, the mental and financial burden of these therapies can be extremely costly
to patients [11, 12]. While these innovative delivery approaches have significantly
improved the precision of exogenous insulin, they fail to reach the exquisite responses
provided by native pancreatic beta cells to the most subtle changes in systemic glucose
levels. Therefore over time, severe secondary complications including nephropathy,
neuropathy, cardiovascular disease, and retinopathy are likely [13]. In addition to
potentially devastating long term affects experienced by patients with T1D, the
constant risk of life-threatening hypoglycemic episodes, induced by administering
too much insulin, is a considerable burden on quality of life. While not perfect, in
most patients with T1D, exogenous insulin therapies are beneficial, but alternative
approaches that better recapitulate native beta cell function are needed to signifi-
cantly improve the health and welfare for patients with T1D.

1.2 Beta cell replacement

A promising treatment strategy to more faithfully restore euglycemia for patients
with T1D is beta cell replacement therapy. The first true success was documented in
2000, when a group of investigators from the University of Alberta published their
findings from a small clinical trial following seven patients undergoing cadaveric islet
transplantation [14]. This protocol, which would come to be known as the Edmonton
Protocol, succeeded in maintaining insulin independence within this small cohort of
individuals for nearly 5 months after islet infusion into the portal vein of the liver and
systemic nonsteroid immune suppression. Clinically, this procedure is nowadays most
usually performed, although whole pancreas transplants are also performed. Islet
transplantation is especially beneficial for individuals that are poorly controlled by
or are unresponsive to traditional insulin therapies [15]. Islet transplantation awards
significant benefits to patients with T1D, most notably protection from hypoglycemic
events, complete or some independence from insulin injections, and overall improved
quality of life, however donor availability and immunological challenges persist that
limit widespread implementation of this therapy [16].
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After utilization of the Edmonton Protocol at several prominent trial centers,
the field of islet transplantation made significant strides as the various mechanisms
that can contribute to islet graft rejection became better understood. One of the key
hurdles thought to contribute to the ultimate failure of transplanted islets is immune-
mediated rejection. This process begins within minutes after transplantation and
involves islet-derived stress responses that quickly recruit and activate innate immune
subsets [17, 18]. This acute reaction contributes significantly to early graft loss imme-
diately after transplant but can also serve to activate the adaptive immune system.

During clinical islet transplantation into patients with T1D, unlike other organ
replacement surgeries such liver transplants, the islet graft is at risk from two sepa-
rate adaptive immune reactions: (1) genetic mismatch responses and (2) autoreactive
responses against islet antigens. As transplanted islets are from a genetically distinct
donor, the immune system within the recipient will mount a response against the
islet graft in an allogeneic (or HLA-mismatch) context. This immunological response
has been associated with failure of the islet graft, as detection of alloreactive T cells
and humoral responses precedes the loss of graft function [19]. The use of both
induction and maintenance immunosuppression regimens, such as anti-thymocyte
globulin (ATG), are commonly utilized to combat alloreactive immune responses
effectively [20]. However, the use of these immunosuppressive drugs can leave a
patient at risk for opportunistic infections, often requiring the temporary cessation
of immunosuppression to clear these infections, thus leaving the islet graft unpro-
tected at times [19].

Additionally, unlike other transplantation contexts, patients with T1D have
autoreactive immune responses to beta cell antigens. After the initial destruction of
endogenous beta cells within the pancreas during the time of disease onset, a subset
of autoreactive T and B cells is converted into long-lived memory cells [21]. These
memory populations can persist within the patient for decades and can become
reactivated after islet transplantation, when a new source of beta cell antigen is intro-
duced. The recurrence of autoimmunity toward the islet graft has been correlated
with reduced graft survival, even in the absence of detectable allogeneic responses
[22, 23]. Commonly utilized immunosuppressive drug regimens are not effective in
combating autoimmunity and may even induce proliferation of autoreactive memory
T cells during islet transplantation [23, 24]. Therefore, to achieve successful beta
cell replacement, immunosuppressive treatment strategies must not only suppress
allograft rejection, but also prevent the reactivation of T-cell mediated autoimmunity.

As the study and understanding of these immune reactions has been expanded,
recent clinical islet transplant studies can now achieve rates of insulin independence
in upwards of 44% of patients 3 years post-transplantation with >90% of patients
seeing complete protection from severe hypoglycemic events beyond 5 years post-
transplantation [25]. Some of the key factors that have contributed to improved islet
transplantation success include the processing of the islet preparations [26], islet
culture and manipulation prior to transplantation [27], the acute treatment of the
patient at the time of transplantation [20, 28], and the maintenance immunosuppres-
sion protocols utilized long term [16]. However, nearly all islet transplants eventually
fail to maintain glycemic control, and this treatment strategy still suffers from a lack
of abundant, high-quality cadaveric islets to treat all individuals with T1D using this
approach. Therefore, alternative sources of functional insulin-producing beta cells
and novel immunosuppressive approaches are needed to allow a widespread, effective
implementation of cell replacement therapy.
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1.3 Stem cells for regenerative medicine approaches

One of the most promising alternatives to limited cadaveric human islets for trans-
plantation is to generate large pools of glucose responsive, insulin-producing cells
from human stem cell sources (Figure 1). Stem cells are separated into five general
categories according to the extent of their ability to differentiate into other cell types:
totipotent, pluripotent, multipotent, oligopotent, and unipotent [29]. Totipotent
cells can generate an entire organism from a single cell, encompassing all cell types
found in the body, as well as extraembryonic tissues [30]. Pluripotent cells can dif-
ferentiate into all cells of the three germ layers, endoderm, mesoderm, and ectoderm.
Multipotent cells include all progenitor type cells that can differentiate into a limited
number of cell types that are derived from that progenitor population, while oligopo-
tent cells can generate cells of only one specific differentiation fate. Finally, unipotent
cells are proliferating cells that can only produce more of the same cell type.

Human embryonic stem cells (hESC), a form of pluripotent stem cells (PSC)
which are derived from the inner cell mass of in vitro fertilized embryos at the
blastocyst stage, were first described in 1998 [31]. hESC can rapidly and indefinitely
proliferate and differentiate into all cells of the human body, given appropriate signals
are provided, thereby representing an attractive, quasi unlimited source of human
cells that could be utilized for a multitude of regenerative medicine approaches

[32]. To date, hundreds of hESC lines have been generated from donated, otherwise
discarded blastocysts. Nevertheless, the use of human blastocysts to generate hESC
has raised ethical concerns regarding their utilization in many countries.

The discovery of induced pluripotent stem cells (iPSC) generated from eas-
ily accessible patient tissues or cells such as skin, peripheral blood, and urine not
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Figure 1.

Generating functional beta cells from human stem cells. Through a series of sequential stages, human pluripotent
stem cells (hPSC) are directed differentiated into functional stem cell-derived beta-like cells (sBC). sBC can
undergo glucose-stimulated insulin velease. GLUT1; glucose transporter 1, OxPhos; oxidative phosphorylation,
Karp; ATP-dependent potassium channels, Ca®*; calcium. Figure generated using Biorender.
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only lessened the ethical concerns surrounding human PSC but also allowed for
increased genetic diversity by allowing the generation of patient specific iPSC
[33-35]. The first successful attempt to reprogram somatic fibroblasts into iPSC
utilized retroviral transduction of pluripotency genes Oct4, Sox2, KIf4, and c-myc
into murine embryonic fibroblasts or tail-tip fibroblasts [36]. Similar approaches
were utilized to reprogram human fibroblasts isolated from skin into human iPSC.
Importantly, established iPSC display comparable features including differentiation
potential to hESCs [33]. Collectively, either ESCs or iPSCs, represent a potentially
unlimited supply of any desired cell type for cell replacement therapy, and therefore
could address some of the challenges facing beta cell replacement strategies for the
treatment of T1D.

2. Differentiation of stem cell-derived beta cells

To differentiate PSC into a pure population of beta cells, the delicate and time-specific
process of pancreatic organogenesis must be closely replicated iz vitro. The first
attempts to generate insulin positive cells from PSC resulted in loosely defined pan-
creatic cell populations with some endocrine cells that were usually poly-hormonal
and lacked the ability to secrete insulin in response to glucose [37]. Indeed, such
differentiated cultures contained a fairly high number of non-endocrine populations
such as pancreatic progenitors and exocrine cell types [38]. However, transplanta-
tion of these heterogenous pancreatic cells into immunodeficient mice promoted
their differentiation into single hormone, insulin positive beta like cells after a few
months. In vivo generated stem cell derived beta cells (sBC) are functional and secrete
insulin in response to elevated glucose levels, providing the first proof of principle
demonstration that PSC can differentiate into functional beta cells [39]. Furthermore,
after chemical ablation of endogenous mouse beta cells using streptozotocin, human
grafts containing functional sBC could maintain euglycemia, suggesting an important
therapeutic potential to restore glycemic control [40, 41]. These early experiments
provided evidence that directed differentiation of hPSC can produce functional beta
cells, encouraging the research community to devise strategies to build upon earlier
protocols with the goal of generating functional sBC iz vitro [41-44]. Using these
protocols, investigators have now better defined the key signals required to induce
hPSCs commit to the appropriate differentiation trajectories in vitro that are essential
to generate hormone positive endocrine cells.

2.1 From stem cell to endocrine progenitors

The first major fate decision needed to begin the process of directed differentiation is
the induction of the endoderm lineage. WNT/B-catenin and the transforming growth
factor beta (TGF-beta)/Nodal signaling pathways are the main drivers of endoderm
differentiation [45]. Activin A, a member of a TGF-beta superfamily, is used iz vitro
to activate Nodal signaling. To initiate WNT signaling, CHIR-99021, an inhibitor of
the suppressive kinase glycogen synthase kinase-3 beta (GSK3-beta), is nowadays
commonly used. While initially researchers employed recombinant proteins to elicit
certain signaling pathway modulation, small molecules provide more reproducible
results and are far more cost effective. Overall, providing these signals in low serum
media to hPSC induces the robust differentiation to endoderm, with upwards of 97%
of cells upregulating key endoderm lineage markers [37].
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Next, further differentiation to consecutively become primitive gut tube then
posterior foregut are required. Fibroblast growth factor (FGF7) is frequently used
to induce the differentiation of definitive endoderm to a primitive gut tube stage. In
some instances, certain iPSC lines require additional low-grade BMP inhibition [46].
This differentiation step is followed by a combination of retinoic acid, Sant1 (a SHH
signaling inhibitor), PMA (a PKC activator), and LDN (a BMP inhibitor) to further
direct gut tube like cells toward both posterior foregut and then pancreatic progenitor
stages [47]. Some beta cell differentiation protocols rely on the expansion of pancre-
atic progenitors before continuing with the induction of endocrine differentiation
at this stage. For this purpose, pancreatic progenitors are cultured in the presence of
epidermal growth factor (EGF) and FGF?7 to establish a large pool of cells prior to
endocrine induction [37, 39, 41-43, 47]. However, this amplification step is not neces-
sarily required and extends the culture time required before reaching target beta cells
considerably.

2.2 From pancreatic progenitor to mature beta cells

Current protocols induce endocrine cell differentiation from pancreatic progeni-
tors by exposing cells to a cocktail of TGF-beta inhibition (ALK5i), thyroid hormone
(T3), BMP inhibition (LDN), and NOTCH inhibition through gamma-secretase
inhibition (XXi) [40, 41, 47-49]. This combination results in short lived expression
of the master endocrine regulator gene NEUROG3 and activation of expression of
downstream endocrine fate markers NKX2.1 and NEURODI1 [50]. Endocrine dif-
ferentiation results in the generation of hormone expressing cells including sBCs of
varying proportions based on the protocols utilized. While the resulting cell popula-
tions are heterogenous, the majority (greater than 90%) usually exhibit an early
endocrine, non-proliferative phenotype, with sBCs representing commonly between
20 and 60% of all cells. Other hormone expressing cells are present at variable ratios
and off target enterochromaffin cells, usually confined to the gut, are also detected
at appreciable percentages (~10-15%), indicating that further protocol optimization
might be required. Initially differentiated sBCs exhibit a rather immature phenotype
[51] but further mature iz vitro over the course of 1- several weeks to give rise to func-
tional sBCs that exhibit several key features of primary human beta cells, including
hormone and transcription factor expression, insulin granule formation and matura-
tion, and elevated insulin secretion when exposed to elevated glucose concentrations
[40, 41, 47]. Importantly, sBCs also display functionality shortly after transplanta-
tion, a distinct benefit when compared with the longer time period required for in
vivo differentiation of transplanted pancreatic progenitors into sBC [52].

The WNT pathway as well as TGF-beta signaling have established roles in beta
cell development and maturation, but these roles may be time dependent [48, 53, 54].
During beta cell development, inhibition of the TGF-beta receptor ALK5 is important
for endocrine differentiation from pancreatic progenitors [48]. However during sBC
maturation, inhibition or suppression of TGF-beta signaling results in sBCs with
diminished insulin release [48]. Additionally, there is some evidence that canonical
vs. non-canonical WNT signaling may influence the ability to induce optimal differ-
entiation into functional sBCs. Different subpopulations of i vitro stem cell-derived
definitive endoderm cells that rely on WNT signaling driven by either the canonical
WNT3A (CD275" cells) or the non-canonical WNT45A and WNT4 (CD177* cells)
have altered capacity to specify toward the pancreatic lineage and therefore differed
capacity to produce functional sBCs [55]. In this report, the non-canonical WNT

38



Stem Cell-Derived Pancreatic Beta Cells for the Study and Treatment of Diabetes
DOI: http://dx.doi.org/10.5772/intechopen.1001444

signaling-driven DE population of CD177" cells had greater capacity to produce
glucose responsive sBCs, suggesting that canonical WNT signaling may impair the
commitment to the pancreatic cell fate [55]. Alternatively, other investigators have
data indicating that the primary reason for the observed functional impairment in
sBCs is a disruption in glycolytic processes [56]. This study suggested that GAPDH
and PGK activity is altered in sBCs, resulting in decreased metabolite entry into the
TCA cycle [56].

However, external signals also contribute to beta cell maturation. During mouse
pancreatic organogenesis, newly derived endocrine cells including beta cells migrate
and cluster together into the mini organ islet of Langerhans harboring the endocrine
cells [57]. A similar phenomenon has also been observed during sBC maturation
[58]. Insulin positive cells will group together within the heterogenous 3D cell cluster
in a process referred to as “capping’, resulting in improved function and increased
expression of maturation markers MAFA and UCN3 [58]. Other laboratories have
also confirmed that sorted insulin positive cells from later stages of a differentiation
protocol will reaggregate together, leading to sBC with a more mature phenotype
[38, 59]. These studies further highlight the importance of glucose metabolism and
sBC architecture in functional maturation.

The timing and location of developmental signals are highly important aspects for
pancreas organogenesis. Interactions with different nonendocrine cell populations
such as endothelial cells or mesenchymal cells and the integration of both vascular
and neuronal systems is also required to develop a proper functional pancreas, includ-
ing the endocrine islets of Langerhans. Additionally, other non-beta cell endocrine
populations within the islet have displayed the ability to more accurately fine tune the
responsiveness of beta cells. Through release of molecules such as glucagon, glucagon-
like peptide-1 (GLP-1), and acetylcholine, the alpha cell can enhance the secretion
of insulin above that of glucose alone [60]. Somatostatin-producing delta cells also
contribute to the regulation of beta cell function, as somatostatin is an inhibitor of
both glucagon and insulin release [61]. A current potential barrier to efficient and
consistent generation of hPSC-derived beta cells is that fully mature supporting cell
types are largely absent form current direct differentiation approaches. Ongoing and
future studies aim at incorporating multiple cell types to recapitulate in vivo devel-
opmental cell-cell interactions more closely under cell culture conditions. However,
if the field lacks the ability to make fully mature beta cells, the real impact of the
presence or absence of other cell types might be hard to assess.

Another potential confounding factor is that the current field’s knowledge on
pancreas organogenesis is largely derived from model systems, most notably frog,
zebrafish, and mouse. Despite many key similarities between model systems and
humans, a multitude of both structural and physiological differences between human
and rodent islets have been described, leading to the recognition of vital differences
in the complex dynamics of cell-cell interactions and the resultant insulin responsive-
ness of species specific beta cells [62]. This means that not all aspects of animal stud-
ies can or should be utilized as a reliable source of information that can be harnessed
for the study of human physiology and associated model systems. To improve current
protocols, further efforts should be focused on developing a comprehensive map of
human beta cell development. This might be accomplished by combining an in-depth
analysis of donated fetal pancreas tissues with an unbiased single cell or population
analysis of both fetal and adult human samples. To accomplish this goal, PSC could
represent a powerful tool to study human development in a controlled manner by
providing access to otherwise inaccessible developmental timepoints. The hPSC
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differentiation model could provide key insights at later developmental stages since
fetal pancreatic tissues past 20 weeks conception is not available. This should be

done with caution, however, as many of the differentiation protocols used are aimed
at driving the predominant phenotype of the beta cell, which could mask some of

the delicate signaling balances that are surely present during organogenesis. More
importantly, understanding the developmental signals and cues required to generate
pancreatic cell types and potentially large pools of beta cells will accelerate our ability
to treat human patients with type 1 diabetes.

3. Challenges to utilizing stem cell-derived beta cells for human disease

Once further optimized, generating large numbers of genetically identical and
functional human beta cells in the laboratory will allow researchers to address the
challenges facing cell replacement therapies in a reproducible manner. This possibil-
ity is improved by the rapidly evolving field of genome engineering that now allows
for the establishment of novel human model systems that were previously largely
restricted to animal models [63]. Since the first description of sBCs, researchers have
proposed using these cells to address various aspects of beta cell replacement such
as the ideal location to transplant, protecting grafts from ischemia during the peri-
transplant period, shielding grafts from allogeneic and autoimmune recognition, and
providing additional safety mechanisms to mitigate any off-target effects.

3.1 Generating immune-privileged beta cells

In addition to the optimization of directed differentiation of hPSCs into mature
sBC, the field of T1D research has a vested interest in understanding the immune/
beta cell interface [64]. This area of investigation includes trying to identify not only
the early inflammatory events that lead to the activation of autoreactive immune cells,
but also the consecutive interactions that ultimately cause specific beta cell destruc-
tion. Attaining such knowledge will not only help in protecting sBC grafts but also
might provide insights as to how prevent autoimmunity directed against beta cells
from developing in the first place. Precise and efficient genetic engineering usually
harnesses targeted double strand DNA breaks to induce desired site-specific editing.
Key advances in genome engineering have recently been described and technologies
are centered on clustered regularly interspaced short palindromic repeats (CRISPR)/
Cas9, Zinc finger, and Trans activator like nuclease families. Such genome engineer-
ing now enables efficient modification of hPSCs including the knockout (KO) of
genes, insertion or knock-in (KI) of transgene cassettes, inducing point mutations,
and changing the chromatin landscape locally to name a few of the most widely used
applications [65].

Harnessing these approaches, various investigators have sought to generate hypo-
immunogenic stem cell lines that could suppress the ability for cells to be detected
by the immune system (Figure 2). Several groups have reported that HLA class
molecules are upregulated on the surface of beta cells in T1D organ donors and upon
exposure to T1D mimicking, proinflammatory culture conditions [66-68]. HLA class I
molecules are an integral piece of the process to activate cytotoxic CD8" T cells through
their engagement with the CD8 T cell receptor. Therefore, genetically manipulating
the expression of HLA class I molecules on beta cells could be an ideal target to abro-
gate both alloimmune and autoimmune cytotoxic responses toward beta cell grafts.

40



Stem Cell-Derived Pancreatic Beta Cells for the Study and Treatment of Diabetes
DOI: http://dx.doi.org/10.5772/intechopen.1001444

Autoimmune Attack
Cytotoxic T cell

Immune

Attack
CDB( L —~Autoreactive Peptide
Adaptive Immune Suppression k 1 Innate Immune Suppression

Cytotoxic T cell ¥~ Betacel NK Cell

Immune

Immune Suppression

Suppression

Figure 2.

Main mechanism of beta cell destruction and overview of approaches targeting immune suppression. An
autoreactive T cell can recognize autoreactive peptides presented by the beta cell within HLA molecules. These
HLA/peptide complexes interact with the autoreactive T cell receptor (TCR) and trigger the cytotoxic activity
of the T cell. Through a deletion of all HLA-I molecules or overexpression of suppressive molecules such as
programmed death-ligand 1 (PD-L1), this cytotoxic T cell action is suppressed. To also inhibit the innate
immune-mediated destruction of the beta cell by natural killer (NK) cells, the specific expression of HLA-E and
overexpression of inhibitory receptor CD47 have been utilized. Figure generated using Biorender.

To neutralize the negative impact of HLA class I expression on beta cells, various
approaches have been assessed. hPSCs with a genetic knock out of the beta 2-micro-
globulin chain (B2M KO), shared among all HLA class I molecules has been utilized
[67, 69]. B2M KO hPSC have been showed to exhibit reduced immune activation in an
allogenic model [70, 71]. Generating B2M KO sBCs has demonstrated the ability to sup-
press autoreactive CD8" T cell activation in a fully matched human model system [67].
However, other studies have suggested an increase of natural killer (NK) cell-mediated
cell death due to alack of HLA-E/G expression required for normal immune surveillance
by NK cells [72]. To overcome this challenge, lentiviral overexpression of HLA-E within
B2M KO cells was able to suppress allogeneic T cell proliferation and activation without
inducing NK cell activation [73]. As an alternative to maintaining HLA-E/G, another
approach to reduce NK cell activity is the overexpression of CD47, which is a ubiqui-
tously expressed immunomodulatory suppressive gene [74, 75]. CD47 is extremely
effective at inhibiting NK cells killing of MHC-deficient iPSCs in immunocompetent
mice [75].

Another popular method to suppress immune-mediated destruction of sBCs is
the activation of the program cell death protein 1 and ligand (PD1/PD-L1) axis. In
the normal adaptive immune response, PD1 is expressed on T and B cells, whereas its
ligand PD-L1 is expressed on a variety of cells including antigen presenting cells [76].
The interaction between PD1 and PD-L1 results in a downregulation of the adaptive
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immune response [77]. To harness this suppressive pathway, overexpression of the
ligand PD-L1 on hPSCs is utilized. PD-L1 overexpressing hPSCs displayed the abil-
ity to inhibit the activation of autoreactive immune cells iz vitro [67, 78]. However,
targeting a potent immunosuppressive pathway can have its downsides that must be
considered. There are some reports that inhibition of the PD1/PD-L1 axis can cause the
development of autoimmunity, including T1D [79-83]. Therefore, the safety of these
approaches must be carefully assessed before they can be harnessed for clinical use.
Other investigators have sought to develop a strategy which addresses both adap-
tive and innate immune responses through a combination of genetic modifications
to knockout the HLA molecule expression followed by knock-ins (KI) to express
the immunomodulatory factors PD-L1, CD47 and HLA-G [70]. This study demon-
strated that these modifications led to significant reduction in allogenic immune
responses with respect to T cell, NK cell, and macrophage-mediated killing in vitro
assays. Many of the above studies primarily investigated these genetic alterations in
non-differentiated cell types using allogenic assay systems. It remains to be deter-
mined if these mechanisms will effectively protect stem cell-derived beta cells from
recognition after transplantation into an autoimmune environment. Additionally,
one important consideration for the utilization of hypo-immune cell populations
is the potential negative side effect of increasing the likelihood of cancerogenic
transformation of such cells. To directly address these issues and provide an emer-
gency kill switch in case transplanted cells become tumorigenic, the inclusion of an
inducible ‘suicide gene’ that can be triggered at will is likely essential for the safety
of these approaches [84].

3.2 Modeling human beta cell/immune interactions

Once ‘designer sBCs’ have been generated, there is a critical need for ways to
assess the in vitro and in vivo immune responses to this potential cell replacement
therapy prior to clinical trials. Currently, the iz vitro assessment of immune recogni-
tion and activation relies heavily on co-cultures of primary or PSC-derived human
beta cells with allogenic human PBMCs. With the advent of iPSC technology this can
now be done in a personalized, matched manner. Somatic cells from a T1D donor
patient or control individual can be reprogrammed into iPSC followed by differ-
entiation into sBCs. These sBC can then be co-cultured with immune cells isolated
from the same respective donor. Control or T1D donor cells would be used to either
exclude or include the autoreactive component of the immune response [70, 85].
However, such innovative co-culture approaches still have their limitations. Perhaps
the most important of them being the fact that even within patients diagnosed with
T1D, the frequency of autoreactive T cells in circulation is extremely low, prevent-
ing a proper assessment of the autoimmune recognition of sBCs with these models
[86]. One method to circumvent reduced frequencies of autoreactive T cells is to
genetically engineer autoreactive TCRs identified within the pancreas of T1D tissue
donors into avatar T cells. This approach allows the generation of large numbers of T
cells with known TCR reactivity for downstream co-culture experiments, improving
access and reproducibility [87]. Notably, this approach allows for an HLA-matched
assessment of autoreactive T cell destruction. Yet, even using these engineering
approaches, in vitro cultures will only supply a partial, isolated understanding of
the underlying mechanisms at play. Pre-clinical in vivo systems are also required to
provide a more wholesome understanding of immune/beta cell interactions. While
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considerable strides have been made toward developing novel humanized animal
models, further improvements are required, especially to accurately assess autoim-
munity in these models.

Mice containing aspects of the human immune system, also known as ‘human-
ized mice, offer an amenable pre-clinical model of the human immune response and
have been used for a variety of transplantation immunology studies [88-91]. There
are number of humanized models available [92], but most advanced for transplant of
hPSCs or their derivatives are those models which incorporate human hematopoietic
stem cells (HSC) and thymic fragments into immune deficient mice to facilitate
human T cell developmental in the animals. The bone-marrow-liver-thymus (BLT)
model [93] and NeoThy model [94] are two popular models. Both contain de novo
generated human HLA-restricted T cells, and a host of other adaptive and innate
immune cell types useful for the assessment of transplantation success. Newer
iterations include mouse models that have introduced mutations to various immuno-
deficient strains such as the NSG that remove the requirement for irradiation-based
myeloablation before HSC transplant [95]. However, in the context of beta cell
replacement therapies, these models only allow for the assessment of allogeneic graft
rejection, therefore ignoring the key aspect of autoreactive destruction of a potential
sBC graft. In addition, a common complication of humanized mice also present
within these sophisticated models is the impaired trafficking of human T cells due to
species differences of surface proteins.

To determine the true efficacy of a genetic alteration of sBCs, it is paramount
to assess the autoimmune component. Potentially the closest animal system that
currently exists to allow for the assessment of autoreactive immune cell recogni-
tion of a human sBC graft is a humanized model based on the non-obese diabetic
(NOD) mouse. The NOD mouse is the most widely used pre-clinical T1D model,
and unlike many other autoimmune disease models, the disease is spontaneous [95].
Importantly, disease risk is associated with numerous gene polymorphisms, many of
them also found in T1D patients (MHC-II, PTPN22, PTPN2, CTLA4, IL10, CTSH,
CD226, IL2, RGS1, TAGAP) [96]. To optimize the ‘humanization’ of this mouse
model, all mouse MHC class I molecules were knocked out by genetic ablation of
the conserved beta 2-microglobulin chain (NOD.p2m ™'~ mice) [97]. This deletion
caused a resistance to the autoimmunity observed within normal NOD mice, high-
lighting again the importance of class  HLA molecules. Then, the most abundant
T1D-associated class I susceptibility variant in humans HLA-A*02:01 was inserted
(HHD). When introduced into normally disease-resistant NOD.ﬁZm’/’ mice, HHD
transgene expression of HLA-A"02:01 restored the presence of pathogenic CD8" T
cells and T1D progression [98, 99]. These NOD-HLA-A2/HHD mice and their immu-
nodeficient counterparts, NSG-HLA-A2/HHD mice, allow for a limited, but essential
assessment of HLA-matched iz vivo responses in an autoimmune environment. If
using HLA-A"02:01 restricted hPSCs, this animal system allows for the assessment
of autoimmune responses toward engineered sBCs [69]. However, presentation of
mouse peptides during T cell development on human HLA-A2 molecules might still
contribute a xenogeneic component to this model that should be considered when
interpreting data. By continuously improving current humanized mouse models, the
use of hPSC-derived beta cells along with humanized iz vitro systems will allow for a
true investigation of the human beta/immune cell interface in a matched autoimmune
environment and open the door for a better understanding of possible clinical T1D
interventions.
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4. Summary

Since the initial development of directed differentiation protocols to generate
human beta cells iz vitro, the field has rapidly evolved. Early clinical trials involving
transplantation of stem cell-derived pancreatic cells have shown some promising
early results, reducing exogenous insulin requirements after transplantation [100].
Stem cell-derived beta cells can now be generated on a large scale, effectively remov-
ing the shortage of cadaveric islets previously preventing widespread utilization of
cell therapy for T1D. First clinical trials using sBCs are currently in progress but peer
reviewed reports as to the outcomes are still awaiting publication. While these are
exciting times, seeing the implementation of stem cell technology for the treatment
of diabetes in human patients, a few important challenges remain. Improvements
to the directed differentiation process must be made to ensure the production of
sufficient amounts of mature insulin-producing cells, as current protocols cannot
achieve comparable glucose-responsive insulin release to cadaveric islets. Advances in
the use of in vitro generated sBCs to model previously inaccessible aspects of human
disease must be further explored, opening the potential for a better understanding of
the human beta cell/immune interaction in the future. This will be critical knowledge
to allow long term function of grafts. Harnessing the virtual limitless potential of
genetic engineering to supply effective protection of sBC grafts from allogenic and
recurring autoimmune rejection without systemic immunosuppression is an attrac-
tive prospect to allow for long-term survival and function of transplanted cells, and
finally ensuring sufficient safety measures in case the engineered cells become aber-
rant are required for clinical trials. Addressing these remaining hurdles will allow for
a well-tolerated beta cell replacement therapy for a large patient population affected
by diabetes.
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Chapter 4

Physical Activity in Children and
Adolescents with Type 1 Diabetes

Susan Giblin and Clodagh O’Gorman

Abstract

This chapter explores the multifaceted role of physical activity in type 1 diabetes
management during childhood and adolescence. In addition to improved cardiovas-
cular and metabolic health typically associated with physical activity, there are several
diabetes-specific benefits of regular activity. For example, improved insulin sensitiv-
ity in insulin sensitivity that may be particularly important for children with type 1
diabetes approaching puberty when insulin resistance is known to increase, especially
in females. Similarly, there are important diabetes-specific metabolic differences in
response to physical activity that require consideration for blood glucose excursion
management. Type, duration, and intensity of activity influence metabolic response
in type 1 diabetes. For example, during aerobic activity, skeletal muscle glucose uptake
increases to generate energy for muscle contraction, which suppresses hepatic gluco-
neogenesis and thus promotes a decrease in blood glucose levels and increased risk of
hypoglycaemia. Intermittent, intense, or anaerobic activity can induce transient and
often dramatic hyperglycaemia due to the release of the hormones epinephrine and
glucagon. This rise in blood glucose can be followed by hypoglycaemia in the hours
after activity. Within this chapter, the need for individualised and informed planning
for safe participation in PA and exercise for children and adolescents is explored.

Keywords: physical activity, cardiovascular health, metabolic health, blood glucose
excursion management, type 1 diabetes

1. Introduction

The global incidence of Type 1 Diabetes (T1D) in children is increasing; reports
suggest that approximately 79,000 children develop T1D annually [1, 2]. T1D isa
common, chronic, life-long illness with multifaceted considerations for the physical,
psychological, and social implications associated with living with the condition [1].
For example, T1D is associated with increased risk of cardiovascular disease, neu-
ropathy, and retinopathy. Similar to adult populations, the goal of T1D management
in children is to promote health, maintain function, and to either prevent or delay
adverse health outcomes, such as micro- and macrovascular changes, diabetic keto-
acidosis, and renal impairment [3-5].

Insulin is the mainstay of management for T1D [2], non-pharmacological
interventions that promote positive clinical, psychological, and social outcomes
for chronic disease management have been recognised as an important addition to
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pharmacological management. Notably, physical activity (PA) is an important adjunct
to insulin and dietary management for T1D [2-8]. 60 min of moderate to vigorous
physical activity (MVPA) and limited sedentary time is recommended by The World
Health Organization (WHO) for children to sustain health.

For healthy populations, there is a substantial amount of scientific evidence promot-
ing the physical and psychological health benefits associated with living a physically
active lifestyle [3-7]. PA has been associated with improvements in cardiovascular func-
tion, bone density, bone strength, musculoskeletal conditioning, blood pressure, insulin
sensitivity, and blood lipid profiles [3-7]. PA also reduced the risk of comorbidities
associated with sedentary lifestyles [3-7]. Consequently, promotion of PA with the aim
of increasing PA engagement and reducing sedentary behaviour is the focus of the World
Health Organization’ global plan on PA (2018-2030) [3]. During childhood and adoles-
cence, the experience of PA can shape future PA decisions and PA behaviours throughout
later life [2-7]. Thus, it seems imperative and logical that early intervention promotes PA
engagement in childhood and a pertinent component of diabetes management [3].

Individuals living with chronic illness or disability are at risk of not meeting PA
recommendations due to limited safe, appropriate, and supportive PA initiatives to
meet their additional needs. Unfortunately, children and adolescents with T1D often
do not meet the WHO recommended PA targets. Despite the potential benefits of PA
engagement [2-7], figures suggest that children with T1D are not meeting the recom-
mended daily PA requirements to sustain health. PA engagement for children with
T1D requires careful management of blood glucose excursions [2-7] and T1D popula-
tions face significant, disease-specific barriers to PA engagement.

Notably, most guidelines currently available for the support and promotion of PA
in children and adolescents with type 1 diabetes are based on physiological knowledge
and evidence derived from adult clinical studies. Further research is required to
deepen our knowledge and understanding of PA in paediatric populations thus any
exercise prescription or management plan should be individualised with prior experi-
ence and safety at the fore. Although medical complications are rare, medical clear-
ance and guidance should be sought to support coaches and parents in determining
any restrictions that may be relevant. For example, individuals who have proliferative
retinopathy or nephropathy should avoid resistance-based exercise or anaerobic
exercise that results in high arterial blood pressure.

For the purposes of this chapter, the terms PA, sport, and exercise are used
interchangeable, however, PA typically refers to unstructured physical exertion. In
contrast, sport and exercise typically refers to planned and structure activity that may
include team or individual pursuits. PA, sport, and exercise can be further categorised
depending on the nature of the activity and energy systems utilised. Throughout this
chapter aerobic and anaerobic activities are discussed. Aerobic activity (e.g. walking,
distance running) utilises oxygen and the cardiovascular system to provide energy to
sustain the activity. Anaerobic activity (e.g. weight lifting, sprinting) is any activity
that breaks down glucose for energy without using oxygen instead using lactic or
alactic energy metabolism pathways.

2. Physiological principles of physical activity and diabetes

It is well established that PA and exercise are associated with numerous physiologi-
cal benefits for sustaining health [2-7]. However, PA also presents a physiological and
metabolic stressor that disrupts glycaemic balance and requires careful regulation to
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maintain homeostasis. To begin exploring the role of PA and exercise in type 1 diabe-
tes management for children, it is important to consider the physiological differences
(and similarities) in hormonal regulation at play. In healthy individuals, endogenous
hormonal feedback and feedforward mechanisms underpin the maintenance of
tightly controlled blood glucose levels. The hormone responsible for reducing blood
glucose levels is insulin. There are several hormones that are responsible for increas-
ing blood glucose levels in the body (e.g. glucagon, epinephrine, norepinephrine).
During exercise, pancreatic beta cell production of insulin is suppressed, and pancre-
atic alpha cell production of glucagon is upregulated to manage the systemic supply
of glucose in response to the physiological demands of the exercise or activity being
undertaken. Muscle contraction also upregulates blood glucose transport into cells
resulting in a counter regulatory reduction in circulating endogenous insulin levels in
people without T1D. Individuals with T1D experience pathophysiological destruction
of beta cells in the pancreas and thus lack the ability to tightly regulate blood glucose
levels. Individuals with T1D rely on exogenous insulin, administered via pump or
injection to ensure effective transport of glucose into cells. Exogenous insulin is not
under strict endogenous feedback control mechanisms and thus peripheral insulin
concentrations may rise during exercise due to increased mobilisation from the
subcutaneous deposition and a reduction in insulin clearance.

In an individual without diabetes, glucose provision for exercise originates pre-
dominantly from the liver as a result of increased levels of glucagon and reduced
circulating levels of insulin. However, during exercise in people with T1D, it is not
possible to quickly change insulin levels and regulatory hormone responses can either
increase or decrease as a consequence of activity [7, 9]. Such hormonal imbalances can
be challenging to manage resulting in either hypo, hyper, or euglycaemia [7, 9].

The fundamental physiological principles that underpin glucose regulation during
PA provide a foundation for understanding general blood glucose management prin-
ciples for people with insulin dependent diabetes. However, a high level of individual
variability exists in response to exercise, thus planning and managing exercise for
people with T1D requires a highly personal approach. In addition to activity specific
factors that influence glycaemic response, such as type, intensity, duration of activ-
ity (these factors will be discussed in more detail in later sections of this chapter),
individual factors also need to be taken into consideration. For example, individual
fitness level, initial blood glucose level, c-peptide secretion levels, and residual beta
cell function influence glycaemic response during and after exercise or activity [9].

3. Type, duration, and intensity of physical activity and diabetes
management

PA is commonly promoted as a method of improving glycaemic control, par-
ticularly in the context of the general population, however, there are important
metabolic differences in response to PA between children with and without T1D
[7]. Type, duration, and intensity of PA will influence metabolic response in T1D
and careful planning is required to prevent instances of hyperglycaemia or hypo-
glycaemia [7, 9]. During aerobic activity, skeletal muscle glucose uptake increases to
generate muscular activation. This increase in glucose uptake inhibits gluconeogen-
esis occurring in the liver and promotes reduction in blood glucose. Subsequently,
the risk of hypoglycaemia is increased during aerobic activity. Given the risk of
hypoglycaemia, it is pertinent to plan for aerobic activity of long duration or high
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intensity. Furthermore, exercise and PA is contraindicated for at least 24 hours
following a severe hypoglycaemic event (i.e. hypoglycaemia resulting in cognitive
impairment).

In addition to hypoglycaemia, hyperglycaemia can present a safety concern for
undertaking certain types of PA or exercise. High intensity activity should not be
undertaken if blood glucose levels are 14 mmol/L or above. Raised ketones pres-
ent a safety concern prior to exercise and elevated ketones should be addressed
prior to commencing exercise or PA, thus monitoring blood or urinary ketones is
advised.

Adjustment to diabetes management regimens is typically required for any form of
exercise lasting longer than 30 min [9]. For activity taking place during peak insulin
activity time (i.e. soon after a meal), insulin dose reduction may be required. For
example, reduction in short acting insulin is typically advised if given within a 2 hour
period before exercise and supplementing with a snack if short acting insulin is given
more than 2 hours before exercise. Further adjustments to basal insulin and bolus
insulin may be required before and for several hours after exercise (e.g. throughout
the night) for vigorous aerobic activity that has taken place in the evening. Basal insu-
lin may also need to be reduced before bed depending on activity that has taken place
earlier in the day. For insulin pump users, this may mean suspending pump activity
temporarily. For those using multiple daily insulin injections, the site of injection may
be an important consideration prior to activity. Large muscle groups that will be used
during PA or exercise should be avoided as an injection site prior to activity [7, 9].

The requirement to plan for activity duration and intensity can be challenging,
particularly for children where pitch-based activities and active play are spontaneous
and involve repeated bouts of intense activity interspersed between rest or lower-level
activity. Intermittent activity produces lesser reduction in blood glucose due to higher
noradrenaline production [10, 11]. Similarly, due to changes in hormonal regulation,
short bursts of anaerobic activities can lead to substantial increase in blood glucose.
Elevated blood glucose in response to anaerobic activity is transient and can be fol-
lowed by risk of hypoglycaemia for up to several hours after activity if not managed
appropriately [12].

Additionally, the time of day that activity is undertaken can present challenges for
children with T1D, nocturnal hypoglycaemia is common after PA during the day [13].
Risk of hypoglycaemia can remain elevated for up to 24 hours following activity due
to increased insulin sensitivity associated with exercise.

Knowledge of physiological response to activity can also be a useful adjunct for regu-
lating exercise mediated hypoglycaemia or hyperglycaemia. For example, risk of hypo-
glycaemia associated with prolonged aerobic activity can be reduced by the inclusion
of high intensity bursts of activity (e.g. short sprints or strides) during or after activity.
Conversely, hyperglycaemia associated with high intensity or anaerobic activity may be
mitigated or reduced by the inclusion of a low-intensity aerobic ‘cool down’ activity. In
the following section, commonly deployed strategies for managing and mitigating risk
of hypoglycaemia and hyperglycaemia associated with exercise are discussed.

4. Strategies for PA promotion and T1D management

Insulin dose management around PA and exercise is an important component that
requires specific education for parents, children, and adolescents. For individuals on
multiple daily injection insulin regimens, reducing or missing basal insulin dose is not
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recommended to offset the increased insulin sensitivity and subsequent risk of hypo-
glycaemia in the hours following exercise cessation. Conversely, continuous insulin
infusions (via pump technology) allow more flexibility for modifying insulin dosing,
however, substantial reduction or suspension is not recommended and significant
reductions in insulin dosing can lead to hyperglycaemic bouts. Furthermore, the
optimal timing of insulin dose modification for exercise remains unclear [13].

Glucose monitoring is the mainstay of diabetes management. Traditionally self-
monitoring of blood glucose is undertaken using finger prick assessment but increas-
ingly technology is becoming more commonplace for tracking glucose levels in children
and adolescents using real-time continuous glucose monitors (CGM). Information
gathered from glucose monitoring allows refinement of future exercise strategies and
can inform how different factors and behaviours influence blood glucose levels [13].
There are important differences to consider for self-monitoring of blood glucose levels
via finger prick assessment and continuous glucose monitoring. For example, finger
prick assessment measures glucose level directly from blood whereas continuous glu-
cose monitoring devices track interstitial glucose levels. A lag can exist between blood
and interstitial glucose, that may be pertinent to factor when reviewing glucose levels
in response to activity. Consequently, blood glucose levels from continuous glucose
monitoring devices may not be representative of decreasing or rapidly falling blood
glucose during activity. However, continuous glucose monitors can provide valuable
information about blood glucose levels before exercise and blood glucose excursions
during and after activity allowing for ongoing refinement of individual-specific,
tailored blood glucose management strategies. Unfortunately, some sports and activi-
ties may not be conducive to the use of continuous glucose monitoring, for example,
contact sports. Different technologies also have different parameters to consider for use
during water-based activities (e.g. depth of water, duration of immersion).

Blood glucose levels at the onset of exercise can be used to tailor glycaemic man-
agement strategies. 7-10 mmol/l is an acceptable starting range aerobic exercise for up
to 60 min duration, however, expert opinion suggests that blood glucose target levels
at the start of exercise should be individualised [13, 14]. It is important to note that
in addition to starting blood glucose level, the typical rate of change in blood glucose
should be taken into consideration to prevent hypoglycaemia. As discussed previ-
ously, the time since insulin dosing is another important consideration for activity
and exercise management, particularly in relation to carbohydrate supplementation.

Carbohydrate supplementation is also commonly used to offset or reduce the risk
of exercise-mediated hypoglycaemia. The risk of hypoglycaemia can often be man-
aged through appropriate replacement of carbohydrate prior to, during, and after
physical activity. Factors influencing the amount of carbohydrate intake required
to prevent exercise-mediated hypoglycaemia include body mass, circulating insulin
levels, and the type, intensity, and duration of exercise [7, 9, 13]. Clinical manage-
ment with the multidisciplinary care team may include trial and error with both
insulin dosing and carbohydrate supplementation to establish the optimal strategies
for exercise. This can be particularly challenging for children and adolescents where
exercise is not always planned and often spontaneous and intermittent in nature.

5. Psychosocial principles of physical activity and diabetes

Thus far, this chapter has explored the physiological and metabolic factors
associated with exercise and T1D. In this section, the psychosocial concomitants of
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PA participation are discussed. T1D management focus has progressed from solely
being concerned with HbA1lc optimisation to include holistic markers of both physi-
ological and psychological health. There is a noted psychological burden associated
with chronic disease management. The incidence of depression in children with T1D
has been reported as three times higher than that of children without diabetes [15].
Exercise and PA may provide a mechanism for supporting psychosocial factors for
children and adolescents that contribute to their quality of life and psychological
well-being. Thus, it is important to consider the factors that support children and
adolescents with T1D to participate in PA and the disease-specific barriers that they
experience in leading a physically active life.

During childhood and adolescence, the experience of PA can shape future PA
decisions and PA behaviours throughout later life [2-7]. The transition from child-
hood to adolescence is typically associated with a notable decrease in PA levels [2-7].
Therefore, PA experiences early in life can have life-long implications for health
outcomes. The Childhood Determinants of Adult Health (CDAH) is a large-scale,
longitudinal population-based study that reported the effect of behavioural, attitu-
dinal, sociocultural, and physical factors on PA behaviours in healthy children [15].
For females, perceived competency and for males, physical fitness were found to be
significant predictors of persisting with PA into adulthood. Early intervention to
promote PA engagement seems imperative in childhood, particularly for children and
adolescents with T1D who are at additional risk of low participation and increased
sedentarism.

It is well established that in healthy populations, positive experiences in PA and
exercise contribute to psychological wellbeing factors (e.g. enjoyment, confidence,
and self-efficacy), however, it is important to note that diabetes-specific factors can
influence the interaction between PA and psychological wellbeing for young people
with T1D. Research has identified multiple barriers to PA engagement in individuals
with T1D, fear of hypoglycaemia being reported most frequently. For individuals with
T1D, exercise may mask symptoms of hypoglycaemia (e.g. tachycardia, diaphoresis,
pallor). Whilst barriers to PA engagement are important to address through appro-
priate education and support, it is also important to understand the motivators and
facilitators to PA engagement for individuals with T1D [16].

In keeping with Bandura’s self-efficacy theory [17] and social cognitive theory
[18], active peers and active role models are reported as being supportive of PA
engagement for children with T1D. Self-efficacy theory purports that the belief that
an individual can successfully perform an activity increases the likelihood of the
individual to engage and persist in the activity. Patient compliance with exercise
prescriptions is more likely to be successful if exercise self-efficacy is enhanced. Social
cognitive theory is a behaviour theory of human motivation and action, that includes
cognitive (e.g. self-efficacy) and environmental factors (e.g. social support) that
interact with one another to shape human behaviour. Children who experience active
families and friends are more likely to sustain an active lifestyle [19]. Self-efficacy
and enjoyment are consistently acknowledged as important factors that help children
with T1D to remain physically active. Conversely, low self-efficacy, anxiety, and lack
of active peers contribute to low PA engagement. Healthcare professionals (HCP)
working with children with T1D and their families have an important role to play in
supporting and promoting PA. Evidence-based and individualised guidance from
HCPs is important for managing the risk of hypoglycaemia and alleviating associ-
ated worries [20, 21]. As discussed earlier in this chapter, there are a number of tools
and strategies available to aid in the planning and management of PA for children
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and adolescents (e.g. glucose monitoring, carbohydrate supplementation, insulin
adjustment and technology). Each strategy and tool should be planned and managed
in conjunction with a HCP team member providing diabetes care to children, adoles-
cents, and their parents.

In addition to support provided in the clinical setting, international guidelines
are available to support the promotion of opportunities for children and adolescents
to safely participate in a variety sport, exercise, and PA settings. Unfortunately, to
the best of our knowledge, there remains a lack of structured education initiatives
aimed at transferring these guidelines in to practical application outside the health-
care setting, in schools, and sports clubs etc. Positively, general diabetes education
programmes are available, for example, the International Society for Pediatric and
Adolescent Diabetes (ISAPD) and International Diabetes Federation provide a
structure education initiative for schools (KIDS programme) to promote education
about diabetes and diabetes care [22]. Further specialised education initiatives that
specifically address sport, physical activity, and exercise promotion for children and
adolescents with T1D may help in increasing engagement and participation. The
increased visibility of high level and elite sports people with diabetes is an important
factor in encouraging and motivating young people with T1D to not only participate
but to excel in sport and exercise endeavours.

6. Technology and physical activity

Technology for diabetes management is evolving rapidly. There are multiple
modalities available to support day-to-day diabetes care, such as continuous glucose
monitors, subcutaneous insulin infusion (insulin pumps), and closed loop technol-
ogy. In addition to diabetes specific technologies, activity trackers and smartphone
applications can provide additional information to support exercise management for
individuals with diabetes. Technology allows accessible and transferable information
that may be useful for paediatric diabetes management for example, a legal guardian,
teacher, coach can access blood glucose information which may increase safety during
and after PA or exercise. Some insulin pumps include algorithms that predict low
glucose management that may be useful in mitigating or reducing the risk of exercise
induced hypoglycaemia both during and after PA. Hybrid closed loop systems are
now in use in dedicated paediatric diabetes clinic services and these automatically
adjust insulin delivery in response to patterns of both hypoglycaemia and hypergly-
caemia. It is important to develop and use individualised insulin patterns for exercise
on these next generation insulin pumps [22, 23].

In addition to supporting the management of diabetes during PA and exercise,
diabetes technology provides new insights into the impact of PA and exercise on acute
and chronic markers of diabetes control. For example, while HbAlc was previously
considered standard for monitoring optimal diabetes management, it may mask
extremes in glucose variability. CGM provides a measure of ‘time with range’ or ‘time
in target’, ‘time above range’ and ‘time below range’ for glucose targets. For accurate
interpretation of CGM data, the percentage of time that the sensor is used is an
important variable to monitor. Recent research, examining the acute impact of activ-
ity on CGM parameters of diabetes control, have provided further advocacy for the
utility of moderate to vigorous activity to improve glycaemic control, with children
achieving greater percentage time in range without significant time below or above
range on days where greater activity levels are achieved [23].
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Despite the rapidly evolving diabetes technologies, exercise and PA management
remains one of the most significant challenges to automated systems. Technology-
based management via continuous insulin infusion does appear to offer more flex-
ibility and can reduce risk of post-exercise hyperglycaemia and delayed or nocturnal
hypoglycaemia. However, highly individualised specific management and manual
input are still required [13]. Unfortunately, exercise and sport may necessitate the
removal/disconnection of pump infusions. Additionally, wearing a pump can present
challenges to children and adolescents who may fear stigma or discrimination related
to their diabetes.

Non-diabetes specific technology, such as wearable activity trackers that moni-
tor heart rate, activity level, and intensity, can be used in conjunction with blood
glucose monitoring, carbohydrate intake, and insulin dosing to better understand
and support diabetes management in response to exercise and activity. Additionally,
activity tracker technology provides objective, empirical information about
parameters of activity (e.g. step count). Such objective information may reduce
the challenges associated with ‘self-report’ approaches that are often used to assess
and monitor physical activity behaviours in clinical settings. Minimum or ‘target’
step counts are often used as part of public health initiatives and physical activity
promotion campaigns. For adults, 10,000 steps are commonly promoted as a daily
target for sustaining physical health. For children and adolescents, there is some
discrepancy between studies due to age categories, weight categories, and accel-
erometers/pedometers used, 11,500 steps per day have been identified as a target
for both male and female children and adolescents [21, 24]. Activity trackers and
smart phone applications can also provide important information about sedentary
behaviour patterns, that are often under-reported or not assessed routinely despite
the noted independent associations between sedentary time and physical health
parameters.

The increasing availability of commercial technology has not only provided
valuable clinically relevant information but has also changed the landscape of PA
participation and promotion for the general healthy population. For example,
smartphone applications and wearable activity tracker devices harness psychologi-
cal and sociological concepts to support and motivate individuals to engage and
persistin PA.

7. Conclusions

PA has potential to improve proactive and prophylactic management for children
with T1D. In addition to physical and metabolic outcomes, PA has a positive impact
on psychological aspects of living with chronic long-term conditions. PA and exer-
cise management can present a challenge to caregivers, children, and adolescents as
well as the multidisciplinary healthcare team, coaches, and teachers. Support and
advice based on fundamental physiological principles of type, duration, and timing
of PA and subsequent blood glucose response is needed to enable children and
adolescents to participate safely in PA and exercise. PA requires careful, individu-
alised planning, and monitoring to ensure appropriate insulin regimen or dietary
modifications to reduce the risk of blood glucose excursions following activity.
Prior to exercise, individuals with T1D should check their blood glucose levels prior
to commencing activity, there should be ready access to glucose monitoring equip-
ment and high glycaemic carbohydrate snacks available to treat hypoglycaemia.
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Diabetes identification should be worn, and coaches, teachers, and teammates
should be made aware of diabetes management requirements. Technology could
play an important role in future research and PA promotion practices to aid in the

transfer of PA guidelines to real-world changes in PA behaviours for children and
adolescents with T1D.
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Abstract

Recent studies have emphasized the multiple aspects of non-coding micro-RNAs
in the regulation of pancreatic f§ cells in type 2 diabetic patients. Thus, highlight-
ing the significance of non-coding regions of the genome in regulating pancreatic
endocrine cells. Functional dysregulation of pancreatic endocrine cells increases
the incidence of metabolic disorders in otherwise healthy individuals. A precise
understanding of the molecular biology of metabolic dysregulation is important from
cellular and clinical perspectives. The current chapter will highlight the important
recent findings from type 2 diabetic human patients and aims to enhance our current
understanding of f cell pathophysiology from a clinical perspective for the develop-
ment of novel therapeutic approaches to control this global incidence.

Keywords: diabetes mellitus, f cells, glucose, insulin, micro-RNAs

1. Introduction

Diabetes mellitus in principle is a pathophysiological condition in which the ability
of cells to metabolize glucose is compromised primarily because of insulin deficiency
or compromised insulin signaling (Figure 1). Diabetes mellitus is considered a global
issue as it is estimated to impact around 700 million individuals worldwide by the
year 2040 [1]. Hyperglycemia is the subsequent aftermath of diabetes mellitus where
an abnormally high concentration of glucose persists at cellular and plasma levels. The
persistent high concentration of glucose results in the activation of the polyol pathway
and formation of advanced glycation end products (AGEs) along with an increase in
AGE receptors (RAGE) [2, 3]. Activation of the polyol pathway enhances the mito-
chondrial production of reactive oxygen species (ROS) and increases the cytosolic
concentration of ROS [4].

Type 2 diabetes mellitus (T2DM) is the most common metabolic disorder occur-
ring globally [5-7]. Diets rich in carbohydrates and fats along with lack of exercise are
highlighted as major risk factors for the increasing incidence of T2DM globally [8].
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Figure 1.

Description of progressive [§ cell decline during the course of diabetes mellitus and the subsequent loss of the
cellular identity vesulting in the trans- or de- differentiation of [ cells.

Obesity with visceral fat deposition and increased body mass index (BMI) have been
shown to play a central role in the progression of type 2 diabetes complications [9].

2. Pathophysiology of type 2 diabetes mellitus (T2DM)

Regardless of the etiology, the T2DM progression is characterized either by a slow,
progressive, and yet significant decline in the insulin secretion from £ cells or by a
disruptive insulin signaling at the insulin-responsive tissues (muscles, fat, and liver)
resulting in hyperinsulinemia which is clinically manifested as insulin resistance
[10-13]. The inability of insulin to properly bind and activate insulin receptors (IRs)
on the cell membrane of muscle cells, adipocytes, and hepatocytes has been attrib-
uted as the main reason for hyperinsulinemia and insulin resistance [14, 15].

As activation of cytosolic carbohydrate metabolism is induced by insulin and
results in glucose phosphorylation and subsequent formation of glucose-6-phos-
phate inside the cells [16, 17]. Insulin signaling enhances the enzyme activities of
hexokinases in muscle and fat tissue and glucokinase (GCK) activity in the 3 cells
and hepatocytes [18-21]. The activated cell surface insulin receptors stimulate
cytosolic adaptor proteins called insulin receptor substrates (IRS1, IRS2) [22, 23].
Phosphorylation of IRS proteins activates the phosphoinositide2-kinase enzyme
(PI3K) which further recruits ATP molecules to ultimately activate AKT protein (ser-
ine and threonine kinase) [24]. AKT activation helps the insulin to regulate multiple
steps in glucose metabolism like a) increased cellular uptake of glucose via glucose
transporter (GLUT4) in skeletal muscles [25], b) inhibition of glycogen synthase
kinase 3 (GSK3) to stop glycogen metabolism [26-28], ¢) AKT induced activation of
the mechanistic target of rapamycin (mTOR) resulting in the protein and lipid syn-
thesis [29-34], d) transcriptional control of gene expression through AKT induced
inhibition of forkhead family box O (FOXO) transcription factor proteins [35-37].
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Insulin also greatly helps to reduce plasma fatty acid levels by reducing adipocyte
lipolysis rate and enhancing the ability of hepatocytes to produce very low-density
lipoprotein (VLDL) [38-43]. Insulin plays an important role in increasing skeleton
muscle mass by enhancing the cellular intake of amino acids favoring protein synthe-
sis and limiting the process of protein metabolism and urea formation [44-49].
These above-mentioned metabolic consequences of insulin signaling on macronu-
trients like carbohydrates, proteins, and lipids ensure the maintenance of nutritional
homeostasis at the cellular level under diverse physiological conditions. Diabetes
mellitus is fundamentally a loss of this metabolic homeostasis at the cellular level. The
single and most important endogenous factor for the loss of metabolic homeostasis
is dysfunctional insulin signaling. Once the insulin receptors are activated through
binding insulin molecules, these receptors follow a deactivation phase by the process
of internalization and thus can no longer bind with insulin, a phenomenon known as
insulin receptor endocytosis [50]. Insulin receptor endocytosis is the primary physi-
ological mechanism through which the duration and intensity of insulin signaling are
controlled [51]. Hyperinsulinemia leads to insulin resistance by promoting insulin
receptor endocytosis rate and diminishing the number of insulin receptors at the
plasma membrane which could potentially bind with plasma insulin molecules [52].
Apart from receptor internalization, insulin receptor kinase activity is also shown to
be compromised in T2DM patients [53]. Lack of or reduced insulin signaling fails to
activate glucose transporter proteins (GLUT) which limit cellular uptake of glucose
resulting in high plasma glucose levels. Normally high plasma glucose levels stimu-
late the release of insulin from £ cells, a phenomenon known as glucose-stimulated
insulin secretion (GSIS) [54-56]. Surprisingly a compromised GSIS responsiveness
of 8 cells in terms of insulin secretion from T2DM donors has been reported [57-59].
Interestingly it has been reported that T2DM patients also have high plasma levels of
glucagon along with insulin resistance, hyperinsulinemia, and hyperglycemia [60].
Highlighting that the insulin is unable to downregulate glucagon secretion from islet
« cells [61]. T2DM patients have also been reported to have decreased levels of gut
incretin hormone known as glucagon-like peptide-1 (GLP-1) which normally induces
the postprandial release of insulin from £ cells and downregulates glucagon secretion
from « cells [62, 63]. These findings implicate the gut as an important regulator of
insulin secretion during feeding and fasting and might contribute to the incidence of
T2DM [64, 65]. Current treatment options for T2DM include newly developed GLP-1
receptor agonists to curtail hyperglycemic episodes contributed by either the lack of
insulin and/or increased glucagon secretion [66-68].

2.1 Transcriptional modulation of 13 cells in T2DM

Altered gene expression profiles of important proteins involved in the secretory
process of insulin and insulin signaling are the major consequence of T2DM, as SUR1
and TMEM37 (responsible for Ca” influx), IR (insulin receptor), and GPD2, PCK1,
ALDOB, FXYD2 (mitochondrial metabolism) have reduced expression in T2DM
as compared to healthy controls [69-72]. Optimal mitochondrial activity is vital for
normal insulin secretion because a normal ATP/ADP ratio promotes the Kxrp channels
closure thus allowing Ca*" influx and helping in the exocytosis of insulin granules
from p cells. Mitochondrial ATP formation is also important for stimulating the
conversion of proinsulin into insulin before insulin granule exocytosis.

Another important T2DM hallmark is the unusual loss of functional p cells, a pro-
cess that starts during the prediabetic stage [73]. Almost half of the total population
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of functional p cells have been reported to be lost in T2DM patients [74-77]. Two
distinct mechanisms have been credited for this remarkable loss in functional

cells during T2DM namely: 1) apoptosis and 2) dedifferentiation. Interestingly

the process of p cell apoptosis is initiated due to the hyperactivity of p cells which
results in hyperinsulinemia. Prolonged exposure of f cells to high levels of insulin
activates enzymes like caspases which initiate apoptosis, and nitric oxide synthase
(iNOS) triggering excessive nitric oxide (NO) production, along with the formation
of hydrogen peroxide (H,0,) [78-80]. Hyperglycemia along with high plasma levels
of free fatty acids, known as glucolipotoxicity, also induces p cell apoptosis in T2DM
[81, 82]. The deleterious effect of increased lipid accumulation in the f cells includes
hyperactivation of lipid signaling pathways causing loss of functional § cells. Recently
cellular dedifferentiation (cells switching back to the undifferentiated/progenitor
stage from the differentiated/functional stage) has emerged as an important factor
influencing the functional f cell mass in T2DM [83-85]. p cell dedifferentiation also
propagates the appearance of other islet cell types indicating that p cells might trans-
differentiate into o and § cell types. The removal of epigenetic control on the tran-
scription of glucagon and somatostatin genes in f cells during trans-differentiation
limits the unique identity of p cells as insulin secretory cells. This phenomenon of
trans-differentiation might help to clarify the increased plasma levels of glucagon
observed in T2DM patients. Specifically, glucagon and somatostatin-positive cells
have inactivated (cytoplasmic) FOXO1 and NKX6.1 (B cell-specific transcription
factors) proteins in the islets of T2DM donors hinting towards the possibility of
trans-differentiation of f cells [84]. Transcriptionally upregulated pluripotent genes
and downregulated f cell-specific genes have been observed to assist the trans- and
dedifferentiation of functional p cells. Down-regulation of specific genes like MafA,
Nkx6.1, and FoxO1 which assign a unique identity to f cells, and upregulation of genes
like Ngn3, Oct4, Nanog, and L-Myc which imparts cellular pluripotency has been
observed in the islets of T2DM [86-90].

2.2 Epigenetic regulation of § cell-specific gene expression profile

Aberration in f cell functionality is mainly attributed to deregulated gene expres-
sion control through epigenetic mechanisms [91-96]. Specifically, chromatin modi-
fications, DNA methylation, and post-translational modifications of histones are the
classical epigenetic mechanisms through which gene expression profile of functional
B cells are controlled. Alteration in the expression pattern of non-coding RNA
sequences like microRNA (miRNA/miR) has also been shown to regulate the f cell
function as well as their cellular identity [97-103]. Nonetheless, the recent findings
that the majority of diabetes susceptibility loci are located in the non-coding regions
of the human genome highlight the importance of epigenetic control in glucose
homeostasis and p cell regulation [104, 105].

3. microRNA’s regulation of f cell function

Pancreatic f cells are highly adaptative cellular entities in nature [106-109].
Adaptivity is specifically required to cater to different physiological states that
demand different/opposing p cell responses. Like during feeding and fasting as well
as during the high energy demands in exercise and pregnancy or during the intake of
high carb high-fat diets. TF. Transcription upregulation of specific miRNAs during
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the embryonic developmental stage has been shown comprehensively to play an
important part in the expression of a network of genes responsible for p cell develop-
ment and function in mammals [110, 111]. However, the human data from diabetic
adult patients suggests that the miRNAs might play a permissive role in the induction
of B cell dysfunction [112]. On the other hand, certain miRNAs have been attributed
to enhanced p cell mass/number in the pancreas, a phenomenon termed as f cell
compensation [113-115]. These conflicting roles of miRNAs warrant a thorough
understanding of the peculiar role of specific miRNAs under different physiological
and pathological conditions. As miRNAs play a primary role in mRNA silencing and
attenuate posttranscriptional regulation of gene expression in different physiological
states of f cells. These fine-tuned variations are vital for glucose homeostasis. The
loss of miRNA's ability to fine-tune the gene expression led to p cell decompensa-
tion which results in abnormal insulin secretion and ultimately the development

of diabetes. p cell decompensation leads to two main pathophysiological events: 1)
impaired (reduced) p cell function in terms of glucose sensitivity and insulin secre-
tion (Reduced GSIS), and 2) reduced B cell number/mass due to dedifferentiation or
apoptosis. Impaired f cell function involves molecular defects in insulin biosynthesis,
glucose uptake, and exocytosis of insulin granules. The downregulation of p cell-
specific genes and upregulation of the non p-cells specific genes induce p cell dediffer-
entiation. T2DM patients have been shown to present these f cell-specific conditions
[116-118]. A set of specific molecular pathways are involved in the secretion of insulin
during GSIS and failure of either one of these molecular pathways can result in the
GSIS decline and consequently the incidence of diabetes.

3.1 Involvement of different miRNAs in insulin biosynthesis and signaling:
Recent ex-vivo evidence from diabetic patients

The first comprehensive report on the possible involvement of miRNAs in regulat-
ing mammalian f-cells ability to synthesize and secrete insulin came in 2011. Down
regulation of a subset of miRNA genes induced a decline in insulin gene promoter
activity and subsequently resulted in reduced insulin content in isolated murine
islets and cultured p cells [119]. These specific miRNAs were miRNA-24, miRNA-26,
miRNA-148, and miRNA-181. Soon after another study employed pancreatic islets
isolated from normal and glucose-intolerant human donors [120]. An islet-specific
miRNA network involved in insulin secretion in human islets was suggested and
consists of miRNA-375, miRNA-127-3p, and miRNA-184. Later, in 2015, miRNA-375
(an islet-specific miRNA) was shown to play a decisive role in regulating the pheno-
type of human  cells, and upregulation of miRNA-375 during ex-vivo expansion of
human islet cells facilitates the generation of insulin-positive cells [121]. Experimental
overexpression of miRNA-375 in dedifferentiated isolated human f cells also led to the
restoration of p cell-specific gene expression profile. MafA (P cell-specific transcrip-
tion factor regulating insulin gene) has been shown to be directly targeted by the
miRNA-204 in isolated p cells from normal and diabetic human donors [122]. Briefly,
Thioredoxin-interacting protein (TXNIP), a redox regulator intracellular protein, has
been found to be upregulated in diabetes and induces p cell apoptosis. TXNIP upregu-
lates the expression of miRNA-204 by inhibiting STAT?3 activity. Overexpression of
miRNA-204 decreases MafA expression in  cells thus lowering insulin production in
diabetes. Followed by the report of over-expression of microRNA-124a in the islets
isolated from T2DM patients [123]. microRNA-124a negatively regulates insulin by
targeting mRNAs of key proteins involved in insulin gene transcription (NeuroD
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and FOXA2 and insulin signaling (Akt and Sirt1). miRNA-204 has been shown to
downregulate f cell-specific GLP1 receptor expression in primary human islet cells
by targeting GLP1R mRNA [124]. This finding might have therapeutic implications
as the p cell-specific GLP1 receptor is responsible for the post-prandial insulin release
in normal subjects and GLP-1 receptor agonists are used primarily as insulin secreta-
gogues by T2DM patients [125, 126] same reference is present but from gut chapter].
Recent reports identify miRNA-181c-5p as a key factor in developing functional p cells
through human-induced pluripotent stem cells (hiPSCs) by upregulating the expres-
sion of INS1, PDX1, NKX6.1, and MafA in [127]. More recently miRNA-7 has been
attributed for its influence on insulin signaling via down-regulating the gene expres-
sion of insulin receptor substrate protein (IRS1, IRS2) during gestational diabetes in
humans [128].

3.2 microRNAs influencing insulin secretion from f cells

As discussed earlier, the magnitude of glucose uptake during GSIS regulates the
rate of insulin release from p cell. Currently multiple miRNAs have been identified
in humans to affect the glucose uptake ability of the p cells thus indirectly reduc-
ing the rate of insulin release. Considerable decline in the expression of specific
proteins responsible for Kurp and Ca** channel regulation and insulin granular
exocytosis has been observed in the islets from T2DM donors [129]. T2DM donor
islets also present glucose induced rise in different miRNA levels namely miRNA-
130a, miRNA-130b, and miRNA-152 [130]. These specific miRNAs impair post
transcriptional mRNA processing of glucokinase and impacts glucose metabolism.
Proper glucose metabolism via glucokinase action is essential for ATP synthesis
inside p cells. As insulin exocytosis requires the closure of ATP sensitive Karp
channels. On the contrary certain miRNAs have been shown to support f cells to
preserve their unique cellular identity. Monocarboxylate transporter (MCT-1) is
a mitochondrial protein which is specifically inhibited in p cells to allow them to
only utilize glucose as a precursor for metabolism. These specific miRNAs include
miRNA-29a, miRNA-29b, and miRNA-124 which have been shown to selectively
target human MCT-1 gene [131]. miRNA-129a have also been shown to be glucose
sensitive. As islets isolated from human donors when incubated in high glucose
medium (hyperglycemic conditions) resulted in upregulation of miRNA-29 in
B cells [132]. miRNA-29 also enhance the expression of Onecut2 (a transcription
factor). Onecut2 the granuphilin protein gene expression. Granuphilin protein
blocks the exocytosis of secretory granules in endocrine cells. Apart from Onecut2-
granuphilin mediated blocking of exocytosis, miRNA-29 also influences exocytotic
protein genes like SyntaxinlA and SNAP25 (members of SNARE complex: a family
of proteins involved in membrane fusion during exocytosis) [133].

4. microRNAs regulation by lipid accumulation in  cells

Another important and clinically relevant phenomenon of T2DM is the dysregu-
lated lipid metabolism resulting in dyslipidemia (hypertriglyceridemia, reduced HDL
and increased LDL particles) thus raising the incidence of obesity and cardiovascular
disease (CVD) [134-136]. High plasma levels of triglycerides (hypertriglyceridemia)
in T2DM patients result in substantial reduction of functional p cell numbers and
significantly reduced insulin secretion [137]. Interestingly it has been demonstrated
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that microRNA sequences are altered during the f cell lipid metabolism by exposure
to high lipids/fats [138-149]. Specific proteins responsible for lipid metabolism and
cholesterol homeostasis in f cells have been found to be transcriptionally controlled
by several microRNAs. miRNA-33 has been shown to regulate cholesterol homeostasis
by controlling sterol regulatory binding protein (SREBP) gene expression [150].
miRNA-34a has been reported to induce p cell lipotoxicity in-vitro during the expo-
sure of p cells to high concentrations of saturated fatty acids [151-154]. An increased
cellular influx of fatty acids via di/triacylglycerol and/or esterified cholesterol path-
ways in f cell has been found to target an NAD*-dependent deacetylase protein called
sirtuinl (SIRT1) [153]. SIRT1 is important for its specific role in the upregulation of
insulin secretion in p cells in response to glucose stimulation [155]. Apart from insulin
secretion, SIRT1 also transcriptionally controls multiple protein-encoding genes like
tumor suppressor protein p53 and transcription factor proteins like nuclear factor

kB (NF-xB) and FOXO family [156-158]. Apart from miRNA-34a, saturated fatty
acids also impact the transcriptional profile of different miRNAs in the f cell con-
tributing to lipotoxicity. Specific miRNAs regulated by saturated fatty acids include
miRNA-146 [159], miRNA-182-5p [160], miRNA-297b-5p [161], and miRNA375
[162]. miRNA-146 targets mRNAs of certain genes responsible for the mediation of
inflammatory pathways e.g. Toll-like receptors (TLRs), and NF-kB signaling [163].
INS-1 cells incubated with palmitate exhibit increased miRNA-182-5p expression,
significantly decreased cell viability as well as increased palmitate-induced apoptosis.
Interestingly, INS-1 cells when treated with specific inhibitors of miRNA-182-5p,
exhibit a significant increase in cellular viability and reduction in palmitate-induced
apoptosis [160]. Cultured human islets have increased levels of miRNA-146 in
response to pro-inflammatory cytokines exposure decreased levels after high glucose
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ER Stress

Loss of Endocrine areodpataaly Removal of

function Epigenetic Control
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Figure 2.
Pathophysiology of type 2 diabetes mellitus.
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exposure and interestingly stable levels after palmitate exposure [164]. Apart from
the regulation of inflammatory response, miRNA-146 and miRNA 182-5p have also
been involved in the reduction of cytoplasmic accumulation of lipids and cellular
inflammatory response [165, 166]. p-cell lines exposed to stearic acid and palmitic
acid exhibit reduced expression of miRNA-297b-5p whereas the increased miRNA-
297b-5p levels help to minimize apoptosis induced by stearic acid but also result in
reduced insulin concentration [161]. miRNA-375 has been shown to block high-fat
diet-induced insulin resistance and obesity in mice by promoting hepatic expression
of insulin-responsive genes [167] (Figure 2).

5. Conclusion

Epigenetic regulation of f cells supported by the growing number of high-impact
studies on human patients have established the fact that microRNAs play a key role in
defining B cell identity. Pathological dysregulation of f cells is in part caused by aber-
rant microRNA expression helping in the progression of T2DM. As the processes of
microRNA biogenesis are characterized hinting towards the possibility of microRNAs as
attractive therapeutic targets. Diabetes and f cell-specific microRNAs also represent dis-
tinct biomarkers for the early detection of diabetes. Because of the biochemical stability
of microRNAs in the extracellular fluids like blood and plasma/serum, microRNAs also
represent an excellent biomarker for diagnostics. Comprehensive studies involving large
cohorts of diabetic patients to assess the predictive values of serum levels of different
microRNAs in conjunction with the specific diabetic stage are required to delineate the
pathological and beneficial role of specific microRNAs in diabetes mellitus.
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Abbreviation

T2DM Type 2 diabetes mellitus
Micro-RNA Micro- Ribo-Nucleic-Acid

ROS Reactive Oxygen Species

AGE Advanced Glycation End product
RAGE Receptor of Advanced Glycation End Product
BMI Body Mass Index

IRS Insulin Receptor Substrate

GLUT Glucose Transporter

GSIS Glucose Stimulated Insulin Release
GCK Glucokinase

FOXO Forkhead Family Box O

GLP-1 Glucagon-like Peptide 1

GIP Gastric Inhibitory Polypeptide
PDX1 Pancreatic Duodenal Homeobox 1
NAD Nicotinamide Adenine Dinucleotide
VLDL Very Low Density Lipoprotein
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