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Preface

The emergence of type 2 diabetes (T2D) as a global pandemic is one of the major
challenges to health care in the 21st century. This book is about diabetes type 2 and
it covers the newest scientific concepts in the pathogenesis of the disease as well as
approaches in the diagnosis and control of diabetes and possible complications.

An important and extensively discussed topic is the progression of prediabetes to
type 2 diabetes and possible lifestyle and pharmacological intervention. The role
of oxidative stress, DNA damage, and DNA repair in the diabetes’ progression is

elucidated and the molecular impact of nutritional interventions in patients with
T2D is also addressed.

The main focus of this book is glucose monitoring using cutting-edge technolo-
gies and the treatment of diabetes, especially in association with obesity. A novel
cyber-physical system for management and self-management of cardiometabolic
health is presented. Overall, technologies in mobile, computer, email, and internet
approaches have shown evidence in enhancing chronic disease management, via
supporting clinician decision-making and facilitating patient self-management
among diabetic patients.

Updates on glucose lowering therapy are presented, and the new emerging class of
SGLT?2 inhibitors is discussed in detail. Part of the book is dedicated to the effect of
diabetes on mental functions and treatment strategies to prevent cognitive decline.
This book aims to contribute to the professional development of physicians, inter-
nists, endocrinologists, medical students, and research scientists in diabetes.

Mira Siderova, MD, PhD
Associate Professor,

Medical University of Varna,
University Hospital St. Marina,
Varna, Bulgaria
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Chapter1

Emerging Role of Pancreatic
p-Cells during Insulin Resistance

Alpana Mukhuty, Chandrani Fouzder, Snehasis Das
and Dipanjan Chattopadhyay

Abstract

In today’s world, type 2 diabetes has become a part of every household and leads
to various complications including high blood sugar level, diabetic retinopathy,
diabetic foot, diabetic nephropathy and diabetic neuropathy. Yet people lack aware-
ness about this disease and its detrimental effects. For a better understanding of this
disease we must know about the causes and preventive measures since the medica-
tions used in treating type 2 diabetes have moderate to severe side effects. Type
2 diabetes is characterized by loss of insulin receptor activity in skeletal muscle
and adipocytes, compensatory insulin secretion from pancreatic f-cells, f-cell
dysfunction and death. The proper functioning of p-cells is a major criterion for
preventing advent of type 2 diabetes. The different natural or physiological insulin
secretagogues include glucose, amino acids and fatty acids, which stimulate insulin
secretion under the influence of various hormones like incretins, leptin, growth
hormone, melatonin and estrogen. However, excess of nutrients lead to f-cell
dysfunction and dearth of insulin involving various signal molecules like SIRT1,
PPARy, TLR4, NF-KB, Wnt, mTOR, inflammasomes, MCP1, EGFR, and Nrf2. A
deeper insight into the functioning of these signaling molecules will also create new
avenues for therapeutic interventions of curing f-cell dysfunction and death.

Keywords: insulin resistance, pancreatic f-cell dysfunction, lipotoxicity,
glucotoxicity, type 2 diabetes

1. Introduction

Changing food habits, sedentary lifestyle and obesity has made type 2 diabetes
(T2D) a global epidemic. T2D has various characteristic features such as insulin
resistance caused when peripheral tissues such as liver, muscle and adipocytes have
a decreased response to insulin. The progression from normal glucose tolerance
to type 2 diabetes involves several transitional stages of impaired fasting glucose
and impaired glucose tolerance which is known as prediabetes. The mechanism
leading to the development of these glucose metabolic alterations is multifactorial.
The most prevalent factor of T2D is insulin resistance that occurs when peripheral
tissues such as liver, muscle and adipocytes, the main target organs of Insulin
hormone, loses the ability to respond to insulin [1]. Generally in the obese patients
without T2D and initially in people who develop insulin resistance, pancreatic
B-cells are able to compensate for insulin resistance by increasing insulin secre-
tion by increasing p-cell mass via increased proliferation and hypertrophy [2, 3].
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Increasing of B-cells in a compensatory mechanism to avoid the complications
caused due to insulin resistance and henceforth prevents diabetes [4]. This unique
mechanism of p-cell mass expansion has been observed in normal individuals
during physiological growth [5] as well as in insulin resistant patients, especially
pregnant women [6] and obese people [7]. In patients having T2D the initial stage
of B-cell compensation is followed by dysfunction or failure of p-cells due to less
proliferation and increased apoptosis [1, 8].

Pancreatic p-cell dysfunction plays a critical role in progression of T2D. Insulin
is produced as preproinsulin and then processed to proinsulin. Proinsulin is then
converted to insulin and C-peptide and stored in secretory granules. Synthesis of
insulin is regulated at both transcription and translational level. Several transcrip-
tion factors in the cis-acting sequences within the 5’ region and trans-activators
regulate insulin gene transcription. These transcription factors are paired homeo-
box gene 6 (PAX6), pancreatic and duodenal homeobox-1 (Pdx-1), MafA and B-2/
Neurogenic differentiation 1 (NeuroD1). Insulin secretion from p-cells contains a
series of events and is controlled by variety of factors and signaling pathways that
ultimately leads to the fusion of secretory granules with the plasma membrane. The
various stimulants that regulate insulin secretion are glucose, free fatty acids, amino
acids, also various hormones like melatonin, estrogen, leptin, growth hormone and
glucagon like peptide-1 [9].

2. Structure of insulin

The monomeric structure of insulin is made up of “A” chain with 21 amino acids
and “B” chain with 30 amino acids, which are bound by disulfide bonds. Actually
three disulfide bonds are present in the structure of insulin monomer, two in
between the A and B chains (A7-B7, A20-B19) and one within the A chain
(A7-A11) [10]. The secondary structure of the A chain is made up of two anti-
parallel a-helices in between A2-A8 and A13-A19 residues. Also the helices are
connected by residues at A9-A12. As a result of this particular arrangement the two
ends remains in close proximity to each other and side by side [11].

The B chain is made up of a-helices and B-pleated sheets [11] and in the T state
it exists in two different conformations in crystallized form [12]. The a-helix exists
between B9 and B19, a -turn between B20 and B23 and the chain folds ina “V” due
to Gly20 and Gly23. An extended f-strand structure in between residues B24 and
B30 which allows the chain to be in close proximity to form a f-sheet with PheB24
and TyrB26 which are in close contact with B11 and B15 leucine residues of a-helix.
There is a continuous a-helix from B1 to B19 in the R state. The stability of the
native insulin structure is due to the disulfide bonds in between Cys residues A7-B7
and A20-B19. The affinity of insulin towards the insulin receptor is determined by
the side chain interactions in between A chain and B chain. These disulfide bonds
between the A and B chain provide the tertiary structure of insulin monomer which
is very highly organized. The various amino acid interactions in the side chain also
contribute to the stable tertiary structure of the insulin monomer molecule. These
interactions are also responsible for the interaction or affinity of insulin towards its
receptor [11].

The hydrophobic inner core of the insulin monomer is composed of the follow-
ing amino acids residues: A6-A11 and Leu A11, Bl and B15, Ile A2, Phe B24, Val A3,
Ile A13, Val B18 and Val B12. The amino acid residues from B20 to B23 are necessary
for stabilizing the p-turn thereby leading to the folding of the p-sheet in between
B23 and B30 towards the a-helix and hydrophobic inner core. In the dimeric form of
insulin these non-polar amino acids remain in the inner side. The insulin subunits
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Figure 1.
Structure of insulin [10, 11, 12, 20].

generally remain as dimers [12]. The dimeric form of insulin is stabilized by the
antiparallel f-sheets at the carboxy terminals of the B chains which remain expose
on the surface of the dimeric structure. The hydrophobic core of the insulin dimer is
composed of non-polar residues [11].

There are three dimers made up of six molecules of insulin peptide to make a
hexamer. Some differences in the side chain like in the 25th residue (Phe) in the B
chain, which is arranged to be inside the hydrophobic core of the peptide chain on
one side of the dimer, deforms the perfect two-fold symmetry [11]. Also there are
two zinc atoms with the imidazole groups in three histidine residues in the B chain
along with two water molecules in the insulin hexamer [12].

The knowledge about the structure of insulin is necessary to understand its
interaction with insulin receptor. The amino acids in the specific regions of the
insulin molecule that facilitate its binding with the receptor are located at the amino
terminal of the A chain: GlyA1, lleA2, ValA3, GluA4: carboxy terminal of the A
chain: TyrA19, CysA20, AsnA21; and carboxy terminal of the B chain: GlyB23,
PheB24, PheB25, TyrB26. These residues have are denoted as the “cooperative site”
of the insulin due to their negative cooperativity [13, 14].

* Out of the two chains in the structure of insulin, the A chain has more signifi-
cant role for binding to the receptor. Acetylation of the amino terminal reduces
binding to receptor by 30% which makes a free amino terminus necessary for
binding to receptor [15].

* Glyl deletion reduces binding to receptor by 15% which may be due to some
salt bridge formation between Glyl and B chain carboxy terminus [16].

* Also TyrA19, CysA20 and AsnA21 in the carboxy terminus of the A chain are
also necessary for insulin receptor activity [16].

* The carboxy terminal of the B chain has also a significant role in the receptor
binding activity, specially the first four residues, whose deletion reduces recep-
tor binding activity by 30% [17, 18].

* Fifteen percent of the receptor binding activity is detained when HisBS5 is
deleted and 1% of binding activity is reduced when LeuB6 is deleted [19].

* For the maintenance of disulfide bonds between A and B chain, CysB7 is
critical [20].
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* HisB10 is necessary for activity because when substituted with AspB10, proin-
sulin is not converted to insulin [21].

* However, synthetic insulin containing AspB10 has 500% greater binding affin-
ity than normal insulin [22].

* PheB24 forms hydrogen bonds important for dimer formation and PheB25 is
important for conformation of the native insulin structure [16].

* GlyB23, PheB24, PheB25 and TyrB26 in the B chain carboxy terminus are
evolutionarily conserved residues needed for receptor binding [16] (Figure1).

3. Insulin synthesis

The various stimulants in blood that lead to insulin secretion are glucose, mono-
saccharide, amino acid and fatty acid.

3.1 Glucose stimulated insulin secretion

Glucose acts as the main stimulus for insulin secretion in rodents as well as
human beings because it is one of the major constituents of their diet and enters the
circulation immediately after digestion of food. Glucose transporter 2, i.e., GLUT2
is the main glucose sensor found in the plasma membrane of p-cells. Translocation
of GLUT?2 to plasma membrane is dependent on insulin and it bears low substrate
affinity, hence leading to high uptake of glucose. Upon entry into p-cell glucose
is phosphorylated to glucose-6-phosphate by glucokinase, a type of hexokinase.
Glucokinase is the rate-limiting step in the glucose metabolism in f$-cells [23].
Since pyruvate dehydrogenase is not found in p-cells, pyruvate is metabolized to
produce metabolic coupling factors via two pathways: (a) pyruvate is metabolized
to acetyl-coA and thereby it enters glucose oxidation: the main signaling pathway
couple to pyruvate oxidation through the tricarboxylic acid cycle (TCA) by mito-
chondria “ATP-sensitive potassium (Karp) channel-dependent insulin release.” The
other pathway is anaplerosis where pyruvate, like other TCA cycle intermediates
is replenished. However, some of the products of these processes can act as signals
stimulating release of insulin, like malonyl-CoA, NADPH, and glutamate. These
products are known to amplify Karp channel-dependent insulin secretion [24, 25].

Formation of glycerol-3-phosphate (Gly3P) is the third glucose signal.
Glucokinase phosphorylates glucose into glucose-6-phosphate (G6P), G6P then
enters glycolysis to produce pyruvate. Gly3P can also be produced by G6P via
dihydroxyacetone phosphate (DHAP) pathway. These compounds stimulate insulin
secretion. Gly3P also promotes p-cell glycolysis via the mitochondrial Gly3P NADH
shuttle process, which activates mitochondrial energy metabolism and augments
insulin secretion [26, 27]. Dysfunction of $-cells after prolonged exposure to
elevated levels of glucose has been linked to changes in glucose detection and
metabolism, apoptosis, and calcium handling. Now it has already been reported
that glucotoxicity impedes final steps in insulin secretion, i.e., exocytosis [28].

3.2 Fatty acids and insulin secretion
Free fatty acids (FFAs) exert both positive and negative effects on p-cell survival

and insulin secretory function, depending on concentration, duration, and glucose
abundance. Insulin secretion from f-cell is also stimulated by free fatty acids (FFAs).
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The FFAs can also upregulate glucose stimulated insulin secretion (GSIS) from
p-cells. In total absence of FFAs the p-cells lose their insulin secreting capability
which can again be restored when exogenous fatty acids are added [29-31]. The FFAs
act upon f-cells through free fatty acid receptor (FFAR)-1, hence controlling f-cell
function [32, 33]. The intracellular metabolism of FFA leads to the production of
lipid signal molecules like long-chain acyl-CoA and DAG [34]. DAG in turn activates
protein kinase C (PKC), which in turn tales part in insulin secretion [35]. The effect
of fatty acids on pancreatic islet insulin release depends mainly on degree and time
of exposure. Circulating low levels of free fatty acids in the range of physiologic
postprandial values actually aids in enhancing glucose-induced insulin secretion.
However, excessive accumulation of lipids within islets impairs insulin secretion [36].

3.3 Amino acid stimulated insulin secretion

At individual concentrations amino acids found in physiological concentrations
are poor insulin secretagogues. Some combinations of amino acids at physiological
concentrations are capable of enhancing GSIS [37], like that of, glutamine cannot
stimulate insulin secretion or enhance GSIS alone, but in combination with leucine,
glutamine is capable of stimulating insulin secretion from p-cells and enhancing
GSIS [38]. Leucine activates glutamate dehydrogenase, and glutamate dehydroge-
nase can convert glutamate to a-ketoglutarate, leading to production of ATP and
stimulating insulin secretion [37]. Two important incretin hormones secreted from
K-cells and L-cells in the gastrointestinal tract, Glucose dependent insulinotropic
peptide (GIP) and glucagon-like peptide-1 (GLP-1), are stimulated to be secreted
after ingestion of nutrients like glucose and amino acids. These hormone levels rise
in the circulation after feeding food rich in protein and carbohydrates. Then they
directly trigger insulin secretion from f-cells by binding to their specific cell-surface
receptors, hence enhancing GSIS [39-41].

4. Regulation of insulin secretion
4.1 Neural and hormone regulation
4.1.1 GLP-1

GLP-1is an incretin hormone secreted from small intestinal L-cells along with
GIP when the nutrient content in blood is high generally after ingestion [42, 43].
Nutrient load from oral route triggers more insulin secretion than intravenous
nutrient load [44]. GLP1-agonists and analogues are already used as an effective
therapy for type 2 diabetes that are safe due to the glucose dependent effect on the
insulin secretion and large randomized clinical trials proved their additional cardio-
vascular benefits [45]. GLP-1 acts upon f-cells due to the presence of GLP-1 recep-
tor (GLP-1R). Activation of GLP-1R leads to activation of adenylyl cyclase, which in
turn generates cAMP. Elevated level of cAMP in the cytosol enhances GSIS. Hence
GLP-1 secretion is dependent on high blood glucose levels [45, 46].

4.1.2 Leptin

Leptin, secreted from adipocytes, regulates function of insulin upon the glucose
storing fat and liver cells [47, 48]. However, in absence of leptin, hyperinsulinemia
leads to drop in blood glucose levels [47, 49]. The inhibitory action of leptin has
been well known in clonal B-cells [50], cultured rodent islets [51], perfused rodent
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pancreas [50, 52], human islets [51, 53, 54] and mice islets [51]. Leptin inhibits
insulin secretion by antagonizing the action of elevated intracellular cAMP [55].
3-isobutyl-1-methylxanthine (IBMX) induces leptin, elevating cAMP content by
inhibiting phosphodiesterases (PDEs) [56], the enzymes which catalyze hydrolysis
of cAMP. GLP-1-induced insulin secretion is also inhibited by leptin, and GLP-1
which augments insulin secretion by activation of the cAMP signaling pathways [52].

4.1.3 Estrogen

In the “classical” mechanism of action of estrogen, the estrogen molecules dif-
fuse into cell and bind to the estrogen receptor ER located in the nucleus. Rapid or
“nongenomic” effects of estrogen are thought to occur through the ER located in or
adjacent to the plasma membrane and may require presence of “adaptor” proteins,
which target the ER to the membrane. Activation of the membrane ER leads to
arapid change in cellular signaling molecules and stimulation of kinase activity,
which in turn may affect transcription [57].

p-cells are not general estrogen targets but the presence of estrogen receptor in
islets makes the effect of 17p-estradiol on p-cells noteworthy [58, 59]. 17p-estradiol
enhances insulin secretion from p-cells [60] and in humans, it is known to increase
insulin secretion in postmenopausal women [61, 62], thus it augments glucose-
stimulated insulin secretion (GSIS) [63]. Two types of are present in p-cells: (1) the
estrogen receptors in the nucleus, i.e., nuclear ERs (ERa and ERf) and (2) the estro-
gen receptors in the membrane, i.e., the membrane ER (ERy) [64]. 17p-estradiol
significantly decreases activity of Karp channel [60], causing membrane depolar-
ization and opening of voltage-gated Ca** channels, thereby potentiating glucose-
induced intracellular [Ca**] oscillations, in a reversible manner.

4.1.4 Melatonin

Melatonin, a hormone secreted by pineal gland, helps in maintaining circadian
rhythm and biological clock [65]. However, melatonin receptors are found on clonal
p-cells [66, 67] and human islets [68]. Melatonin shows both stimulatory [69] and
inhibitory effects [70, 71], as well as neutral effects [72] on insulin section. However
a decent number of reports have been found in literature about the inhibitory effect
of melatonin in clonal p-cells [66, 68, 69, 73]. Melatonin inhibits glucose- and KCl-
stimulated insulin secretion in rat islets [74]. Long term melatonin administration
enhances hyperinsulinemia in vivo [75]. The signaling pathway of melatonin shows
that melatonin receptor is coupled to Gi, which inhibits G protein [76]. Melatonin
mediates stimulatory effect on insulin secretion through its receptor MTNR1A, by
activation of Gq/11 which provokes release of IP3 by activating PLC-¢ to augment
insulin secretion [69, 77, 78].

4.1.5 Growth hormone

Growth hormone (GH) stimulates production of insulin-like growth factor-I
(IGF-I) and its binding proteins [79]. Human IGF1 and IGF2 show high sequence
similarity with insulin. Insulin receptor (IR) has two isoforms, IRA and IRB. IRB
only binds insulin with high affinity while IRA binds both insulin and IGF2 with
equal affinity. The IGF1 receptor (IGF1R) has high affinity towards both IGF1 and
IGF2 but it binds insulin with very low affinity. According to the conventional view
regarding the actions of insulin and IGF-1 in mammals, insulin mediates mainly
a metabolic response, and IGF-1 mediates growth promoting effects in vivo [80].
Recombinant human IGF-I decreases serum levels of insulin and C-peptide in
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human [81]. IGF-1 also suppresses insulin secretion in isolated rat islets [82]. This
inhibitory activity of growth hormone is mediated through PDE3B activation [83],
which is responsible for breaking down cAMP in f-cells.

4.1.6 Adrenergic and cholinergic agents

Adrenergic drugs (epinephrine, norepinephrine and isoproterenol) are known
to inhibit insulin secretion by binding to alpha receptors present in rat pancreas. On
the other hand cholinergic drugs (acetylcholine and carbamylcholine) stimulate
insulin secretion but this effect is suppressed by simultaneous addition of atropine.
Thus the autonomic nervous system regulates insulin secretion under physiological
conditions [84] (Figure 2).

4.2 Regulation by signaling pathways
4.2.1SIRT1

SIRT1, mammalian sirtuin homolog, plays a key role in energy homeostasis and
extends a cell lifespan by calorie restriction [85]. Glucose metabolism is tightly
coupled to the regulation of insulin secretion and p-cell function [86]. Till now
there are two reports showing SIRT1 positively regulates glucose-stimulated insulin
secretion in pancreatic f-cells [87, 88]. In p-cells, FoxO1 is constitutively phosphor-
ylated in cytoplasm, and activates insulin receptor signaling [89]. Accumulation
of FoxO1 in the nucleus of insulin-secreting cells is triggered by palmitate during
induction of lipotoxicity and impairs insulin secretion [90, 91]. Increased expres-
sion of SIRT1 in pancreatic p cells in mice improves glucose tolerance by enhancing
insulin secretion [87]; deletion of SIRT1 can impair glucose-stimulated insulin
secretion [88]. In both these reports, SIRT1 enhances insulin secretion by transcrip-
tional repression of uncoupling protein 2 (UCP2) [92]. Activation of SIRT1 gives
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Hormonal and nutrient regulation of insulin secretion [23, 26, 27, 32-35, 45, 46, 55, 57, 60, 64, 72].
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protection from high-fat-induced obesity and insulin resistance [92-94], and slight
overexpression of SIRT1 has a protective role from high-fat induced glucose intoler-
ance [95-97]. If SIRT1 is inhibited then insulin promoter activity is suppressed,
insulin regulatory genes such as v-maf musculoaponeurotic fibrosarcoma oncogene
homolog A (MafA) and NK6 homeodomain 1 (NKX6.1) mRNA expressions are
down regulated leading to decreased insulin secretion. On the contrary, activation
or overexpression of SIRT1 antagonizes reduced insulin transcriptional activity

by exerting negative effect on pancreatic and duodenal homeobox 1 (PDX1)-
stimulated insulin promoter activity and also abolishes forkhead box O1 protein
(FOXO01)-insulin transcriptional activity [98].

4.2.2 PPARy

PPAR-y regulates the major p cell genes involved in glucose sensing, insulin
secretion and insulin gene transcription and protects from glucose, lipid, cytokine
and islet amyloid polypeptide (IAPP)-induced stress pathways [99]. PPAR-y is a
member of nuclear hormone receptor superfamily of ligand-activated transcrip-
tion factors and TZDs are oral agents that are high-affinity activators of PPAR-y
[100]. PPARY ablation protects mice from high fat diet induced insulin resistance
[101] and isolated islets from these mice show blunted TZD response towards
GSIS [102]. Mice with PPAR-y ablated pancreas show glucose intolerance at
baseline with downregulated Pdx-1 and GLUT?2 expression in their isolated islets
[103]. Chronic high glucose can decrease PPAR-y mRNA levels in mouse islets
[104]. PPAR-y is upregulated after 60% pancreatectomy procedure in rats chang-
ing to pro differentiation state from proliferative state [105]. Promoters of GLUT2
and glucokinase have functional PPREs that bind PPAR-y/RXRa heterodimer, and
lead to transcriptional upregulation of these genes in f cell [106, 107]. The expres-
sion of these genes is impaired in diabetic rodent models [108, 109].

PPARy agonists modulate IAPP-induced ER stress [110]. The islet-specific KO of
the ATP-binding membrane cassette transporter protein A1 (ABCA1) and PPAR-y
KO model both show increased intra-islet triglyceride accumulation and lowered
GSIS [101, 111]. Rosiglitazone restores GSIS and decreases apoptosis in isolated
human lipotoxic islets with a reduction in intra-islet triglyceride accumulation
and reduced inducible nitric oxide synthase (iNOS) expression [112, 113]. PPAR-y
agonists also inhibit cytokine-induced activation of JNK in insulinoma cell lines
[114]. PPAR-y agonists have been shown to increase AKT phosphorylation in the
setting of both IAPP-and lipid-inducted toxicity. These effects were blocked by PI3
kinase inhibitors and associated with increased levels of insulin receptor substrate 2
(IRS2) proteins [115].

Activation of PPAR-y inhibits IL-1f and IFN-y stimulated nuclear translocation
of p65 subunit of NF-KB and DNA binding activity leading to reduced inducible
nitric oxide synthase and cyclooxygenase-2 expression [116].

PPAR-y activation also increases intracellular calcium mobilization, insulin
secretion, and fp-cell gene expression through GPR40 and GLUT?2 gene upregula-
tion [117]. Thus PPAR-y agonists not only improve insulin sensitivity in the target
tissues, but also act within the p-cells.

4.2.3 Wnt

Wnt signaling stimulates p-cell proliferation, specifically Wnt3a promotes
expression of Pitx2, a direct target of Wnt signaling, and Cyclin D2, an essential
regulator of cell cycle progression [118]. Single nucleotide polymorphisms (SNPs)
in TCF7L2 are linked to etiology of T2D [119]. Expression of three Tcf genes
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(Tcf7, Tef711, Tef712) in pancreas is reduced by treatment with insulin or high fat
diet feeding [120]. A significant elevation of TCF7L2 mRNA expression occurs in
pancreatic islets along with impaired insulin secretion [121]. TCF7L2 depletion

in isolated human or mouse pancreatic islets results in significant increased p-cell
apoptosis and decreased proliferation with attenuated GSIS. Over-expression of
TCF7L2 protects islets from glucose- and cytokine-mediated apoptosis [122]. These
findings suggest that B-cell function and survival are positively regulated by the
expression of Tcf712 in type 2 diabetes.

4.2.4mTOR

Rapamycin, an mTORC1 complex inhibitor, reduces the number and prolifera-
tion of pancreatic and endocrine progenitors. Mice lacking mTOR in pancreatic
progenitors suffer from hyperglycemia in neonates, hypoinsulinemia and pancreatic
agenesis/hypoplasia with pancreas rudiments containing ductal structures lacking
differentiated acinar and endocrine cells [123].

AMP-activated protein kinase (AMPK) is a controller of p-cell function.
Inhibition of AMPK in B-cells by high glucose inversely correlates with activation
of the mammalian Target of Rapamycin (mTOR) pathway. Glucose and amino
acid sensing ability of AMPK is important in regulation of insulin secretion [124].
Rapamycin also induces fulminant diabetes by increasing insulin resistance and
reducing-cell function and mass [125].

Obesity induced by excess nutrient intake leads to the upregulation of mTORC1/
S6K1 signaling in insulin-sensitive tissues, including p-cells [126-128]. mTORC1
activation play an initial role in adaptation to nutrient excess and obesity, but
chronic and persistent hyperactivation could lead to development of insulin resis-
tance by a negative feedback loop on IRS signaling [129].

4.2.5 MCP1

Monocyte chemoattractant protein-1 (MCP-1) a chemokine that regulates
migration and infiltration of monocytes/macrophages, is constitutively present in
normal human islet B-cells in the absence of an inflammatory infiltrate and plays
a key role in monocyte recruitment [130]. NF-kappaB plays an important role for
MCP-1 expression in p-cells [131]. MCP-1 also induces amylin expression through
ERK1/2/JNK-AP1 and NF-«B related signaling pathways independent of CCR2.
Amylin upregulation by MCP-1 may contribute to elevation of plasma amylin in
obesity and insulin resistance [132].

4.2.6 Nirf2

The Keapl-Nrf2 signaling plays an important role in oxidative stress response and
metabolism. Nrf2 prevents reactive oxygen species ROS mediated damage in pancre-
atic p-cells [133]. p-cells have low expression levels of antioxidant enzymes, making
them susceptible to damage caused by ROS. GLP-1 effectively inhibits oxidative
stress and cell death of B-cells induced by the pro-oxidant tert-butyl hydroperoxide
(tert-BOOH) [134]. NOX activation through Src signaling plays an important role in
ROS overproduction and impaired GSIS caused by lipotoxicity [135].

4.2.7 EGFR

Epidermal growth factor receptors are crucial regulators of p-cell proliferation
and f-cell mass regulation. Partial tissue-specific attenuation of EGFR signaling in
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islets leads to significantly reduced beta-cell proliferation [136]. Phosphorylation of
ribosomal S6 kinase, a mammalian target of rapamycin (mTOR) target, is upregu-
lated in islets from glucose and interleukin injected 6-month-old rats. p-cell mass
expansion occurs in presence of chronic nutrient excess EGFR signaling, mTOR
activation, and FOXM1-mediated cell proliferation [137].

4.2.8 ER stress

In pancreatic p-cells, the endoplasmic reticulum (ER) is an important cellular
compartment involved in insulin biosynthesis. ER stress elicits a signaling cascade
known as the unfolded protein response (UPR) which regulates both function and
survivability of p-cells [138]. Chronic high glucose leads to insulin mRNA degrada-
tion by IREla activation, profuse XBP-1 splicing, and induction of pro-apoptotic
effectors, such as Jun N-terminal kinase (JNK) and C/EBP homologous protein
(CHOP), causing B-cell dysfunction and death [139-142]. Free fatty acids (FFAs)
and inflammatory cytokines also induce ER stress in f-cells through upregulation
of the proapoptotic effector CHOP, and JNK and caspase-12 activation by UPR
[143-146].

4.2.9 Inflammasome

ER stress, oxidative stress and high glucose concentrations activates NLRP3
inflammasome leading to interleukin (IL)-1p production and caspase-1 dependent
pyroptosis. Whether IL-1p or intrinsic NLRP3 inflammasome activation contributes
to p-cell death is disputed [147].

The Nlrp3 inflammasome plays important role in obesity-induced insulin resis-
tance and f-cell failure. Endocannabinoids contribute to insulin resistance through
activation of peripheral CB; receptors (CB;Rs) promoting B-cell failure [148].
NLRP3-knockout mice showed improved glucose profiles after a high-fat diet, due
to attenuated IL-1f release from islet cells. Hyperglycemia-induced IL-1p release
leads to increased ROS, dissociation of TXNIP from thioredoxin and its binding to
NLRP3 and activation of NLRP3 [149].

4.2.10 TLR4

Toll-like receptor 4 (TLR4), a pattern recognition receptor, is a crucial element
in the triggering of innate immunity, which binds to pathogen-associated molecules
such as Lipopolysaccharide (LPS), and initiates a cascade of pro-inflammatory
events [150]. TLR4 is also known to occur in pancreatic f-cells but its function is
yet to be clearly established. B-cells respond to palmitate via TLR4/MyD88 path-
way and produce chemokines that recruit M1-type proinflammatory monocytes/
macrophages to the islets [151]. High fat diet-induced obesity stimulates TLR4
up-regulation in pancreatic B-cells, and lead to the recruitment of macrophage into
pancreatic islet, which finally results in pancreatic p-cell dysfunction [152].

Fetuin-A, a secreted glycoprotein, can promote lipotoxicity in f-cells through
the TLR4-JNK-NF-xB signaling pathway [153]. Later it was also discovered that
pancreatic B-cells are capable of secreting fetuin-A under free fatty acid stimulation
which ultimately leads to inflammation [154].

4.2.11 G-proteins

Medium- to long-chain fatty acids activate FFAR1/GPR40 and it is pre-
dominantly coupled to Ga, which signals through PLC-mediated hydrolysis of
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Figure 3.
Various signaling pathways regulating insulin secvetion signaling [90, 91, 98, 99, 106, 107, 120, 129, 132, 134, 135,
137, 139142, 153-157].

membrane phospholipids leading to the formation of IP; and DAG [155, 156].
Glucose tolerance and insulin secretion is impaired in mice due to p-cell-specific
inactivation of the genes encoding the G protein a-subunits Gag and Goy;. Thus,
G4/Gy-mediated signaling pathway mediates insulin secretion by glucose stimula-
tion [157] (Figure 3).

5. Conclusion

In conclusion, insulin secretion is stimulated by glucose, free fatty acids and
amino acids after their breakdown in gut following ingestion. Glucose potentiates
Karp channel-dependent insulin secretion. Free fatty acids result in insulin secretion
from p-cells through free fatty acid receptor (FFAR)-1. Under incretin stimulation
the amino acids trigger insulin secretion by binding to their cell surface receptors.
Hormones like GLP-1 and estrogen stimulate insulin secretion, melatonin has both
stimulatory and inhibitory effect and leptin and growth hormone have only inhibi-
tory effects upon insulin secretion. Discussing about the various signaling pathways,
mainly Wnt, G-proteins, EGFR, mTOR, SIRT1, PPARy mediate increased insulin
secretion, p-cell proliferation and improved GSIS in presence of nutrients, while
in case of excessive nutrient load TLR4, MCP1, inflammasomes and Nrf2 impairs
insulin secretion and conduces p-cell death. These excess of nutrients are the key
players behind glucotoxicity and lipotoxicity, which ultimately lead to compensa-
tory insulin secretion, p-cell mass expansion initially and p-cell death under chronic
nutrients overload. Our major concern should be leading a healthy lifestyle, active
routine, regular exercise, balanced diet and constant awareness about the incidence
of type 2 diabetes, for eradication and curing of the disease to some extent.
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Mellitus
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Abstract

Type 2 diabetes mellitus (DM2) results from the interaction between genetic
and environmental factors which cause insulin resistance (IR) and deficit in
insulin secretion. Genes encoding insulin-related enzymes or protein factors
are candidates for the disease, most probably the insulin receptor substrate-1
(IRS-1), phosphoinositide 3-kinase (PI-3 K), calpain 10, and transcription factor
7-like 2 genes. Environmental factors that favor DM2 are android obesity, aging,
glucotoxicity, and lipotoxicity. IR is the result of less insulin receptor binding, of
less phosphorylation of the receptor, of IRS-1, of PI-3 K, and of glucose uptake by
glucose transporters. At the hepatic level, glucose is produced by gluconeogenesis:
in the muscle there is less glycogen deposition, and in adipocytes there is greater
release of free fatty acids (FFA). Insulin secretion is the main pathogenic factor;
relative insulin hyposecretion is not capable of compensating for the IR. Reduced
incretin effect, hyperglucagonemia, and increased renal glucose reabsorption
favor hyperglycemia. Disturbance of the microbiota releases proinflammatory
adipocytokines which contribute to IR. Reactive oxygen species generation,
caused by hyperglycemia and FFA, results in a decrease in insulin synthesis and
action and also endoplasmic reticulum stress and mitochondrial dysfunction.
Knowledge about the pathogenesis of DM2 has allowed the development of drugs
for its treatment.

Keywords: type 2 diabetes, pathogenesis, environment, sleep disturbances,
insulin resistance, glucotoxicity, lipotoxicity, microbiota

1. Introduction

Type 2 diabetes mellitus (DM2) is a complex metabolic and endocrine disorder
resulting from the interaction between genetic and environmental factors, which
cause different degrees of alteration in insulin functionality on peripheral tissues,
as well as in the pancreatic p cell. Underlying pathologies such as excess weight and
obesity, particularly of the android type, are the main factors that favor the devel-
opment of DM2 [1, 2].

In absolute terms, insulinemia of diabetic subjects may be similar to those of
euglycemic individuals but are proportionally insufficient in the hyperglycemia
states. Reduced insulin action, for determined levels of the hormone, is known as
insulin resistance (IR). When p cells undergo IR, initially there is insulin hyper-
secretion which compensates for the lack of hormonal action. Hyperglycemia
only manifests when there exists a relative insulin hyposecretion to the glucose
stimulus [3].
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2. Natural history of DM2

DM2 is a progressive disease that develops in stages. Its natural history probably
begins 10-20 years before its clinical onset, as a preclinical period with IR [4].

Hyperinsulinemia is initially capable of maintaining normal fasting and post-
prandial glycemias. This stage would be associated with increased levels of free
fatty acids (FFA) in the obese IR patient.

Subsequently, and before DM2 manifests, IR is maintained, but the secretory
capacity of the p cell begins to decline and glycemias rise, reaching abnormality
levels for fasting glycemia and glucose intolerance, which are prediabetes stages. In
these periods, chronic hyperglycemia is an important factor in the perpetuation of
damage to the pancreatic p cells; as it increases and IR is maintained, glycemic levels
progressively increase until finally clinical diabetes is established.

The stages of the pathogenesis of DM2 are shown in Figure 1.

The insulin secretory defects observed in DM2 contribute to IR. During the
evolution of DM2, the IR state is maintained, and the insulin secretory capacity
gradually decreases, arriving at an insulin hyposecretion in which it will be neces-
sary, in some cases, to start insulin therapy.

Hyperglycemia in DM2 not only represents the biochemical manifestation of the
disease, but it is rather, in itself, a permanent factor responsible for maintaining the
diabetic state.

We will now refer to the multiple factors involved in the genesis of DM2.

GENETIC + ENVIRONMENTAL

FACTORS
INSULIN RESISTANCE BETA CELL DYSFUNCTION

~N

PRE-DIABETES

l

TYPE 2 DIABETES

Figure 1.
Stages in pathogenesis of type 2 diabetes.

3. Genetic factors of DM2

Presently, DM2 is considered to be a disease with a strong hereditary component.
Thus, 35-50% of the patients have diabetic relatives, a number that is lower (15%) in
subjects not having this pathology. If a survey for DM2 is conducted on the patients’
parents, 10-30% of them have the disease in comparison to 1-6% in healthy controls.
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In the Framingham Offspring Study, it was found that if one of the parents was
diabetic, in the offspring the relative risk was 3.6; if both parents had the disease,
it rose to 6.0. This study indicates that the risk for diabetes in sons or daughters of
diabetic parents is similar regardless if it is the father or the mother who has the
disease [5]. In monozygotic twins, there is up to 96% match for DM2, a percentage
that falls to less than 50% in fraternal twins.

All genes that encode enzymes or protein factors associated with insulin secre-
tion and action are possible candidates for the disease. It has been published that the
hereditary factor is stronger than the environmental factor for the secretory defect.
In IR, genetic and environmental factors have 50% participation each.

Table 1 shows the most relevant candidate genes for DM2, which are related to
the insulin secretion defect and to IR.

Each gene has been found to be altered in approximately 10% of the DM2
patients studied. Therefore, it is necessary for the individual to have at least 10
defective genes for the disease to develop. Besides, in the various populations,
different genotypes involved would exist, and differences would appear also in
individuals of a same ethnic group.

3.1 Genetic defects of IR

Genetic mutations have been found in certain protein factors and enzymes
associated with the transmission of the insulin signal inside the effector cell,
which would allow to partly explain the IR of DM2 [6-8]. In the insulin recep-
tor substrate-1 (IRS-1) gene, the mutation of glycine to arginine at codon 972 is
twice more prevalent in Caucasian DM2 patients than in nondiabetic controls.

Insulin resistance genes

1. Directly associated with lower glucose uptake
¢ Insulin receptor substrate gene

* Phosphoinositide 3-kinase gene
2.Explaining the obesity-type 2 diabetes relationship

* p-3 adrenergic receptor gene
* Tumor necrosis factor alpha gene

* Peroxisome proliferator-activated receptor gene
3. Adipocytokines in obesity

¢ Leptin gene
* Resistin gene

 Adiponectin gene
4.Lipid metabolism

* Lipoprotein lipase gene

* Fatty acid-binding protein gene
5.The thermogenesis obesity relationship

» Uncoupling protein gene

Insulin secretion genes

¢ Insulin receptor substrate gene
* Calpain 10 gene

¢ K+ inwardly rectifier channel gene

Table 1.
Candidate genes of type 2 diabetes.
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For phosphoinositide 3-kinase (PI-3 K), it has been demonstrated that in DM2 its
synthesis is lower because the messenger RNA levels are lower.

In the relation of obesity with DM2, correlation, among the possible genes
involved, mention is made of the tumor necrosis factor alpha (TNFa) gene, a
polymorphism in its promoter consisting of the substitution of guanine to adenine
at position 308, which originates higher TNFa synthesis in obese IR patients. The
finding regarding leptin is very interesting, in studies on thousands of cases since
only five have genetic mutations for the hormone, suggesting that obesity in DM2
humans would be associated with leptin resistance at the level of its receptors. On
the other side, the adiponectin gene is located on chromosome 3q27, and in this
position, a locus has been found which confers susceptibility to DM2. For resistin,
it has been reported that its genetic expression is four times higher in abdominal
adipose tissue than in subcutaneous adipose tissue.

The hereditary basis of IR in DM2 is extremely complex, moreover, when the
obesity factor is included having its own polygenic component. DM2 patients have
different degrees of IR with probably different genetic origins; this explains why
their clinical behavior is singular.

3.2 Genetic defects in insulin secretion

In DM2, the genes encoding the different protein components that participate in
the mechanism of insulin synthesis and secretion are potential candidates [9, 10].
Among the most likely ones is the IRS-2 gene, which is very interesting because a
polymorphism has been described which predicts anomalies both in insulin secre-
tion and action. In 2000, a false announcement was issued regarding the discovery
of the gene of DM2, referring to the calpain 10 (CAPN10) gene that encodes a
family of calpain enzymes, which are calcium-activated proteases that take part in
the regulation of insulin exocytosis in f cells. It was published that in Pima Indians,
a specific combination of CAPN10 alleles triplicated the risk of DM2. However,
in recent years, the transcription factor 7-like 2 (TCF7L2) gene has appeared to
be more relevant in the genetic susceptibility to DM2, since a polymorphism of
this gene has been found in several ethnic groups of DM2 patients. This factor is
associated to a reduced response to glucagon-like peptide-1 (GLP-1) because GLP-1
expression in enteroendocrine cells is regulated by TCF7L2, which would have as
a final consequence, a failure in f cell proliferation and in insulin secretion; thus,
variants of the TCF7L2 gene would contribute to the risk for DM2.

It can be said that DM2 is a polygenic disease with many susceptibility genes,
each with a slight impact on its pathogenesis but giving origin to several subgroups
of DM2 on account of their genetic differences. Thus, in the various individuals and
in the different ethnic groups, genetic heterogeneity results in variable degrees of
alterations both in insulin secretion and action.

4, Environmental factors of DM2

Environmental factors are considered to be all situations that favor the develop-
ment of this type of diabetes.

4.1 Obesity
General obesity, and in particular the android type, is the main environmental

factor in the genesis of DM2. In our experience, at diagnosis of DM2, 80% of the
patients are obese.
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Historically, it was believed that fat tissue was metabolically neutral, being only
an energy reservoir. In recent years, it is considered to be a real endocrine organ
with a huge importance in the pathogenesis of DM2 and IR [11].

The increase in visceral adipose tissue results in higher levels of FFA that activate
the p isoform of protein kinase C (PKCp) and inhibit glucose transport-4 (GLUT-4)
translocation to the cell membrane, reducing glucose entry into insulin target tis-
sues. TNFo and interleukin-6 (IL-6), by phosphorylating IRS-1 on serine/threonine
residues and not on tyrosine, disrupt the correct transmission of the insulin signal.

Adipose tissue also secretes several hormones known as adipocytokines; among
them we will refer, in relation to the increase in IR, to leptin, adiponectin, and
resistin. DM2 patients exhibit elevated leptin levels, favoring obesity due to greater
food intake and lower caloric expenditure. In humans, the defect is a resistance to
leptin action at the hypothalamic receptor level, with obesity developing as these
receptors become insensitive to leptin. Adiponectin is the only adipocytokine whose
circulating levels are diminished in obesity. It is interesting to point out that the low
adiponectin levels are observed particularly in coronary patients, constituting a risk
marker for this pathology. In respect of resistin, there has been much controversy
regarding its role in obesity and DM2. Its overexpression is associated to IR, dyslip-
idemia, and DM2, through inhibition of cell glucose uptake.

4.2 Aging

The influence of age on the development of DM2 is indisputable only by review-
ing the universal epidemiology of this type of diabetes, which shows a progressive
increment of its prevalence rates with increasing age. Glucose tolerance deteriorates
with aging, which has been attributed to the loss of muscular mass and increase in
adipose tissue (sarcopenia), especially in sedentary individuals, increasing IR in
susceptible subjects [12].

It has been proposed that at an older age, mitochondrial functions decline favor-
ing IR and, on the other side, leptin resistance rises intensifying visceral fat deposi-
tion, increasing IR and inducing DM2.

4.3 Psychological stress

Acute psychological stress has been acknowledged for many years as a factor
which favors the onset of diabetes. This is because sympathetic activation reduces
the functionality of the pancreatic  cell, diminishing insulin secretion.

At the same time, in the muscle there is a decline in insulin sensitivity, glucose
uptake, and glycogen deposition, all of which elevates glycemia and clinically favors
the development of DM2.

Among the psychosocial factors related to this type of diabetes, depression in its
different degrees has been widely studied, and a bidirectional association has been
found between both disorders. It is bidirectional in the sense that depression induces
DM2 and diabetics suffer from 30% more depressive states than nondiabetics [13].

The Cardiovascular Health Study demonstrated, in elderly adults, that those who
reported strong depressive symptoms developed DM2 more frequently than their
non-depressive peers. This association cannot be totally explained by differences in
the risk factors for DM2. It is likely that both disorders have a common feature [14].

Although the intimate mechanism of this association is not known, it has been
speculated that it could be related to inflammation, considering that inflammatory
markers are present in diabetes and in depressive states. Some authors have found
elevated C-reactive protein levels in these cases, but this has not been confirmed by
others.
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It has been established that depressive subjects are physically less active and that,
due to their psychic disorders, also have poor eating habits, both behaviors favoring
obesity, IR, and DM2. Diabetics are highly sensitive to the effects of physical stress,
which is related to adrenergic stimulation that could reduce insulin secretion and
glucose utilization.

In recent years, abnormal glucose metabolism has been correlated with various
sleep disturbances, such as duration, fragmentation, quality, respiratory function,
obstructive sleep apnea, hypoxemia, and circadian rhythm. This situation is explained
by an increase in cortisol, growth hormone, inflammatory markers, and adipocyte
function. There also exists a reduction in brain glucose utilization, with an increase
in ghrelin, a situation that leads to obesity. This is reflected in an increase in IR and a
reduction in p cell function, ultimately favoring hyperglycemia and DM2 [15].

4.4 Glucotoxicity and lipotoxicity

The concepts of glucotoxicity and lipotoxicity, related to DM2, appear in the
1990s, supported by experimental studies in animals which have been subsequently
confirmed in humans. At present, glucotoxicity is defined as the adverse effects
produced by chronic hyperglycemia on cell structures and functions. Hyperglycemia
would cause an inhibition of the hormone synthesis through a decrease in messenger
RNA for insulin; therefore, glucose would be capable of inducing damage at the level
of the genetic information which is indispensable for a correct insulin synthesis [16].

Other mechanisms involved in glucotoxicity would be the lower activity of
phospholipase C, an enzyme necessary for the formation of inositide phosphates
which participate in insulin secretion by increasing the intracellular calcium level.
Cytotoxicity to the p cell by glucose, acting as a free radical, is also possible, causing
greater  cell apoptosis.

In 1963, Randle proposed that the increase in FFA, as a result of the degradation of
triglycerides, causes peripheral IR. A great FFA mobilization due to greater lipolysis
induces an increase in FFA oxidation in the muscle and the liver, with less glucose
utilization in the former and higher hepatic gluconeogenesis; this leads to hyperglyce-
mia plus inhibition of insulin secretion, which further elevates serum glucose levels.
FFA are deposited in the muscle as triglycerides, ectopic deposits which favor IR. In
the p cells, reactive oxygen species (ROS) increase, thus reducing insulin gene expres-
sion and secretion [17]. Therefore, a dual mechanism is acknowledged to lipotoxicity
in the pathogenesis of DM2: it favors IR and has a direct deleterious effect on p cells.
Probably, ROS produce less insulin secretion due to a lower GLUT-2 activity.

Glucotoxicity and lipotoxicity, disclosed separately for didactic reasons, copar-
ticipate in the genesis of DM2 and interact together causing structural and func-
tional damage in f cells and in target organs. Thus, glucotoxicity describes more
accurately the reality of the chronic deleterious process. Glucolipotoxicity is capable
of causing inflammation in pancreatic f cells and in the peripheral tissues where
insulin acts. In the f cells, an activation of the nuclear factor kappa beta (NF-kp)
pathway occurs, increasing the production of NF-kp which is an inflammatory
cytokine. In the visceral adipose tissue, there is a decrease in adiponectin which is
anti-inflammatory (insulin-sensitizing) and an increase in the proinflammatory
cytokines: leptin, TNFa, and IL-6.

This chronic low-grade inflammatory state is referred to as a metainflammation [18].

4.5 Oxidative stress

ROS, generated both by hyperglycemia and increased FFA levels, would have the
most important role in the onset and progression of DM2. In p cells, ROS [18] cause a
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decrease in insulin synthesis and secretion; since § cells have a low antioxidant capac-
ity, excessive ROS production results in an imbalance of the redox state, tilting the
balance toward oxidation. In peripheral tissues that are targets for insulin, ROS favor
inactivation of insulin signal transmission. It has also been observed that inflamma-
tion, mainly through the increase in IL-6 and TNFa, favors IR and f cell dysfunction.
On the other side, the production of chemicals used worldwide in different activi-
ties including the food industry, probably through ROS generation, has increased
progressively since 1940. In the USA, a direct relationship has been found between
the production curves of synthetic organic chemicals and the prevalence of diabetes
and other pathologies [19]. The Environmental Protection Agency has defined as
endocrine-disrupting chemicals, exogenous agents that interfere with the production,
secretion, transport, metabolism, binding, action, or clearance of hormones.

4.6 Endoplasmic reticulum stress and endothelial dysfunction

The endoplasmic reticulum actively participates in protein synthesis, producing
the correct folding of proteins by means of chaperones, which are helpers of this
process. Activating signals such as hyperglycemia increase the demand for insulin
synthesis, causing endoplasmic reticulum stress in  cells; this induces apoptotic
pathways as a normal adaptive metabolic response to a metabolic load. In DM2, the
endoplasmic reticulum stress caused by glucotoxicity and inflammatory cytokines
can lead to f cell dysfunction and death [20].

The B cell mitochondrion participates in insulin synthesis and in exocytosis.

In diabetes, a mitochondrial dysfunction occurs: the mitochondrial membrane
proteins are diminished, and transcriptional changes occur in their formation.
Mitochondrial dysfunction, induced by glucotoxicity, results in f cell failure,
increase in ROS, and oxidative stress.

In IR, the excess of circulating fatty acids associated with the reduction in the
number of mitochondria causes an increment in the level of intracellular FFA and
also of diacylglycerol. These molecules activate PKC which in turn activates the
serine kinase cascade, leading to an increment in the phosphorylation of the serine
residues in IRS-1 and preventing the phosphorylation of tyrosine residues, which in
turn inhibits PI-3 K activity, finally resulting in the suppression of insulin-induced
glucose transport [21].

4.7 Diet and nutrients

In recent years, a special interest has aroused for studying the influence of the
diet in general and of different nutrients in particular, on the development of DM2.

There is a consensus in that a healthy diet with no caloric excess and a suitable
physical activity are the most effective measures for preventing DM2. There is also
clinical and biological evidence that excessive sugar consumption promotes the
development of DM2 and of cardiovascular disease [22].

The effect of dietary fat on the risk for DM2 is not absolutely clarified, and some
studies have even provided contradictory results; but there exists a consensus in that
the quality of the fat is more important than the total amount. Dietary fat is not only
a source of energy, but also fatty acids affect cell metabolism. Monounsaturated fatty
acids and trans-fatty acids would not be associated with a higher incidence of DM2.

In relation to dietary fats, arrives at more categorical conclusions indicating that a
diet high in monounsaturated fatty acids (olive oil) and polyunsaturated fatty acids
of marine origin is associated with low risk of DM2 [23]. This is confirmed by the fact
that consumption of Mediterranean diet, high in monounsaturated fatty acids from
vegetable oils and polyunsaturated fatty acids from fish, reduces the risk for DM2.
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For along time, it was believed that free consumption of fructose had no
negative effects on the body, since it does not require insulin for its metabolism.
Recent studies demonstrate the exact opposite, stating that excessive intake favors
metabolic syndrome. In recent years, the high fructose consumption in corn syrups
in the USA is correlated with the increased prevalence of DM2, obesity, and cardio-
vascular disease.

The so-called fructose hypothesis postulates that a high fructose content in
the diet induces activation of peroxisome proliferator-activated receptor gamma
(PPAR-Y) responsible for IR, lipogenesis, and DM2 [24]. Besides, the fructose load
with the resulting hepatic stress causes the release of proinflammatory cytokines
such as TNFa that induces IR and favors the development of DM2.

The association between gluten intake and DM2 has been the subject matter
of recent studies. In US healthy men and women, an inverse correlation has been
found between gluten intake and incidence of DM2.

Subjects receiving a diet with high gluten content, followed up for 20-28 years,
exhibit low DM2 rates [25]. The cause would be in that subjects who eat gluten-rich
foods also receive an elevated supply of cereal fiber. The mechanism through which
gluten reduces the risk of DM2 is unknown but is probably related to favorable
changes in gut microbiota.

Presently, the effect of vitamin D supplements at pharmacological dosages in
the prevention of both type 1 and type 2 diabetes is being debated. Epidemiologic
studies demonstrate a relationship between vitamin D deficiency and DM2,
as well as the higher frequency of this type of diabetes in areas with low sun
exposure. In prospective studies of up to 20 years in humans, it has been demon-
strated that the incidence of DM2 decreases by providing a daily supplement of
800 IU of vitamin D [26]. However, other studies do not show the same results;
it could be concluded that supplying vitamin D to persons at risk for diabetes is
an advisable measure, even though there is still not enough scientific evidence to
support this position.

5. Deficit in insulin secretion

In DM2 patients, deficit in insulin secretion is the building block of its patho-
genesis. It has been found that the disturbances caused are both quantitative and
qualitative and are present in variable degrees in the patients.

When the secretory disorder appears, hyperglycemia manifests. It has been
demonstrated that, in general, individuals exhibiting the most severe hyposecretion
have the highest glycemias. The graphic relationship of fasting and postprandial
glycemias versus insulinemias is very well known and gives origin to the inverted
U or Starling curve; at low glucose values, insulinemias are also low and then the
relationship is inverse, and at higher glycemias, there are lower insulinemias [27].

In DM2 patients, the lack of insulin response to glucose worsens with the years
of evolution of the disease and is accentuated with the persistent hyperglycemias
(glucotoxicity). Once glycemia rises, a vicious circle is produced because glucose on
its own causes changes in  cells, paradoxically slowing down insulin secretion [28].

DM2 patients exhibit changes in the biphasic insulin secretion curve under a
stimulus of intravenous glucose; the first phase is lost, the second phase shows less
elevation and is more prolonged in time than in the normal curve. These alterations,
which are present since the prediabetes state, reduce the effectiveness of insulin.
Besides, in DM2 patients, there are a lower number of pulses of insulin secretion
under glucose stimulus [29]. Similar to other hormones, insulin is more effective
when secreted in pulses that released continuously.
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At the anatomical level, in the pancreas of DM2 patients, there is a 40% reduc-
tion of the f cell mass, which on its own does not explain the hyposecretion. In this
respect, the theory of low birth weight, also called the theory of the thrifty gene or
of feast and famine, is very attractive. In those patients, their reduced pancreas does
not allow to compensate the insulin demand when they are obese, subsequently
developing DM2 [30]. The reduction in f cell mass could be due to an increase in
apoptosis and autophagy that would exceed the islet regenerative capacity.

In DM2, a morphological change that has been extensively studied is the amyloid
deposition in the islets of Langerhans, a disturbance that may lead to accelerated
death of B cells with the consequent decrease of insulin secretion. It has been
reported that the presence of amyloid coincides with or precedes hyperglycemia,
favoring B cell apoptosis [31].

Amyloid is constituted by a peptide initially named amylin and presently
referred to as islet amyloid polypeptide (IAPP), normally produced by f cells. This
amyloid forms fibrils that are cytotoxic to these cells through an oxidative stress
mechanism; IAPP overexposure would favor DM2 development. It has not yet been
clarified whether the excess of amyloid deposition is caused by the hyperglycemia
or precedes the diagnosis of DM2.

At present, epigenetics is considered to be a factor of DM2 and other diseases;
these are interactions between genes and environment that occur in individuals
through small chemical modifications that are capable of regulating the expression
of the DM2 genes especially related to insulin secretion [32].

6. Insulin resistance

IR, defined as a lower biological activity of the hormone in its different meta-
bolic actions for a certain concentration, is the first abnormality detected in the
evolution of DM2 and is already present in the prediabetes state.

IR plays a main role in DM2 development together with the insulin secretion defect,
both disorders having genetic bases that have been extensively studied but not well
defined to date, influenced by epigenetic factors that can act since intrauterine life.

IR, obesity, and DM2 are highly interrelated. In 95% of the cases, IR presents in
subjects with excess weight or obesity will subsequently develop DM2. Although
IR is present in almost all patients with DM2, the degrees of IR are very variable in
different individuals; besides, a proportion of IR comes from obesity itself, and the
other is characteristic of DM2.

IR is expressed in the liver, muscle, and adipose tissue with different intensities
in the different individuals.

In DM2 due to IR, hyperglycemia occurs through three mechanisms: excessive
hepatic production of glucose (gluconeogenesis), decrease in its uptake by peripheral
tissues (muscle and adipose tissue), and increase in FFA resulting from a greater
lipolysis in the adipocytes. FFA competes with glucose as a source of energy contrib-
uting to increase glycemia and inhibit glucose entry through the cell membrane [3].

6.11R in the liver

A positive correlation has been demonstrated between fasting glucose and hepatic
gluconeogenesis, such that as the latter descends, basal glycemia levels also descend.
Therefore, the hepatic gluconeogenesis that produces glucose in an environment of
elevated glycemia levels is abnormal and of very important in maintaining fasting
hyperglycemia in DM2 patients. The mechanism through which hepatic glucose
production increases would be an elevated supply of FFA from adipose tissue, which
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through the metabolites of the Krebs cycle, serve as a substrate for gluconeogenesis.
In the liver, at least two types of alterations have been found: the already mentioned
increase in hepatic gluconeogenesis and an incapacity both of insulin and of glycemia
to inhibit glucose production. In individuals with IR, the hepatic glucose cycle is
increased due to a higher activity of glucose-6-phosphatase that dephosphorylates
glucose-6-phosphate, which once dephosphorylated cannot be metabolized in the
glycolysis such that glucose enters the circulation favoring hyperglycemia.

6.2 IR in the muscle

Glucose utilization by the skeletal muscle is mainly mediated by insulin and
reaches about 5 g/hour in the postabsorptive state. In DM2 patients, this process is
severely disrupted, glucose uptake is decreased, and the amount of stored glycogen
is reduced.

Glycogenesis is approximately 60% lower due to a lower activity of the muscle
glycogen synthase (GS) [33]. In the IR state, insulin is incapable of stimulating
muscle GS; there is excess glucose in the postabsorptive state, but it is not deposited
in the form of glycogen, such that this genetic defect directly contributes to post-
prandial hyperglycemia.

6.31R in adipose tissue

In DM2 patients with IR and low insulin levels, a greater lipolysis occurs in the
adipocytes increasing the concentration of circulating FFA, particularly during the
night; the capacity of insulin, in these cases, is being insufficient to maintain the FFA
plasma levels within the normal range.

FFA, as already mentioned, contribute to elevate fasting glycemia through
gluconeogenesis, which would be the main defect, and additionally reduce glucose
uptake and oxidation in the muscle.

Increased FFA inhibits the activity of pyruvate dehydrogenase, an enzyme that
participates in the final stage of glycolysis, thus slowing down glucose degradation
and energy production by glucose metabolism.

The higher supply of long-chain FFA by the fatty acid-binding protein-2 (FABP-2)
for their oxidation as a source of energy is another mechanism of competition with
glucose.

Regulation of FFA metabolism is highly sensitive to insulin levels and is probably
one of the first actions that are lost when insulinemia decreases and the individual
isIR.

The metabolic pathways of IR in the liver, muscle and adipose tissue of DM2
patients is seen in Figure 2.

6.4 Cellular mechanisms

In DM2 patients, IR is caused by alterations in the insulin receptor, and mainly
postreceptor changes subsequent to insulin receptor binding. Disturbances at the
receptor level would be caused by obesity of the patients and postreceptor ones
would be more specific to DM2.

Normally, insulin action in relation to glucose uptake occurs by insulin binding
to its receptor which is a tyrosine kinase that is activated by autophosphorylation on
tyrosine, this being the first step. Subsequently, second messengers are produced,
among others IRS and PI-3 K, which are also activated by phosphorylation on tyro-
sine; then, GLUT migrate from the intracellular space to the cell membrane to take
up glucose from the blood stream through facilitated diffusion, which is a selective
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Figure 2.
Mechanism involved in insulin resistance in the liver, muscle and adipose tissue.

translocation of a molecule against its gradient by transporters. As a last stage for
ending the signal transmission, the receptor is inactivated by a dephosphorylat-
ing mechanism, a process in which protein-tyrosine phosphatase-1B (PTP-1B)
participates.

In DM2, part of the IR is caused by a reduction of insulin binding to its receptors;
however, defects in the protein substrates and in the enzymes, inside the cells, would
be of greater importance, and they correspond to postreceptor defects. The abnormali-
ties of the receptor do not explain the great IR of DM2 patients; therefore, postreceptor
defects are considered to contribute in higher proportion to cause this disturbance.

Numerous studies have demonstrated that insulin receptor binding in the vari-
ous tissues of DM2 patients is decreased by 50% in obese subjects and by 20% in
normal weight subjects. Besides, the autophosphorylation capacity of the receptor
is 40% less than in nondiabetic individuals. The decrease in kinase activity of the
receptor is a relatively specific damage of the diabetic state, which can be due to
an intrinsic enzymatic defect of the receptor. In DM2, only a small fraction of the
total receptors is capable of autophosphorylation under insulin stimulus; therefore,
the activity of the receptors is reduced leading to lower action of the hormone,
which is IR.

In DM2 patients, there could exist deterioration in insulin-mediated IRS-1
phosphorylation when a proportion of these protein factors that phosphorylate
on serine (not on tyrosine) are inactivated. Consequently, the insulin signal
transmission is lower inside the cell [34], and glucose transport is reduced due
to diminished PI-3 K activity. There is also a significant reduction in the number
of glucose transporters available in the cell membrane, which would be due
to a disorder in their distribution as they remain within an inactive intracel-
lular pool, the final result being hyperglycemia. Increased FFA reduces glucose
transport translocation through inhibition of PKCp activity and lower GLUT
phosphorylation.

The p cell is in charge of responding to these higher demands caused by IR,
increasing insulin synthesis in order to preserve normal levels of fasting and
postprandial glycemias. In DM2, insulin is incapable of responding to the demands
of IR; it is evident that the ability of the p cell for secreting insulin under the glucose
stimulus for maintaining glycemic homeostasis is lost in DM2.

DM2 does not develop if there is no f cell dysfunction even if there exists IR.
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7. Other pathogenic alterations of DM2
7.1 Hyperglucagonemia

It has been found that in DM2 patients, fasting and postprandial glucagon levels
are increased and directly correlated to the higher glucose production; such that in
DM2 patients, hyperglucagonemia contributes to fasting hyperglycemia through
hepatic gluconeogenesis. The bihormonal theory in DM2, insulin deficit and gluca-
gon increase, was proposed in 1981 by Unger and is widely accepted today [35].

7.2 Diminished incretin effect

It has been demonstrated that orally administered glucose induces greater insu-
lin secretion than intravenously injected glucose; this is called the incretin effect.

Incretins are peptides secreted in the digestive tract that have a role in the regula-
tion of glycemia. These are GLP-1 and glucose-dependent insulinotropic polypep-
tide (GIP). These peptides, synthesized in the ileum and the jejunum, are released
after oral glucose intake, stimulating endogenous insulin secretion and reducing
glucagon secretion; also, they slow down gastric emptying and reduce appetite.
GLP-1 is much more important, contributing with 90% to the total effect.

Decreased incretin effect is associated with the lower GLP-1 levels exhibited by DM2
patients in the postabsorptive state; GLP-1 deficit is related to lower insulin secretion,
and consequently glucose production in the liver after meals is not inhibited either [36].

7.3 Microbiota

The digestive tract hosts a complex bacterial ecosystem of nearly 100 trillion
microorganisms, with about 1000 species having multiple nutritional and meta-
bolic functions. In DM2 patients, compared with nondiabetic subjects, a propor-
tional increase of Gram-negative bacteria has been found, which would participate
in the chronic inflammation state of this pathology [37].

Several mechanisms are proposed to explain the influence of gut microbiota
(GM) on the onset of IR and DM2; the best founded mechanism postulated is the
change in intestinal permeability with increase of endotoxemia.

It has been observed that since the beginning of the development of obesity
and DM2, there exists an alteration in GM that is capable of inducing a disturbance
in the intestinal barrier, causing the person to absorb more toxic substances. This
metabolic endotoxemia, characterized by an increase in serum levels of lipopolysac-
charides, contributes to the low-grade chronic inflammatory state that is associated
to IR and to DM2 [38].

Lipopolysaccharides derived from the cell membrane of the Gram-negative
bacteria of GM are known inflammation stimulators, which could be explained
because they bind to Toll-like receptor 4 (TLR4) present in adipocytes, stimulating
the production of proinflammatory cytokines, particularly TNFa and IL-6. These
TLR4 favor NF-kp activation, which regulates the synthesis of inflammatory mol-
ecules [39]; activation of TLR4 would cause an increase in the activity of the NF-kp
transcription factors of proinflammatory cytokines which prevent the interaction
of insulin with its receptor, contributing to DM2 through lower insulin action.

7.4 Increased renal glucose reabsorption

It is presently accepted that alterations in the renal mechanisms of glucose regu-
lation would be involved in the pathogenesis of DM2. In experimental studies, it has
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been demonstrated that in DM2 there exists a poor adaptive response of the kidney,
through higher renal glucose reabsorption, favoring hyperglycemia [40].

Glucose reabsorption is mediated by sodium glucose-linked transporters (SGLT),
a family of membrane transporters widely distributed throughout the body, of which
SGLT1 and SGLT?2 are expressed in the proximal convoluted tubule of the kidney.
SGLT2 has a high capacity and reabsorbs 90% of the filtered glucose; this physiologi-
cal mechanism is produced through a process of sodium/glucose active cotransport,
such that when sodium is absorbed, an energy gradient is produced that permits the
entry of glucose into blood circulation independently of insulin [41].

In DM2 patients, a higher synthesis and absorption capacity of SLGT2 have been
demonstrated, increasing maximal glucose transport from a glycemia of 180 mg/dl
in healthy subjects to 240 mg/dl in DM2 patients. Thus, glucosuria begins at higher
glycemic levels, originating a greater glucose reabsorption which contributes to
maintaining the hyperglycemia. On the other side in DM2, increased renal gluco-
neogenesis has been found, resulting in higher glucose production and favoring
even more the hyperglycemia of these patients [42].

Considering all the above, in relation to the pathogenesis of DM2, DeFronzo
[30] describes what he called the ominous octet, because the alterations exhibited
by these patients are eight. These are in pancreatic f cells, less insulin secretion; IR
in the liver with increase in gluconeogenesis; IR in muscular tissue with less glucose
uptake; IR in adipose tissue with greater FFA production; in the gut, reduction in
GLP-1 release with decreased incretin effect; hyperglucagonemia due to greater
production in pancreatic « cells; in the kidney, increase in glucose reabsorption; and
in the brain, IR with a non-clarified effect.

In 2016, Schwartz [43] published that the alterations in DM2 patients are 11,
thus adding to those mentioned above, gut microbiota, deregulation of the immune
system, and increase of glucose uptake in the gut. The object of this description is
to find similarities between the pathogenesis of DM2 and the pathogenesis of type 1
diabetes and in the future create a new p cell-centric classification of diabetes.

8. Therapeutic implications of the pathogenesis of DM2

The present knowledge on the pathogenesis of DM2 has permitted the develop-
ment of various drugs for the treatment of this type of diabetes, which act on the
different disturbances presented by these patients to correct the multiple patho-
genic disorders.

Sulfonylureas (SU), the first drugs used (1954), act on the p cells stimulat-
ing insulin secretion by closure of the ATP-sensitive K channels and elevation of
intracellular calcium.

Later, in 1997, meglitinides appear they are insulin-secreting drugs with a
shorter action than SU, which are employed as prandial regulators of glycemia.
Their mechanism of action is similar to that of SU; they bind to specific receptors in
the B cells, different from those of SU. Their use has been very limited due to their
lower effectiveness and higher cost.

Metformin, introduced in the USA in 1955, is an insulin-sensitizing drug belong-
ing to the biguanide family, widely used as a monodrug or associated with other
hypoglycemic drugs. Metformin reduces IR and fasting hyperglycemia by slowing
down gluconeogenesis; it also increases glucose uptake by the muscle and favors
glucose utilization by the gut. Several mechanisms of action have been postulated;
however, they are still not exactly known.

Another group of insulin-sensitizing drugs is constituted by thiazolidinedio-
nes (TZD), incorporated into the drug therapy in the year 2000 with the object
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Figure 3.
Pathogenic alterations of type 2 diabetes and pharmacotherapy.

of reducing IR, especially in adipose tissue. They act by binding to the PPAR-Y
nuclear receptors, also known as glitazone receptors. Their use is restricted and has
been questioned because of their adverse effects, among others, heart failure and
possible vesical cancer.

In 2005, GLP-1 receptor agonists (GLP-1 RA) were incorporated. These are
drugs that improve the diminished incretin effect of DM2 patients. They are resis-
tant to the action of dipeptidyl peptidase-4 (DPP-4) enzyme which degrades native
GLP-1 in 1-2 minutes. Through an action similar to GLP-1, they stimulate insulin
secretion. GLP-1 RA are injectable and very expensive, and, in addition to their
hypoglycemic action, they have other effects as mentioned above.

One year later DPP-4 inhibitors (DPP-4i) appeared, which are at present
extensively used. DPP-4i also act restoring the diminished incretin effect; they
inhibit the rapid degradation of GLP-1 by the enzyme and indirectly favor insulin
secretion.

The most recently incorporated group of hypoglycemic drugs (2013) are the
SGLT2 inhibitors that partially block renal glucose reabsorption which is increased in
DM2 patients. Their effect is to lower glycemia by causing glucosuria independently
of insulin. Several of these drugs are available, and other benefits have been described
for them, the most important being a lower risk of cardiovascular disease [45].

Figure 3 shows, together with the main pathogenic alterations of DM2, the cor-
responding hypoglycemic drugs employed in the usual clinical practice [44].

We hope that in the near future, even better new drugs will be developed that
will be able to stop the natural evolution of DM2, slowing down the destruction
of the p cell mass and thus reducing the important public health problem of this
pathology.
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Abstract

Type 2 diabetes mellitus (T2D) is characterized mainly by insulin resistance
and/or deficiency, presenting risk factors related to aging, hypercaloric diet and
sedentary lifestyle. Hyperglycemia, a hallmark of T2D, contributes significantly to
the production of reactive oxygen species (ROS), inducing oxidative stress and vari-
ous cellular and molecular changes in the body. As a consequence, several signaling
pathways may be affected, mainly involving biological processes such as inflamma-
tion, DNA damage responses, antioxidant defense and metabolic changes. All these
processes are relevant for the understanding of the pathogenesis of T2D, and also
for the development of diabetic complications in chronic patients. Recently, com-
mon characteristics linking T2D to Alzheimer’s disease (AD) have been reported.
The purpose of this chapter is to highlight the main processes associated with
the disease, such as insulin signaling pathways, oxidative stress, mitochondrial
dysfunction, DNA damage and repair and antioxidant defense. In addition, the
molecular impact of nutritional interventions in patients with T2D will also be
addressed, as will the molecular keystones linking T2D and AD. Recently, there is
accumulated evidence indicating that the two diseases may share common signaling
pathways that may be relevant to the etiopathogenesis of each of them.

Keywords: type 2 diabetes mellitus, insulin resistance, hyperglycemia,
oxidative stress, DNA repair, reactive oxygen species (ROS),
mitochondrial dysfunction, Alzheimer’s disease

1. Introduction

Diabetes mellitus is a metabolic disease that has a major impact on global public
health, affecting more than 425 million people worldwide. The number of affected
people tends to increase, mainly due to obesity, a risk factor closely related to type
2 diabetes mellitus (T2D), the most common form of diabetes. Hyperglycemia is
the most striking feature of the disease, which is the increase of blood glucose levels
above those presented by healthy individuals. This could be the main consequence
of poor insulin secretion, lack of insulin sensitivity in target tissues or the combina-
tion of both [1, 2].

The genetic predisposition may be one of the determinants that favor the
susceptibility to T2D development. Several variants of genes and even epigenetic
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modifications in histones and DNA methylation may influence the heritability of
T2D [3, 4]. Due to the complexity of the interaction of different factors involved in
this disease, genome-wide association studies (GWAS) have been performed in an
attempt to identify genetic variants related to the increased risk of T2D.

In 2007, the first GWAS was performed in France in patients with T2D [5];

At present, at least 75 associated loci have been identified, including the TCF7L2
transcription factor, which is the most common gene found, in addition to PPARG,
KCNJ11, FTO, CDKN2A/2B, CDKAL1, IGFBP2 among others [6]. Since then,
similar studies showed that the loci presenting greater association with T2D vary
as regards the relative risk between different ethnicities [7]. Besides, these variants
explain only a low percentage of the disease heritability, most of which are found
in intergenic or intronic regions [6]. Furthermore, DNA methylation patterns may
contribute to genetic susceptibility to T2D. There is evidence of an increased risk
of T2D development associated with distinct methylation patterns in some loci [8],
but this approach is still a major challenge for researchers.

While obesity and overweight have been considered an important cause of T2D,
a poor diet and lack of physical activity significantly contribute to an increased risk
of insulin resistance and T2D [9].

One of the greatest concerns regarding the poor glycemic control in patients
with T2D is related to the micro and macrovascular complications of diabetes.
Since the onset of T2D did not present specific acute symptoms, 50% of adults with
T2D do not know that they have the disease [9]. Chronic hyperglycemia induces a
series of complications, such as retinopathy, neuropathy and nephropathy. In a long
term, the high blood glucose levels may also induce endothelial dysfunction, which
contributes to the increased risk for the development of cardiovascular diseases.

2. Oxidative stress and mitochondrial dysfunction

Changes in glucose homeostasis represent a critical factor for the development of
metabolic diseases. Normally, to maintain optimal levels of blood glucose, the pan-
creas secretes two hormones. In response to high glucose levels, pancreatic p cells
secrete insulin, which promote the uptake of glucose by peripheral tissues, reduce
gluconeogenesis and decrease glycogen and triglyceride breakdown. However, when
glucose levels are reduced in the blood, a-cells release glucagon, which will reverse
the above process.

Overall, insulin resistance is one of the main causes of disturbances in glucose
homeostasis; when insulin receptors do not respond to the amount of insulin
produced, the consequence is a deficiency of the body in the glucose uptake and
absorption. As a compensatory mechanism, pancreatic p cells increase the release of
insulin, but if the glucose levels remain high due to the inability of insulin to achieve
body’s demand, it may occur the onset of T2D. Insulin resistance persists in patients
since pre-diabetes, a stage in which individuals show glucose levels above the
normal values, but not so high for the diagnosis of the disease. It should be mention
that at this stage, a healthy nutritional style, physical exercises and weight control
may allow the individuals to recover normal glucose levels.

At along term, high levels of blood glucose can lead to a number of cellular and
molecular changes in the body, especially due to the production of reactive oxygen
species (ROS) [10]. It is well known that mitochondria are the main source of ROS;
these highly dynamic organelles constantly undergo structural changes, respond-
ing rapidly to the physiological alterations in the environment. Exposure of cells
to hyperglycemic conditions is associated with several mitochondrial alterations.
There is evidence that the number and morphology of mitochondria are essential
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for the maintenance of cellular function. Hyperglycemia in this context is reported
as an inducer of glucose metabolism, which can promote several conformational
changes in mitochondria, overload of the electron transport chain, leading to the
overproduction of ROS, and mitochondrial dysfunction [11-14].

It has been reported [15] that patients with pre-diabetes presented an increase in
the mitochondrial mass, suggesting that the initial increase in blood glucose levels
may induce an adaptative response in order to increase mitochondrial biogenesis to
maintain homeostasis. These results are associated with an increase in mitophagy,
raising evidence that during pre-diabetes state there may be an elimination of
compromised mitochondria in an attempt to reduce mitochondrial oxidative stress
[15, 16].

ROS are normal byproducts of aerobic respiration, consisting of non-radicals, as
hydrogen peroxide (H,0,) and free radicals, as hydroxyl radical (OH) and superox-
ide anion (O;7). In normal situations, antioxidant enzymes (glutathione peroxidase,
catalase and superoxide dismutase) are able to eliminate ROS and maintain the
homeostasis of the organism. However, in a hyperglycemic state, the mitochondria
electron transport chain becomes hyperactive, thus inducing an excessive produc-
tion of ROS that surpasses the antioxidant defense system [17]. The imbalance
between the prooxidants and the antioxidant defense system lead to a condition
called oxidative stress, where the reactive molecules can cause damage to lipids,
proteins and nucleic acids [18].

Among DNA damage caused by ROS, the major oxidized base modifications
generated are 8-oxoguanine (8-0xoG) and 8-oxodesoxyguanosine (8-oxodG),
which could occur in both DNA and the nucleotide pool, the latter can be incor-
porated into the DNA during replication or repair [19, 20]. The repair of 8-0xoG
in DNA is performed by the base excision repair mechanism (BER), in which the
DNA glycosylase OGG1 recognizes the 80oxoG and together with APE1 enzyme,
polymerase complex § and DNA ligase I promote DNA repair [21, 22]; the removal
of 8-0x0-dG from the nucleotide pool is performed by the enzyme hMTH1 (human
MutT homolog), which hydrolyses 8-oxo-dGTP to transport this molecule to the
cytosol, preventing its incorporation into the DNA [23]. For different types of
DNA lesions, other DNA repair processes, such as nucleotide excision, homologous
recombination, non-homologous end-joining, and mismatch repair may also occur.
In diabetes, there is evidence that DNA repair levels and activity of antioxidant
enzymes are reduced [24, 25], as well as DNA damage levels and oxidized bases in
these patients were found increased [26, 27].

The oxidative stress promoted by chronic hyperglycemia causes cellular damage
mainly in the pancreatic p cells, which present low levels of antioxidant enzymes,
and are more susceptible to damages caused by ROS. This stress is also responsible
for releasing inflammatory mediators, which in turn culminate in a vicious cycle
leading to p-cell dysfunction, insulin resistance and metabolic decline, which are
critical for the development of T2D [28].

In diabetes, high glucose levels may also induce endoplasmic reticulum (ER)
stress. Since the ER is the main responsible for protein maturation and folding, in
particular proinsulin, in a hyperglycemic state, this molecule tends to be excessively
synthesized and can overload the ER, leading to the accumulation of misfolded
proteins, thus generating a stress condition. This stress may lead to the activation
of the unfolded protein response pathway, which may restore ER homeostasis or
induce cell death. The latter may lead to p-cell dysfunction, and consequently, to the
reduction of insulin secretion and chronic hyperglycemia [28-31].

Several metabolic pathways are involved in insulin resistance and induction of
inflammation and stress, including the JNK (JUN N-terminal kinase) and IKKp
(IxB kinase-f) pathways, both of them can be activated by ER stress [32]. IKK} is

45



Type 2 Diabetes - From Pathophysiology to Modern Management

a protein responsible for mediating the activation of NF-«xp (nuclear factor-«B),
which in turn stimulates the proinflammatory cytokines, TNF-a (tumor necrosis
factor-alpha) and interleukin 1p (IL-1p), that can promote inhibition of the insulin
receptor substrate (IRS) protein phosphorylation or reduce their transcriptional
expression, compromising the insulin pathway and contributing to insulin resis-
tance [25, 28].

Obesity is another critical factor that results in oxidative stress and insulin resis-
tance [33], generating a chronic inflammatory condition in adipose tissue, causing
the recurrent release of pro-inflammatory cytokines, such as those previously
mentioned, in addition to interleukin 6 (IL-6), which together lead to pancreatic
B-cell dysfunction, decreased insulin secretion, and consequently hyperglycemia
and thus triggering T2D [28].

3. Insulin signaling pathway

The normal signalization of the insulin signaling pathway is vital and its
dysregulation is implicated not only in T2D but also in diseases such as cancer,
cardiovascular and neurodegenerative diseases. Changes in this signaling cascade as
well as the consequences thereof, makes this pathway an important subject of study,
considering its relevance in terms of age-related diseases.

Normally, the transport of glucose into the cells occurs through different
intracellular signaling mechanisms performed in cascade, as shown in Figure 1.
Firstly, insulin binds to its receptor, promoting tyrosine phosphorylation of IRS
proteins, especially IRS-1 and 2. The tyrosine phosphorylation is critical for the
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Figure 1.
Insulin/insulin-like growth factor signaling pathway.
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correct activation of the insulin pathway. Phosphorylation at serine or threonine
residues is associated with the inhibition or even degradation of IRS proteins
promoting downregulation of the pathway. This inhibitory effect over the pathway
occurs normally via insulin-induced kinases as a way to keep the correct function
of all proteins involved. However, some conditions as hyperglycemia, release of
proinflammatory cytokines, oxidative stress (due to mitochondrial dysfunction),
in addition to elevated fatty acids and ER stress can induce an increased serine or
threonine phosphorylation, promoting the downregulation of insulin signaling and
exacerbating the insulin resistance condition [2, 34, 35].

Thus, tyrosine phosphorylation of IRS proteins, further activate PI3K (phospha-
tidylinositol 3-kinase) protein [36, 37], promoting in particular the translocation
of glucose transporter 4 (GLUT4) to the plasma membrane enabling the entrance
of glucose into the cell [38]. Among the PI3K-associated downstream proteins, here
we focus especially on Akt (alpha serine/threonine-protein kinase) [39, 40]. Once
activated, Akt-regulated proteins have a key role in metabolism, glycogen synthesis,
autophagy, growth, cell survival, transcription and protein synthesis [41]. Akt has
been described as an important downregulator of GSK3a/p proteins. These proteins
are strongly associated with the formation of amyloid beta and phosphorylation of
tau protein, which are the main proteins involved in Alzheimer’s disease [42, 43].
Another important target of Akt are the FOXO (Forkhead box O) transcription
factors, which regulates the expression of different genes related to gluconeo-
genesis, lipid metabolism, resistance to stress, DNA repair, cell growth, survival,
differentiation, among others [41, 44, 45]. The kinase mTOR (mammalian target
of rapamycin), responsible for regulating cell growth and metabolism, being a large
sensor of nutrients and cellular energy, is also a target of Akt [46-48] and has a
major role in the mechanism of longevity extension [49].

There is evidence that changes in the expression of growth factors, IRS proteins,
IGF-1, AKT, mTOR, FOXO among others that result in downregulation of the
insulin signaling pathway through nutritional restriction, for example, are impli-
cated in the resistance to stress, induction of autophagy, extension of longevity
and reduction of aging-related diseases in different species, such as worms, flies,
rats, mice and some primates [47, 50-55]. The inhibition of mTOR has been widely
discussed as the main protein involved in the longevity extension. Metformin, a
drug commonly used to control the glycemic levels in diabetics, is able to inhibit
the activity of mTOR, via activation of AMPK, a protein with role in glycolysis,
fatty acid oxidation, lipogenesis reduction, gluconeogenesis and protein synthesis
[52, 56, 57]. AMPK is also important in mitochondrial biogenesis, since it activates
PGC1la [58], which has the ability to stimulate the mitochondrial electron transport
chain and suppress ROS levels, being essential in inducing the antioxidant defense
system [49, 59].

4. Impact of nutritional interventions in diabetes care

Diabetes is a global health problem. Currently, the treatment of this disease
has been carried out with medications, such as metformin, aiming to reduce the
blood glucose levels, in an attempt to prevent a series of alterations in the cellular
metabolism caused by chronic hyperglycemia. However, the success of treatments,
in general, is limited, requiring other types of interventions (nutritional and
regular physical activity, mainly) related to the patients’ lifestyle. The majority of
patients with T2D present age between 40 and 59 years, which is critical for the
disease [9] and in this phase, as in the subsequent stages, with the progression of
the aging process, the protein homeostasis becomes increasingly compromised,
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also accompanied by a reduction in the efficiency of the DNA repair system and the
antioxidant defense, besides the organism as a whole, consequently leading to the
accumulation of cellular damage [51, 58, 60, 61].

A great number of patients with T2D are overweight or obese. Changes in
the lifestyle have been shown essential in controlling the levels of blood glucose.
Additionally, it was reported that T2D patients submitted to a 7-day intervention to
achieve adequate blood glucose levels led to a significant decrease in DNA damage
levels [26]. In particular, some nutritional interventions, as well as caloric (CR)
or protein restriction, have been shown to be very effective, not only for reducing
blood glucose levels, but also for having very positive benefits in terms of increased
life expectancy, as demonstrated in several model organisms [52, 54], in addition to
reducing the incidence of aging-related diseases [62-64].

A major recruitment study known as CALERIE (Comprehensive Assessment
of Long-term Effects of Reducing Intake of Energy) aimed to show the effects
of caloric restriction in humans. It has already been shown that in a period of
2 years, the CR is very efficient in improving insulin sensitivity [65], reducing
inflammatory markers [66] and reducing oxidative stress [67]. Those features
are especially significantly increased in patients with T2D, which would make
this approach a valuable intervention for treatment of those patients. In fact, in a
study performed in rhesus monkeys, from the 38 control animals, 16 developed
high levels of blood glucose, becoming either prediabetic or diabetic. On the other
hand, all the animals under caloric restriction did not present any impairment on
glucose regulation [64], which may demonstrate the importance of this kind of
intervention.

Although this approach has been widely discussed, the studies are still con-
troversial regarding the best diet composition for diabetic patients. It has been
hypothesized that a high intake of proteins could influence the effects of a caloric
restriction [68]. In fact, there is a study showing the efficiency of a protein restric-
tion intervention on reducing cancer incidence and extending lifespan regardless
the intake of calories [69].

5. Susceptibility of T2D to Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive, continuous neurodegenerative disor-
der that affects large areas of the cerebral cortex and hippocampus. These abnor-
malities are usually detected for the first time in brain tissue involving the frontal
and temporal lobes and then slowly advance to other areas of the neocortex at rates
that vary considerably between individuals [70]. By 2018, an estimated 50 million
people are living with dementia, with AD being the most prevalent form [71]. The
main symptoms of AD result from the formation of beta-amyloid (Ap) plaques
and neurofibrillary tangles of the tau protein in the brain, which together lead to
neuronal dysfunction and death, causing memory loss episodes which are charac-
teristic of the pathology [70, 72]. It has been reported that similar to the toxicity
caused by Ap aggregates in the brains of patients with AD, amyloid deposits in the
pancreas occur in patients with diabetes, which may induce the death of pancreatic
insulin-producing p cells [73].

Recently, several studies have narrowed the relationship between T2D and
dementias [74, 75], suggesting that in addition to an increase in the incidence of
dementia in T2D patients, a more rapid cognitive decline may also occur, includ-
ing a higher conversion rate of individuals who have mild cognitive impairment in
patients with dementia [76-78]. This information has aroused interest in studying a
possible association between T2D and dementia.
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Many hypotheses have been raised about the common features that involve the
two pathologies and how these can be related to each other. It has been suggested
that both diseases may share common signaling pathways, although molecular and
cellular mechanisms still need elucidation. There is evidence that insulin resistance
in the brain, including insulin pathway dysregulation, inflammatory processes,
formation of advanced glycation products, as well as oxidative stress and mitochon-
drial dysfunction, may be implicated in the pathogenesis of AD and T2D [79].

Insulin, besides having an essential role as regulator of energy metabolism,
also exerts a role in plasticity, survival and neuronal growth, as well as learning
and memory processes, contributing to the improvement of cognitive functions;
their absence has been associated with cognitive decline in patients with neuro-
logical and neurodegenerative diseases, such as AD [80-82]. In fact, it has been
demonstrated that brains of patients with AD present altered insulin signaling
[83]. Insulin receptors are found in the central nervous system (CNS) in large
number and their impairment (hence the signaling cascade) may culminate
in a number of alterations mainly involving PI3K, AKT and mTOR proteins.
Abnormal expression of these and other proteins and the deregulation of this
pathway may contribute to the formation of Af aggregates, neurofibrillary tangles
by hyperphosphorylation of the tau protein [84], as well as the impairment of
the autophagy process regulated by mTOR [75], whose hyperexpression has been
related to T2D [85] and AD [86].

Thus, in the same way as T2D, AD is a disease related to less efficient molecular
signaling in response to insulin, inflammation, oxidative stress, formation of
advanced glycation end products and increased accumulation of DNA damage
[87-89]. Thus, these characteristics suggest a connection between the two diseases.

The presence of higher levels of inflammation has already been described both in
T2D and AD patients. In T2D there is a chronic inflammatory response localized in
adipose tissue and characterized by the infiltration of immune system components,
mainly macrophages, which release different proinflammatory cytokines such as
TNF-a and IL-6 [90, 91]. Such cytokines may lead to insulin resistance by inducing
cytokine signaling suppressors (SOCS), which participate in the degradation of
IRS-1 and IRS-2 [92, 93]. In addition, these cytokines also activate stress response
kinases, such as JNK and NF-kf, which in turn act on the insulin receptor, inhibiting
its tyrosine kinase activity, therefore culminating in insulin resistance [94, 95].

Similar inflammatory processes probably occur in the brain and peripheral
tissues. Several studies have established the presence of inflammatory markers in
the brains of patients with AD, including high levels of cytokines/chemokines [96].
In addition, inflammatory mediator levels in blood as TNF-«, IL-6 and IL-1b are
increased in AD patients [97]. Thus, both in the brain and in peripheral tissues,
chronic inflammation becomes harmful, leading to progressive damage to tissues
and consequently triggering degenerative diseases.

There is evidence that insulin plays an important role in glucose regulation in
the CNS, and its additional effects on neurons include metabolic, neurotrophic,
neuromodulatory and neuroendocrine actions [98]. The presence of higher levels
of inflammatory mediators in the CNS seems to stimulate the formation of beta-
amyloid oligomers and neurofibrillary tangles, which trigger the removal of insulin
receptors in neurons, making this condition common in both T2D and AD, trigger-
ing progression of both diseases [89, 99] (Figure 2).

Besides, the lower sensitivity to insulin, in addition to being important for the
progression of T2D, also appears to affect the expression and metabolism of Ap
proteins in the CNS, and consequently, an increase in oxidative stress condition
[2, 100], which in turn, induces greater accumulation of Ap oligomers [101] and
the release of inflammatory mediators [88], as already mentioned. Thus, it seems
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Figure 2.

Relationship between increased levels of inflammatory factors and insulin sensitivity in both diseases, T2D and
AD. Increased insulin vesistance will lead to disease progression and the development of comorbidities in both
T2D and AD.

that all these processes are related to T2D and AD as a vicious cycle, leading to
the development and progression of comorbidities in both diseases, being one
of the consequences of hyperglycemia and the accumulation of Ap oligomers,
respectively.

However, both diseases seem to present less efficient DNA repair processes,
which generate genomic instability and also cell death; this condition is closely
related to the complications reported for patients with T2D, and also AD [24,
102]. According to Xavier et al. [103], hyperglycemic T2D patients presented
induction of DNA repair pathways, probably in response to higher levels of
oxidative stress, but it remains to be elucidated whether the efficacy of repair
pathways are normal in non-hyperglycemic T2D patients. In the case of AD,
there is evidence that repair of DNA double strand breaks is less efficient [104],
as well as base excision repair pathway [105], which would be detrimental to AD
individuals, considering the relevance of DNA repair mechanisms for the DNA
damage repair caused by ROS [106], and also by several kinds of endogenous and
exogenous agents.

6. Conclusions

Insulin resistance is one of the main causes of disturbances in glucose homeo-
stasis. In patients with T2D, long term exposure to high levels of blood glucose can
lead to a number of cellular and molecular changes in the body. In this context,
hyperglycemia can promote several conformational changes in mitochondria,
overload of the electron transport chain, leading to the overproduction of ROS, and
mitochondrial dysfunction. Furthermore, the imbalance between the prooxidant
and the antioxidant defense system lead to a condition of oxidative stress, where
the reactive molecules can cause damage to lipids, proteins and nucleic acids.
Interestingly, there is evidence that DNA repair levels and activity of antioxidant
enzymes are reduced in T2D; in the opposite, DNA damage levels as well as oxidized
bases in these patients were found increased. Insulin resistance has been also associ-
ated with several metabolic pathways and induction of inflammation and stress,
including ER stress. Therefore, the normal signalization of the insulin pathway is
vital and its dysregulation is implicated not only in T2D but also in other diseases
such as cancer, cardiovascular and neurodegenerative diseases. In the brain, there is
also evidence of insulin resistance and dysregulation of insulin pathway, generating
inflammatory processes, as well as oxidative stress and mitochondrial dysfunction,
all of them might be implicated in the pathogenesis of T2D and AD, thus linking the
two diseases.
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Abstract

People with diabetes mellitus type 2 will have higher rate of cognitive impair-
ment than people that do not. Besides that, the effect of diabetes on the normal
mental functions is often disregarded. This may be due to a lack of signs and
standard assessment technique to measure the cognitive function of the diabetes
patient. Hyperglycaemia which is common in people with diabetes has been associ-
ated with an increase in the possibility of developing Alzheimer’s disease and vas-
cular dementia in the both general public and people with cognitive impairment. It
has been estimated that an individual with diabetes mellitus is 1.5 times more likely
to experience cognitive dysfunction and dementia than a normal healthy individual.
Alleviation of microvascular complications and hypoglycaemia is the key in treat-
ment of DM to prevent cognitive decline.

Keywords: diabetes, cognition, age, glucose impairment, HbAlc

1. Introduction

According to the International Diabetes Federation, diabetes is one of the largest
global health emergencies of the twenty-first century and is the top 10 causes of
death globally [1]. Diabetes mellitus (DM) is a disease in which the human body
cannot produce sufficient amount of insulin and fails to respond to the hormone
insulin that will result to the abnormal increase of glucose level in the blood circula-
tion resulting in hyperglycaemia [2]. It is a complex metabolic disorder which can
damage multiple organs in the human body [3]. DM affects or even burdens indi-
vidual and communities with huge economic cost and leads to a decrease in overall
productivity [4]. The complications of DM, especially type 2, can be enhanced by
comorbidities such as hypertension, stroke, etc. [5]. Diabetes is the leading problem
of kidney failure, lower-limb amputation and also blindness among adults [6]. In
Malaysia, diabetes is one of the main public health problems and is closely related to
avoidable and premature death [7].

The World Health Organization (WHO) divides the DM into two major cat-
egories which are insulin-dependent diabetes mellitus (IDDM) or type 1 diabetes
mellitus and non-insulin-dependent diabetes mellitus (NIDDM) or type 2 diabetes
mellitus [8]. Approximately 90% of all diabetes cases in both developed and
developing countries are NIDDM and can be found mostly in people more than
30 years old [9]. In type 1 DM, the pancreas cannot produce insulin, and the body
has to completely rely on the synthetic insulin to reduce the glucose in the blood.
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Type 1 DM is common in children, teenager as well as young adult [10]. DM can
lead to complications such as diabetic nephropathy, diabetic retinopathy, ischaemic
heart disease and many more [11]. The number of people with type 2 DM is increas-
ing in every country with 79% of people with DM living in low- and middle-income
countries [12].

1.1 Global and Malaysian scenario of type 2 DM

Some 425 million people worldwide, or 8.8% of adults, are estimated to have
diabetes [13]. About 79% lives in low- and middle-income countries. If these trends
continue, by 2045, some 629 million people will have diabetes [13]. The estimated
population of Malaysia in 2018 is 32.4 million [14]. There were almost 3.49 mil-
lion cases of diabetes in Malaysia in 2017 [15]. The percentage of population aged
15-64 years old (working age) increases from 69.6% in 2017 to 69.7% in 2018. The
percentage of 65 years and over (old age) population increases from 6.3 to 6.5% for
the same period [14]. The number of deaths was divided into two groups of ages
which are age between 30 and 69 years old as well as ages more than 70 years old.
For example, the number of diabetes deaths for female ages more than 70 years old
was 1260 people compared to 1070 for males [13].

2. Cognitive function

Cognitive function can be defined as mental process (cerebral activities) that lead
to the gaining of knowledge which allows people to carry out their daily life activi-
ties [16]. Cognitive functions are mainly related to remembering, solving problems,
making decision and understanding the language, problems or even issues like per-
sonal issues and health issues, focus, attention and others [2]. It also can be defined
as memory which is tested by the stimuli either spoken or presented using another
talking format or talking memory [17]. Moreover, it can be related to the large spec-
trum of cognitive capability among the middle- and old-aged group of people, which
are having dementia as well as maintaining normal physiological function [18].

2.1 Relationship of cognitive function with type 2 DM

Cognitive impairment is a type of disorder which has not been studied and
explored as the complications of DM. At the same time, the association of DM
with cognition is well acknowledged. The meta-analysis shows small to moderate
performance decline in persons with diabetes relative to nondiabetic controls in
each domain examined. The motor function is largely affected, while attention/con-
centration is affected minimally [19]. Another study shows that people with type 2
DM will have higher rate of cognitive impairment than people that do not have DM
[20]. Besides that, the effect of diabetes on the normal mental functions is often
disregarded. This may be due to lack of signs and standard assessment technique to
measure the cognitive function of the diabetes patient [21]. Hyperglycaemia which
is common in people with diabetes has been associated with an increase in the pos-
sibility of developing Alzheimer’ disease and vascular dementia in both the general
public and people with cognitive impairment [22]. It has been estimated that an
individual with DM is 1.5 times more likely to experience cognitive dysfunction and
dementia than a normal healthy individual [23].

Elderly people who are more than 65-year-old will have more than 20% chances
to be diagnosed with both DM and impaired cognitive function [24]. Type 2
DM has been associated with few cognitive impairments such as decreases in
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psychomotor speed, processing speed, visual retention, attention, concentration
and many more. It is understood that more significantly hyperglycaemia, vascular
disease, hypoglycaemia and insulin resistance affect cognitive decline, but the exact
pathophysiological mechanisms not of cognitive decline in diabetes are unclear [3].
The causes of cognitive decline in diabetes may be the direct effect of the chronic
hyperglycaemia on the brain regions, blood lipid, blood pressure, hypoglycaemia
and others [25].

2.2 Duration of DM and cognitive impairment

Several studies have studied about the linkage of DM with cognitive decline
in elderly population. A perspective (over 20 years) cohort study in the USA with
mid-age (mean age 58) diabetic patient reported that DM in the midlife was related
to a significant increase in cognitive impairment. This study included 13,351 black
and white adults aged 48-67 years old, and their cognitive function was examined
using three cognitive tests, which are the delayed-word-recall test (DWRT), the digit
substitution test (DSST) of Wechsler Adult Intelligence Scale-Revised (WAIS-R)
and the word fluency test (WFT). The study also reported that a patient with poorly
controlled DM might have bigger cognitive disorder than well-controlled ones and
longer duration of DM will have increased chances of late-life cognitive disorder [26].

A cross-sectional study was conducted on 57 patients having type 2 DM. The
result shows that patients with type 2 DM had low grades in the cognitive testing
and poor performance in different cognitive function tasks which include the verbal
relations, visual reasoning, short-term memory test and many more. Cognitive
function is impaired more with the untreated DM patient than the treated group
[25]. Cognitive dysfunction is nonlinearly related to the duration of diabetes.
However, cognitive decline is more prominent when the duration of DM is more
than 5 years and presence of hypertension which further increases the risk of
cognitive impairment [21]. The patients having diabetes showed poor performance
in the tests of recent memory, repetition and attention, as compared to the control
group and DM, and the people with long history of DM are more at risk of cogni-
tive decline [27]. It is concluded that cognitive function of diabetes type 2 patients
should frequently be tested. This is because the duration of disease can be related
with the decrease in cognitive function. As duration increases, impairment also
increases [28].

2.3 Influence of age and cognitive impairment

A prospective study is done to observe and determine the impact of DM on the
cognitive function impairment in the oldest of the old participants. The study was
conducted using prospective population method. They have chosen approximately
599 participants with the respond rate of 87% with the age ranges from 85 to
90 years old. The memory function test does not show any differences between both
diabetic and nondiabetic participants. Cognitive function of diabetic participants is
affected when the time and speed test has been conducted [29].

The results of another research show that diabetic patients more than 65 years
old have higher chances to be associated with impaired cognitive function [24].
Besides that, one more study was conducted that is related to assessing the status
of cognitive function in people that have DM. The chosen patients were assessed by
using MMSE and 3MS (the modified mini-mental state examination). The scores
for both assessments were 30 and 100, respectively. At the same time, the relation-
ships of age, gender and duration of diabetes and HbAlc among the DM with 3MS
will also be assessed. The results of this study were diabetic patients have lower

63



Type 2 Diabetes - From Pathophysiology to Modern Management

MMSE and 3MS than nondiabetic patients. This mean cognitive function will be
reduced as the age increases and when having DM [30].

The uncontrolled DM which is one of the risk factors for cognitive impairment
and dementia especially in Alzheimer patients. Therefore, controlling DM can
reduce the possibility to get cognitive impairment and Alzheimer disease [5].

2.4 Association between duration of DM and age towards cognitive impairment

According to a homogenous cohort study on the community-dwelling women in
11 US states. This study focusses on women that live in the community which are on
their own compared to living in nursing or old folk home. The result of this research
was participants (women) with type 2 DM had lower mean score in all the tests
conducted than women without DM. At the same time, when duration has been
diagnosed with DM and insufficiency in pharmacological treatment, it can worsen
or cause increment in cognitive impairment. One of the limitations for this research
is self-reporting regarding diabetes diagnosis [31].

Meanwhile, another study was done regarding the cognitive impairment in dia-
betic patients with special references to age of onset, duration and also control of
diabetes. The study was conducted in diabetic patients that came to the medicine
inpatient and outpatient departments and diabetic clinic of SSKM Hospital, India.
It is used to calculate the mean effect of sugar control after a 6-month period. The
result of this study was cognitive impairment has a relationship with diabetes. The
cognitive function that usually affected were recognition, fluency and immediate
memory power of the patients. Control of DM can help in improving cognitive
function of the patients. Other habits such as smoking, poor control of sugar
intake as well as life style can enhance the effect of cognitive impairment [32].

A cross-sectional study was conducted which is related to prevalence and
predictors of cognitive dysfunction in type 2 DM population of Punjab, India.

The study involves 516 type 2 DM participants that attended the endocrinology
outpatient department of the Government Medical College and Hospital, Patiala,
Punjab, India. The result of this study shows that many of diabetic participants that
are living in Punjab, India, remain undiagnosed with cognitive impairment during
their life. Cognitive impairment in diabetic participants is independently influenced
by duration of diabetes, age of the patients and other complications besides diabetes
such as hypertension and others [33].

2.5 HbA1c control and cognitive decline

HbA1c is recommended to be used to identify the people at risk of developing
diabetes as well as to diagnose diabetes. It is the most important biomarker for the
management of blood glucose control in individuals with already diagnosed diabe-
tes [34]. It is also a strong predictor for ensuing diabetes, because it incorporates the
average blood glucose level over the last 2-3 months [35] and has better reliability
than fasting or postprandial blood glucose test [36]. The cohort studies conducted
in middle-aged populations show that the cognitive decline in people with diabetes
is significantly faster than those with normal blood glucose levels [26, 37]. The
study also reported that there is no significant difference in cognitive decline in
people with prediabetes than in those with normal blood glucose levels [13]. On
the contrary, the other study reported significantly faster cognitive decline among
people with prediabetes than those with normal HbA1lc levels [26]. The longitudinal
study done reported significant longitudinal associations between HbAlc levels,
diabetes status and long-term cognitive decline [38].
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3. Cognitive deficits in patients with type 1and type 2 DM

The cognitive domains that were negatively affected have been identified in
patients with type 1 and type 2 DM with strong supporting data (Table1).

The cognitive domains that were negatively affected have been identified in
patients with type 1 and type 2 DM with less supporting data (Table 2).

3.1 Physiological pathways linking diabetes and cognition

The link between diabetes and cognitive impairment was first reported in 1922
[58]. The exact physiologic pathways linking the two conditions remain unclear. The
hypothetical mechanisms include which is related to cerebrovascular complications,
neuronal glucose processing and frequent episodes of hypoglycaemia [3, 59, 60].
The diabetic patients are more prone to develop comorbid cardiovascular disease,
which is itself predictive of cognitive decline through cerebrovascular events and
other pathways [61].

3.2 Treatment strategy

There are some complications of type 2 DM that affect the brain; it is believed
that diabetes treatment may have beneficial effects on cognition. Three different
trials reported that intensive glycaemic control alleviate microvascular complica-
tions but does not alleviate macrovascular complications in geriatric patients
with long-duration of type 2 diabetes and high cardiovascular risk [62-64]. The
intensive treatment of type 2 DM leads to hypoglycaemia which may contribute
to cognitive decline and eliminate the benefits of intensive treatment [63, 65, 66].
Hypoglycaemia is more common in intensive glycaemic control than in standard
glycaemic control [67].

Type1 DM Type2DM

Slowing of information processing [39-42] Psychomotor speed [43]
Psychomotor efficiency [39, 40, 44] Memory

Attention [42] Working memory [45, 46]
Visuoconstruction [42] Verbal memory [47]

Immediate recall
Delayed recall [31]
Executive function [43, 45, 46]

Table 1.
Cognitive domains affected by type 1 and type 2 DM (with strong supporting data).

Typel1 DM Type2DM

Memory [44] Verbal fluency [43, 48]
Motor speed [41, 49-51] Complex motor function [43]
Vocabulary [44, 52-54] Processing speed [47]
General intelligence [53, 54] Attention [55]

Visual perception Depression [45, 56]

Motor strength [51]
Executive function [49, 57]

Table 2.
Cognitive domains affected by type 1 and type 2 DM (with less supporting data).
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4. Conclusion

DM is an important risk factor along with other diabetic complications for
cognitive decline, which leads to loss of independence and nonadherence to medica-
tion and results in high healthcare cost. It is still controversial how early the age
of cognitive impairment is, although there is enough documented links between
diabetes and cognitive function. The standard glycaemic control is better than
intensive glycaemic control in the prevention of cognitive decline. The challenge

for treatment is to maintain the cognitive function by reduction of hypoglycaemic
events.
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Abstract

Type 2 diabetes mellitus (T2DM) is a chronic progressive disease characterized
by chronic hyperglycemia and increased risk of cardiovascular disease (CVD). It
results from multiple defects that lead to defective regulation of the blood glucose
and requires continuous medical care with multifactorial risk-reduction strategies
beyond glycemic control. Multiple groups of drugs have been approved in the past
decades that work through different mechanisms. Apart from their limited efficacy
in reducing cardiovascular outcome, most of them are neutral, and some may even
increase mortality from CVDs such as rosiglitazone. The kidney has an important
role in glucose regulation that was only recently targeted for drug development.
Sodium-glucose cotransporter 2 inhibitors (SGLT2-I) are a new class of oral anti-
hyperglycemic (OAH) agents that mainly act by preventing the reabsorption of
filtered glucose by renal convoluted tubules. By their insulin-independent unique
mechanism of action, SGLT2-I result in treating hyperglycemia while avoiding
hypoglycemia, promote weight loss, reduce blood pressure, and, more importantly,
decrease the risk of major adverse cardiovascular events (MACE). Therefore,
SGLT2-I address fundamental aspects of the unmet needs of T2DM management
that most of the other OAH failed to resolve. The main side effects of SGLT2-I are
slight increase in the incidence of genital mycotic infections (GMI) and euglycemic
ketoacidosis (EKA) along with increased risk of lower limb amputations, which has
been reported with some but not all agents of this class.

Keywords: type 2 diabetes mellitus, SGLT?2 inhibitors, hyperglycemia,
cardiovascular disease, mycotic infections, euglycemic ketoacidosis

1. Introduction

T2DM is a chronic progressive metabolic disease characterized by chronic
hyperglycemia and increased risk of CVDs that result from defective regulation of
the blood glucose and requires continuous medical care with multifactorial risk-
reduction strategies beyond glycemic control [1].

The magnitude of the problem can be assessed from the report of International
Diabetes Federation (IDF) Atlas, where it was estimated that in 2017 there were
451 million people (age 18-99 years) with diabetes mellitus (DM) worldwide and
that almost half of all people (49.7%) living with DM are undiagnosed [2]. More
alarmingly, the projected figures for the prevalence of DM according to the same
IDF report are expected to increase to 693 million by year 2045. In addition, there
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was an estimated 374 million people with impaired glucose tolerance (IGT), and in
2017 sadly, approximately 5 million deaths worldwide were attributable to DM. The
global healthcare expenditure on people with DM was estimated to be USD 850
billion in 2017 [2]. Therefore, it is obvious that T2DM comes with a huge burden

of morbidity and mortality and this is mainly due to the development of diabetes-
specific microvascular complications and accelerated atherosclerotic macrovascular
disease [3, 4].

T2DM is the seventh leading cause of death in the United States, and the esti-
mate of the World Health Organization that T2DM-related mortality is expected to
double in number by year 2030 if not treated properly further raises the alarm [5].

Improving glycemic control in people with DM not only substantially reduces
their risk of microvascular complications and CVDs but also ameliorates the
metabolic dysfunctions that contribute to the progressive nature and course of
the disease. Evidence from United Kingdom Prospective Diabetes Study (UKPDS)
showed that 1% reduction in glycosylated hemoglobin (HbA1C) was associated with
relative risk reduction of 14% in fatal and nonfatal myocardial infarctions, 12% in
fatal and nonfatal stroke, and 16% in heart failure [6].

While intensive glycemic control has been shown to substantially reduce the risk
of microvascular complications, its value in reducing macrovascular complications
that was previously reported 20 years after the end of UKPDS has recently been put
in doubt after the ACCORD and ADVANCE Trials, which either showed increased
risk of death or no benefit [7-9].

The UKPDS was the first study to show unequivocally that in patients with
newly diagnosed T2DM, lowering blood glucose with intensive therapy to a median
HbAIC of 7.0% was associated with 25% reduction in the rate of microvascular
complications [7].

Moreover, after 10 years of follow-up post UKPDS, the benefits continued with
regard to reduction in microvascular complication, and the reduction in macrovas-
cular events was clearer [10].

Notable are the results of ACCORD, ADVANCE, and the Veterans Affairs
Diabetes Trial (VADT) studies in patients with advanced T2DM, and either known
CVD or multiple CVD risk factors showed that lowering blood glucose (HbA1C
levels 6.4-6.9%) delayed the onset or slowed the progression of microvascular
complications, but there was no significant reduction in CVD outcomes [8, 9, 11].
On the other hand, the ACCORD study suggests that less intensive therapy may be
more appropriate in patients with T2DM and high risk of CVDs because intensive
therapy to target HbA1C levels (6.4-7.5) was associated with a 22% increased risk of
all-cause mortality [9].

Based on what we have learned from these studies, the American Diabetes
Association and the European Association for the Study of Diabetes guideline
suggest reducing HbA1C levels to around 7%, but in younger patients with short
duration of diabetes and no significant heart diseases, HbA1C levels can be reduced
to less than 6.5%. In older patients and those with advanced CVD and limited life
expectancy, less stringent HbA1C levels around 8% may be appropriate [3].

Hypoglycemia, weight gain, and progressive beta-cell failure are the major limit-
ing factors for intensive glycemic control approach and in achieving the proposed
HbA1C goals [12].

The efficacy of the available OAHs and their effectiveness in the management of
T2DM were reported in 2013 according to which and despite availability of several
therapeutic options, 33-49% of patients fail to meet the targets for control of
glycemia, blood pressure, or cholesterol and only a minority, around 14%, were able
to meet targets for all three measures [13].
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Apart from the limited efficacy of some OAHs in reducing CV risk, most of
these agents are neutral when it comes to CVD risk reduction and some may even
increase mortality from CVDs.

Therefore, for some time, T2DM unmet needs remained unresolved, and the
need for innovation continued. For some experts in the field, it was suggested that
newer OAHs should be so unique in their properties, namely, addressing the unmet
needs and filling the gaps of the available OAHs such as weight gain, hypoglycemia,
and CV safety to pass the test of FDA approval after the rosiglitazone story which
was withdrawn from the market in 2008 because of its association with increased
risk of CVDs [14]. Following rosiglitazone incident, the FDA mandated cardiovas-
cular outcome trials on all newer OAH agents [15].

T2DM treatment requires individualized management with consideration of a
number of patient factors. These include the degree of HbAlc reduction needed, risk
of hypoglycemia, the side effect profile of medications, comorbid medical condi-
tions, and the ability of patients to adhere to the medication regimen along with their
preferences. Development of novel drugs with newer and complimentary mecha-
nisms of action is needed to address the unwanted side effects and limitations of most
of the old OAH agents, namely, the risk of hypoglycemia, weight gain, durability, and
CV safety profile. Availability of newer medications with such profiles will simplify
therapy and enhance patient adherence, especially in this era of increasing obesity.

Among newer classes of drugs, SGLT2-I hold great promise, and several agents
from this group have already been approved by the US FDA and elsewhere for treat-
ment of T2DM. They have a novel therapeutic mechanism of action when compared
with other drugs available for T2DM management. The main site of action of
SGLT?2 inhibitors is in kidneys—a site which plays a major role in glucose homeosta-
sis and has never been explored before.

2. Glucose homeostasis

Glucose is an essential and principal fuel source for cellular metabolism in
the human body and is the main energy resource for the central nervous system,
muscles, and fat—and insulin plays a key role in its effective utilization. The
glucose homeostasis is rapidly adjusted in response to physiological changes such
as food intake, exercise, and acute stress, and its blood level is adjusted by control
of absorption of glucose, its metabolism in the liver, its excretion by kidneys, and
uptake into muscles and adipose tissue. Functions of various proteins associated
with regulation of glucose metabolism and homoeostasis get affected by diseases
such as DM and hepatic disorders [16].

2.1 Handling of glucose in the intestine

After ingestion of carbohydrate-rich diet, blood glucose is regulated in response
to the increase in glucose concentration in the intestinal lumen and in response to
the increase in blood glucose level. The increase in glucose levels in the lumen of the
small intestine provides a signal for the upregulation of intestinal glucose absorp-
tion [17] and leads to secretion of gut hormones such as glucose-dependent insu-
linotropic peptide (GIP) and glucagon-like peptide-1 (GLP-1), which increase the
glucose-dependent stimulation of insulin secretion from the pancreatic $-cells and
also influence appetite [18]. Insulin reduces glucagon secretion by acting on pancre-
atic alpha cells and also reduces blood glucose level by increasing glucose uptake in
fat and muscle cells and changing glucose metabolism in the liver [1].
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2.2 Glucose transport across plasma membrane

Being a highly polar molecule, glucose is unable to cross the lipid bilayer of the
plasma membrane of all living cells; therefore, transport proteins within the cell
membrane are required to facilitate glucose transport from the extracellular to the
intracellular space.

Two distinct groups of glucose transporters belonging to solute carrier gene series
(SLC) containing more than 50 transporter families have been described [19]. The first
one is facilitated glucose transporters (GLUT) which is encoded by the SLC2 family of
transporters GLUT1-4 and GLUT6-12, which help in passive transportation of glucose
from the extracellular to the intracellular space along its chemical gradient without
consuming any energy and equilibrate glucose concentration on both sides of mem-
brane. The other one is sodium-glucose cotransporters (SGLTs) which are encoded by
SLCS family of transporters SGLT1-6 which actively transport glucose across plasma
membranes against its concentration gradient. This process requires energy which is
provided by simultaneous coupled transportation of sodium along its concentration
gradient [19]. In this way, SGLTs help in concentrating glucose inside the cells.

The two principal sites of action of SGLTs are the intestine and kidney where
they mediate glucose transportation across the intestinal lumen and the epithelial
cells in the proximal renal tubules, respectively [20].

2.3 Handling of glucose by the kidney

The kidney plays an important role in glucose homeostasis by the process of fil-
tration and reabsorption. Renal glomeruli filter approximately 180 liters of plasma
daily which translates into filtration of approximately 180 g of glucose. In normal
healthy subjects, all of this glucose is reabsorbed completely so that virtually no
glucose is excreted in urine. Around 90% of the filtered renal glucose is reabsorbed
in early part (S1) of proximal convoluted tubules by low-affinity high-capacity
SGLT?2. High-affinity low-capacity SGLT1 in distal straight segment (S3) of the
proximal tubules reabsorbs the remaining 10% of the filtered renal glucose [21].

This process of glucose reabsorption is achieved by active Na" removal at baso-
lateral surface by the Na'/K*-ATPase which generates the electrochemical driving
force for apical glucose entry via Na*-driven SGLTs. Reabsorbed glucose exits from
the basolateral surface of the cells along its concentration gradient primarily via
GLUT?2 and reenters the bloodstream [21].

When blood glucose level exceeds 200 mg/dL, the excess glucose starts appear-
ing in urine as renal transport maximum (T,,) of glucose is reached. The blood
glucose level at which Ty, is reached is called threshold and is around 300 mg/dL
in healthy nondiabetic individuals, but glucose starts appearing in urine at around
200 mg/dL due to heterogeneity of individual nephrons in their Ty, property and
mismatch between glomerular filtration and tubular reabsorption of glucose. This
safety valve-like action prevents extreme hyperglycemia [22].

The Ty, of the proximal tubules on average is around 375 mg/minute although it
shows inter-individual variations. The filtered glucose load is directly proportional
to blood glucose concentration. In normal nondiabetic individuals, the filtered
glucose load is less than 375 mg/minute; therefore, the entire amount is reabsorbed,
and their urine is free of any glucose. This process has survival benefits as it allows
the kidneys to conserve glucose and can be viewed as an adaptive mechanism.

In patients with T2DM, the filtered load may exceed 375 mg/minute; therefore,
the Ty, is exceeded, and all glucose in excess of the Ty, spills over in urine [21]. In
T2DM subjects, this adaptive mechanism becomes maladaptive. The increased
expression of SGLT1/SGLT?2 occurring in DM subjects results in increased renal
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glucose reabsorption which ultimately leads to maintenance of a state of persistent
hyperglycemia [23, 24]. The tubular growth leads to increased Ty, for glucose which
further exacerbates hyperglycemia [22].

Based upon these facts, the contribution of the kidney in development and main-
tenance of state of hyperglycemia in T2DM is quite evident. Therefore, SGLT2-I
provide a pathophysiologically rational and novel approach to its treatment.

3. Clinical effects of mutations in SGLT1 and SGLT?2

Autosomal recessive mutations in SGLT1 lead to a disorder called glucose galac-
tose malabsorption (GGM). SGLT1 becomes nonfunctional, and infants with GGM
develop severe watery diarrhea, dehydration, and metabolic acidosis that cease on
diet free of glucose, galactose, and lactose [25].

In 1927, the first case of familial renal glycosuria was reported, in which a muta-
tion in gene for SGLT?2 resulted in loss of glucose in urine ranging from 1to 150 g
per 1.73 m” body surface areas per day. Almost 50 mutations have been identified
so far leading to this condition which is characterized by urinary glucose excretion
in the presence of normal plasma glucose levels and an absence of signs of general
renal tubular dysfunction. Patients have normal oral glucose tolerance test and
usually present with osmotic symptoms without any serious complications [26, 27].
The condition is not associated with any change in intravascular volume, serum
glucose levels, or renal or bladder dysfunctions. These patients do not show higher
incidence of kidney disease, DM, or urinary tract infections although those affected
with severe forms of the disease may demonstrate activation of renin-angiotensin-
aldosterone axis as indirect evidence of volume contraction [20, 26, 27].

These observations further strengthen the belief that SGLT2-I could potentially
be developed as safe OAH.

4. Sodium-glucose cotransporters

So far, six different SGLTs have been described; however, apart from SGLT1
and SGLT2 which are well characterized, little is known about the function and
clinical significance of the others [20]. Both SGLT1 and SGLT?2 are large-membrane
proteins consisting of 670 amino acids, and each has 14 transmembrane helical
domains. The homology between SGLT1 and SGLT?2 is around 58% (Table 1) [20].

Transporter Gene Substrate Distribution and localization

SGLT1 (SLC5A1) 22q12.3 Glucose, Intestine, trachea, kidney, heart, brain, testis,
galactose prostate

SGLT2 (SLC5A2) 16p12.p11 Glucose Kidney, brain, liver, thyroid, heart, muscle

SGLT3 (SLC5A4) 21q22.12 Glucose Intestine, testis, uterus, lung, brain, thyroid

SGLT4 (SLC5A9) 1p32 Glucose, Intestine, kidney, liver, brain, lung, trachea,
mannose uterus, pancreas

SGLT5 (SLC5A10) 17p11.2 Glucose, Renal cortex
galactose

SGLT6 (SLC5A11) 16p12.1 D-chiro-inositol Spinal cord, kidney, brain

Table 1.

Genes, substrates, and distributions of SGLT [28].
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4.1 Sodium-glucose cotransporter1 (SGLT1)
4.1.1 Locations of SGLT1

Studies have classically localized SGLT1 to the small intestine and the kidney
where their pathophysiological roles are known in details [28].

Various other body organs such as the heart, lung, trachea, liver, skeletal muscle,
gall bladder, rectum, colon, brain, blood vessels, breast, uterus, testis, and pancre-
atic alpha cells have shown mRNA level expression of SGLT1 [28-33].

4.1.2 Functional properties of SGLT1

SGLT1 transports one molecule of glucose or galactose together with two sodium
ions. This stoichiometric ratio of 1:2 enables to raise the intracellular glucose level
orders of magnitude above the corresponding extracellular concentration. The
apparent Michaelis-Menten Km values for glucose and galactose at physiological
extracellular sodium concentration and membrane potential are 0.5 and 1.0 mM,
respectively. It has high affinity for both glucose and galactose but has a lower
transport capacity (Tpmax = 2 nmol/mg protein per minute) [28, 34].

4.1.3 Physiological functions of SGLT1

SGLT1 is highly expressed in the small intestine and is located in the brush
border membrane (BBM) of the enterocytes and in endocrine cells of gut and the
K- and L-cells which secrete GIP and GLP-1/GLP-2, respectively. SGLT1-mediated
translocation of glucose is the rate-limiting step for small intestinal glucose absorp-
tion [17, 28, 29]. Absorbed glucose in the enterocytes is released across the basolat-
eral membrane and enters blood circulation via GLUT2. During bacterial infection,
SGLT1 protects the small intestine from lipopolysaccharide-induced inflammation
because of high luminal glucose concentrations [35].

In the kidney, SGLT1 is located at BBM of S3 segment of renal tubules and is
responsible for the first and rate-limiting step in reabsorption of glucose which
escaped SGLT2-mediated reabsorption in S1 and S2 segments. In normal healthy
adults, it only absorbs around 10% of the filtered glucose load, but in DM patients
with uncontrolled hyperglycemia, the fraction of SGLT1-mediated renal glucose
absorption increases significantly. Similarly, in patients on SGLT2-I therapy, the
fraction increases to around 50-70% [17, 28, 29]. SGLT1 may play a protective role
during treatment with nephrotoxic drugs such as cisplatin [36].

SGLT1 mRNA has been detected in the frontal cortex, hypothalamus, and
Purkinje cells of cerebellum and hippocampus in brains of human, rabbit, and rat
[33, 37, 38]. It is mainly localized in the luminal membrane of the endothelial cells,
and its location and functional activity suggests a pivotal role in securing energy
supply to neurons during conditions of increased energy and glucose demand
such as hypoxia and/or hypoglycemia. SGLT1-mediated neuronal glucose uptake is
involved in glucose-induced neurotoxicity during ischemic stroke [39].

SGLT1 is located at the myocyte sarcolemma and in small blood vessels of the
heart [29, 32]. SGLT1-mediated glucose uptake is of clinical significance as it leads
to ATP generation by glycolysis during myocardial ischemia and/or hypoglycemia
[40]. At the same time, it may increase toxic effects that are mediated by generation
of reactive oxygen species (ROS) during hyperglycemia [41].

SGLTI1 mRNA has been detected in the lung, trachea, and bronchi, and its
protein has been localized to alveolar type 2 cells and to the luminal membrane
of bronchiolar Clara cells by immunohistochemistry [30, 31]. SGLT1-mediated
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glucose absorption contributes to fluid absorption and may provide energy for
surfactant production in alveolar type 2 cells as well as for mucin and surfactants in
Clara cells [42].

Similarly, the human gall bladder and liver have shown the presence of SGLT1
mRNA [29, 30]. Its expression at mRNA and protein level has been demonstrated in
human pancreatic alpha cells; however, little is known about its functional role [30,
31]. SGLT1 has also been expressed in activated T-lymphocytes of mice where it may
have a possible role in immune reactions [43].

4.1.4 Regulation of SGLT'1 expression

The complex process of regulation of activity and expression of SGLT1 occurs in
a tissue-specific manner. In the small intestine, upregulation of SGLT1 expression
occurs in response to high-salt and/or high-glucose diet through transcriptional reg-
ulation which is also responsible for the circadian periodicity of SGLT1 expression
[44, 45]. Its expression gets upregulated in the small intestine in diabetics [46] and
in response to bacterial infections [35], while downregulation of SGLT1 expression
occurs during chronic intestinal inflammation [47].

4.2 Sodium-glucose cotransporter 2 (SGLT?2)
4.2.1 Locations of SGLT2

In humans, SGLT?2 is strongly expressed in the kidney where it has been local-
ized to the brush border membrane of the S1 and S2 segment of the proximal
tubules. On the other hand, SGLT1 has been localized to the brush border mem-
brane of the S3 segment of proximal convoluted tubules of the kidney [28-30, 48].

Proteins and mRNA of SGLT2 have also been found in alpha cells of the pancreas
[31]. In addition to the kidney and pancreas, small amount of SGLT2 mRNA have
been identified in the testis, liver, lung, and cerebellum [21, 28-30, 48].

4.2.2 Functional properties

SGLT2 is highly selective for glucose over galactose. It has low affinity for
glucose with Km = 2 mM but with high transport capacity with Ty, = 10 nmol/mg
protein per minute and operates with a 1:1 stoichiometry of sodium and glucose.
The apparent Michaelis-Menten Km values for glucose and sodium in human SGLT2
are 5 and 25 mM, respectively [28].

4.2.3 Physiological functions of SGLT2
4.2.3.1 Functions of SGLT2 in the kidney

Details of the physiological functions of SGLT?2 in the kidney have already been
mentioned earlier in Section 2.3.

In T2DM, SGLT2-mediated reabsorption of glucose and sodium is increased and
can be considered physiologically maladaptive as it prevents an increase in urinary
glucose excretion at high blood glucose levels. The increase in proximal tubular
sodium reabsorption leads to fall in the distal tubular sodium and chloride concen-
trations which result in glomerular hyperfiltration [49] and plays a central role in
the development of diabetic nephropathy [50].

The triad of hyperglycemia, elevated GFR, and the increased proximal tubular
glucose reabsorption altogether leads to increase in kidney size and volume which is
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combined with glomerular hypertrophy, enlarged proximal tubules, inflammation,
and interstitial fibrosis. These hyperglycemia-induced alterations lead to micro-
and macroalbuminuria which culminate into renal failure [49].

4.2.3.2 Functions of SGLT2 in pancreatic alpha cells

During fasting when blood glucose level is low, several counter-regulatory
responses are generated to increase and maintain blood glucose within normal
range. Pancreatic alpha cells secrete glucagon which stimulates glycogenolysis and
gluconeogenesis in the liver. Conversely, glucagon secretion is inhibited when blood
glucose level increases after taking food [51]. Inhibition of glucagon secretion is
mediated by paracrine effect of insulin and direct glucose-mediated regulation of
glucagon secretion. In alpha cells, SGLT2-mediated glucose uptake is a critical step
involved in direct regulation of glucagon secretion [31].

The expression of SGLT2 at mRNA level increases in alpha cells in obesity and
prediabetes. Once T2DM develops, the glucotoxicity leads to decrease in its expres-
sion. The glucagon secretion blockage which normally occurs at high plasma glucose
levels gets blunted due to downregulation of SGLT?2 causing enhanced endogenous
glucose production in the liver which further aggravates hyperglycemia [31].

4.2.4 Regulation of SGLT2

SGLT2 gene is located at chromosome 16 p11.2 and is expressed primarily in
renal cortex. Various transcription factors are involved in regulation of SGLT2 such
as SP-1, HNF1-alpha, and HNF4A, and their binding sites have been identified on
SGLT?2 promoter region [28].

High-sodium intake promotes urinary sodium and glucose excretion by increas-
ing plasma adiponectin level through stimulation of peroxisome proliferator-
activated receptor delta in adipose tissue. The enhanced adiponectin downregulates
SGLT?2 leading to reduced reabsorption of sodium and glucose. Due to hypergly-
cemia, this mechanism gets dampened in DM. Binding of SP-1 and HNF1-alpha at
the promoter site is involved in this regulation [52], while HNF4A participates in
glucose-dependent regulation of SGLT?2 in alpha cells of the pancreas [31].

Activation of transcription factor NFkB (nuclear factor kappa-light-chain-
enhancer of activated B cells) downregulates transcription of SGLT?2 in the
presence of hyperglycemia due to increase in ROS [53]. Sympathetic innervation
has been found to be involved in transcriptional upregulation of SGLT2 in the
kidney [54].

Posttranscriptional regulation of SGLT2 is yet to be understood well. Recently,
it was found that the 17 kDa protein membrane-associated protein 17 (MAP17)
upregulates functional activity of SGLT?2 in the plasma membrane [55].

5. Development of SGLT inhibitors

Given the findings discussed in the above sections and considering the physi-
ological functions of SGLT1 and SGLT?2, it was an obvious idea to use SGLT1 and
SGLT2 inhibitors as OAHs. Targeting hyperglycemia by inhibiting intestinal and
renal glucose reabsorption appeared to be a novel therapeutic strategy.

Phlorizin was discovered around 150 years ago, which is a chemical found in
the root bark, leaves, shoots, and fruit of the apple tree, and soon thereafter it
was found to increase renal glucose excretion in healthy human beings. Phlorizin
is a naturally occurring competitive nonselective inhibitor of SGLT1 and SGLT2.
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In 1987, it was reported that subcutaneous phlorizin administration normalized
plasma glucose profiles in insulin-resistant diabetic rats along with improving
insulin sensitivity [56].

However, due to poor water solubility and poor oral bioavailability as it is
metabolized to phloretin by glucosidase in gut and unselective SGLT1 and SGLT2
inhibition, phlorizin was not an ideal therapeutic agent. It has low selectivity for
SGLT2 compared to SGLT1.

T-1095 was the next agent developed but did not continue into clinical develop-
ment as it was again nonselective in nature and had safety concerns [57].

By modification in basic structure of phlorizin, other SGLT2-I were developed,
including AVE-2268, remogliflozin, sergliflozin, and WAY-123783.

All of them have the glucoside moiety linked to a distal phenolic ring via an
O-linkage. Due to susceptibility of O-linkage to degradation by p-glucosidases
which reduced their utility, development of more metabolically stable C-linkage
SGLT?2 inhibitors was prompted with focus on increasing selectivity for SGLT2
versus SGLT1. This led to discovery of dapagliflozin, canagliflozin, empagliflozin,
ipragliflozin, BI 44847, and LX 4211 [58, 59].

6. Clinical effects of SGLT2 inhibitors in diabetes mellitus

Currently, there are seven SGLT2 inhibitors approved for clinical use. They are
given orally and absorbed by the intestine. Due to higher selectivity for SGLT2 ver-
sus SGLT1, inhibition of intestinal SGLT1 can be avoided, though it is still possible
at high oral doses. At pharmacological doses, their serum levels achieved are too low
to inhibit SGLT1 in other organs (Table 2).

Clinical effects observed for different SGLT2-I will be described and discussed
together for the sake of clarity.

6.1 Effects on diabetes and metabolism

In T2DM, upregulation of SGLT2 expression increases its Ty, by around 20%.
SGLT2-1 is filtered in glomeruli and inhibits glucose reabsorption in S1 segment of
proximal tubule leading to a reduction of 30-50% in T, of SGLT2 [67].

In the presence of functional SGLT?2, less than 10% of glucose is absorbed
through SGLT1; therefore, it is expected that SGLT2 inhibitor therapy would lead to
around 90% reduction in T, but the observed decrease of only 30-50% in T, can be
explained by higher amount of SGLT1-mediated glucose reabsorption [70].

Compound Preparation strength available SGLT2/SGLT1 selectivity Reference
Dapagliflozin 5,10 mg 1200 [60]
Canagliflozin 100, 300 mg 200 [61]
Empagliflozin 10,25 mg 2500 [62]
Ertugliflozin 5,15mg 2000 [63]
Ipragliflozin 25,50 mg 254 [64]
Luseogliflozin 25,5mg 1765 [65]
Tofogliflozin 20 mg 2900 [66]
Table 2.

Preparation strength and SGLT2 versus SGLT1 selectivity of various approved SGLT?2 inhibitors.
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During preclinical studies with animal models of diabetes as well as in clini-
cal studies with both T2DM and T1DM patients, it has been demonstrated that
prolonged SGLT?2-I therapy decreased fasting and prandial plasma glucose levels,
reduced HbA1C, and improved oral glucose tolerance. They also exerted nephro-
protective effects, reduced blood pressure, and increased utilization of fatty acid
substrates; thus, they also conferred metabolic benefits [68-73].

SGLT2-I have insulin-independent mechanism of action. They can be used both
as monotherapy as well as in combination with other OAHs [74, 75]. Clinical trials
have shown that SGLT2-I are effective when administered in combination with met-
formin [74, 76-78], metformin plus sulfonylurea [79], insulin [80], DPP4 inhibitors
[77], and thiazolidinediones [75].

SGLT2-I do not increase the risk of hypoglycemia like other OAH agents. The
filtered renal glucose load is directly correlated with plasma glucose level, and there
is compensatory increase in SGLT1-mediated glucose reabsorption when SGLT?2 is
blocked [81]. The other mechanism preventing hypoglycemia is the glucagon secre-
tion from pancreatic alpha cells due to SGLT2 inhibition [31].

SGLT2-I therapy in patients with T2DM increases both plasma glucagon and
endogenous glucose production. Despite such physiological changes, patients on
SGLT2-I have lower plasma glucose levels than those receiving placebo, possibly
because of increased glycosuria and improved insulin sensitivity [82, 83].

SGLT2-I administration changes body metabolism and shifts it to enhanced
usage of fat for metabolic needs; consequently beta-hydroxybutyrate levels in
plasma increase [69]. The metabolic inflexibility characteristically seen in patients
with T2DM and nondiabetic insulin-resistant subjects is an inability to switch from
predominantly fatty acid oxidation during fasting state to predominantly glucose
oxidation in fed state [84]. Lack of variability in measured respiratory quotient
(RQ) between fasting and fed states has been observed as an evidence of metabolic
inflexibility. SGLT2-I reduce whole body fasting RQ which is indicative of increased
oxidation of fatty acids and amino acids, suggesting its partial restoration [85].

As a consequence of improved glucose homoeostasis, SGLT2-I may slow down
glucotoxicity-mediated degeneration of beta cells and thus may also slow down
the progression of T2DM. Experimental diabetic animal models on SGLT2-I have
shown an improvement in both beta cell mass and functions [86]. Improvement in
insulin sensitivity is another beneficial aspect [82, 83].

6.2 Effects on blood pressure

Increased urinary excretion of glucose and sodium leads to mild diuresis coupled
with urinary sodium loss. Reduction of extracellular volume occurs which has a
favorable effect on blood pressure, and the magnitude of the effect is most apparent
in patients with preexisting hypertension [87].

Empagliflozin causes a reduction in systolic blood pressure (SBP) of 4-6 mmHg,
whereas diastolic blood pressure (DBP) was similar to placebo with no increase in
the heart rate [88]. Similarly, canagliflozin at 300 mg/day resulted in a reduction in
SBP of 5.1 mmHg [89].

In analysis of 12 studies with dapagliflozin at 10 mg/day, reduction of 4.4 mmHg
and 0.5 mmHg in SBP and DBP, respectively, was seen with no increase in the heart
rate compared to placebo [90].

6.3 Effects on body weight

On SGLT?2-I therapy, initial weight loss could result from osmotic diuresis.
However, sustained weight loss over the period is a consequence of renal glucose
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excretion leading to a caloric deficit of about 280 calories/day. This translates into
decrease in body weight by 1-3 kg along with decreased visceral adiposity.

In the EMPA-REG trial, empagliflozin resulted in weight loss of about 2 kg
[91]. The average weight loss achieved with dapagliflozin and canagliflozin stands
between 1 and 3%, while other studies report a loss more than 5% [92, 93].

6.4 Effects on plasma lipids and plasma uric acid

SGLT?2-I therapy has been associated with alteration in serum lipid profile. Small
increase in low-density lipoprotein cholesterol (LDL) and high-density lipoprotein
cholesterol (HDL) has been observed [76, 78, 94].

Any increase in serum cholesterol is considered to be a risk factor for the devel-
opment of heart failure and CVDs. However, it may not be relevant clinically, as
empagliflozin has been shown to have a protective effect on MACE in EMPA-REG
trial [91].

They also promote uric acid excretion and reduce uric acid level in the blood
[94] which may contribute to their protective effect on the development of diabetic
nephropathy observed in the EMPA-REG renal study [73, 80, 95].

6.5.1 Effects on cardiovascular disease

In EMPA-REG trial, empagliflozin has shown a lower risk for MACE as well as
for cardiovascular death and has been found to be protective [88].

In CANVAS Program, canagliflozin has been found to reduce the risk of cardio-
vascular death or hospitalization for heart failure in patient with a history of T2DM
and high CVD risk [96].

Lately, DECLARE-TIMI 58 trial demonstrated the CV safety of dapagliflozin
in patients with T2DM who had or were at risk of CVDs. It was found to reduce
hospitalization for heart failure as has been seen with other SGLT2-I [97].

Both empagliflozin and canagliflozin has got FDA approval for cardiovascular
risk reduction in T2DM patients who are at high risk for such events. The mecha-
nism of cardiovascular protection exerted by SGLT2-I is unknown and seems to be
glucose independent. Apart from improved glycemic control, the pleiotropic effects
of SGLT2 inhibitors which include their ability to lower blood pressure, reduction in
intraglomerular pressure and albuminuria, and amelioration of volume overload are
all plausible protective mechanisms.

6.5.2 Effects on liver disease

T2DM affects metabolism in the liver and may manifest as hepatic steatosis and
nonalcoholic steatohepatitis (NASH). NASH increases the risk of hepatocellular
carcinoma and may result in liver cirrhosis also.

In preclinical studies on rodent models, SGLT2-I have been found to ameliorate
nonalcoholic fatty liver disease (NAFLD) and NASH [70-72]. Although SGLT2-I
are metabolized by the liver, studies involving patient with mild or moderate
hepatic impairment showed dapagliflozin and empagliflozin were well tolerated and
required no dose adjustments [98, 99].

Canagliflozin has shown improvement in serum aminotransferases and gamma-
glutamyl transferase levels in patients with T2DM [100]. In humans, ipragliflozin
has shown reduction in liver fat in patients with T2DM and NAFLD [101].
Empagliflozin addition to the standard treatment of T2DM and NAFLD signifi-
cantly reduced liver fat, and improved ALT levels were seen [102].
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6.5.3 Effects on kidney disease

The kidney is the main target of action for SGLT2-I. Findings from animal
models suggest it to be protective against development of diabetic nephropathy
which exceeds the nephroprotective effect achieved secondary to improved glycemic
control. During early stage of nephropathy, empagliflozin has been shown to prevent
glomerular hyperfiltration, attenuate diabetes-associated renal growth, improve
expression of inflammation markers, and reduce albuminuria in animal models [24].

Progression of nephropathy was slowed by luseogliflozin in T2DN rats, a genetic
model of T2DM associated with severe nephropathy. It also prevents GFR decline
and attenuates focal glomerulosclerosis, tubular necrosis, tubulointerstitial fibrosis,
and progressive proteinuria [103].

Reduction in estimated GFR and nephroprotective effects has been reported
with SGLT2-I in patients with DM [73, 80, 104]. Empagliflozin has been found to
attenuate glomerular hyperfiltration in humans. It also reduces micro- and mac-
roalbuminuria, and the effects are independent of the improved glycemic effect
[105]. In CANVAS trial, canagliflozin has been found to reduce albuminuria and the
albumin-to-creatinine ratio when compared with placebo [106].

Results from a recent meta-analysis have indicated that SGLT2 inhibition pre-
serves renal function in patient with or without renal impairment. They slow down
the progression of albuminuria and reduce urinary albumin-to-creatinine ratio in
addition to reducing the risk of doubling of the serum creatinine level, initiation
of kidney transplant, and death from kidney disease in patient with T2DM with or
without history of renal impairment [107].

6.6 Risks for adverse drug effects and restrictions of application
6.6.1 Genital and urinary infections

Increased risk of GMI and urinary tract infections (UTI) are seen in DM due to
hyperglycemia and glucosuria. SGLT2-I therapy has been associated with increased
risks for GMIs and UTIs. Women otherwise also are more commonly affected than
men, and SGLT2-I therapy further increases the risk in them.

When treated with canagliflozin for 4 months, around 10.4% of women and
4.2% of men developed GMIs compared to 3.2% of women and 0.6% of men treated
with placebo [108]. Most of the cases were of mild to moderate severity and could
be treated with standard antifungal agents successfully.

Canagliflozin therapy in T2DM has been associated with UTIs in 8.7% of women
compared to 7.7% treated with placebo. Figures for men were 1.4% versus 0.6%,
respectively [109]. Similar findings were reported from pooled analysis of four
studies (n = 2477) using empagliflozin. It was concluded that GMI were more com-
mon with empagliflozin than placebo (approximately 4 versus 1%, respectively);
however, the frequency of UTI was about 8-9% for each [110].

Safety data from meta-analysis of eight studies using canagliflozin and dapagliflozin
found that UTIs were more common with SGLT2-I as compared to other OAH (odds
ratio, 1.42 [95% CI 1.06, 1.90]) as were GMI (odds ratio, 5.06 [95% CI 3.44, 745]) [111].

These studies suggests that most UTIs were mild to moderate, responded well to
standard antimicrobial therapy, and rarely led to SGLT2-I discontinuation [112].

6.6.2 Euglycemic ketoacidosis

SGLT?2-I therapy has been observed to be associated with small number of cases
with EKA during treatment of T1IDM and insulin-deficient T2DM [113].
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In CANVAS study, the incidence rates were 0.5 per 1000 patient years with
canagliflozin 100 mg, 0.8 per 1000 patient years with canagliflozin 300 mg, and 0.2
per 1000 patient years with comparator [114]. In the EMPA-REG trial, the incidence
rates were 0.5 and 0.2 per 1000 patient years with empagliflozin 10 and 25 mg,
respectively, and 1.2 per 1000 patient years in placebo group [88]. In DECLARE-
TIMI 58, using dapagliflozin, the corresponding rates were 0.3%, whereas 0.1%
occurred among placebo-treated group [97].

Majority of the cases have been reported from clinical practice rather than trials
and have occurred in patients on exogenous insulin. Reduction in insulin dose on
starting SGLT2-I has been observed in them. Usually they present with classical
diabetic ketoacidosis (DKA) features. However, some cases may present atypically
with lower-than-expected hyperglycemia, and it can go unrecognized.

Almost all cases occurred in patients challenged with metabolically stressful
events and common precipitants such as surgery, myocardial infarction, stroke,
extensive exercise, severe infections, and prolonged fasting.

Low serum bicarbonate and positive urinary ketones may be suggestive but may
be inaccurate; therefore, direct measurement of serum betahydroxybutyrate level
to confirm the diagnosis of EKA has been recommended by the AACE. Once the
diagnosis of EKA is confirmed, SGLT2-I should be discontinued, and DKA protocol
should be followed [115].

The increased risk of EKA associated with SGLT2-I therapy may be explained
by absolute or relative insulin deficiency, increased glucagon secretion, and
stimulation of lipolysis and ketogenesis; however, other ketogenic factors are also
involved [31, 69].

Most cases of EKA have occurred in patients with T1DM, which is an off-label
use of these agents that is not an FDA-approved indication. Because insulin defi-
ciency may be the most important contributing factor, the AACE recommends
against stopping insulin or decreasing the dose excessively. The risk of EKA has
recently been shown in the EASE Trial to be dose dependent as lower doses of
empagliflozin 2.5 mg were shown to be associated with lower rates of DKA, com-
pared to 10 and 25 mg, respectively [116].

Although not approved for treatment of TIDM and SGLT2-I use is still off-label
in T1DM, the AACE encourages clinical trials due to their promising effect on
glycemic control in this population [115].

6.6.3 SGLT?2 inhibitors and risk of limb amputations

Canagliflozin significantly reduced the risk of CV events by 14% but increased
the risk of lower limb amputation in patients with T2DM and high CVD risk (haz-
ard ratio 1.97) versus placebo as seen in CANVAS trial [114].

In the EMAP REG trial using empagliflozin, in T2DM patient with established
CVD, the rate of lower limb amputation was similar to placebo group [88].

Recently in DECLARE-TIMI 58 trial, the rate of amputation was similar between
the dapagliflozin- and placebo-treated patient (hazard ratio 1.09) [97].

In a recent report, canagliflozin, but not dapagliflozin or empagliflozin, was
associated with a higher risk of amputation in a pharmacovigilance analysis using
the US FDA Adverse Event Reporting System [117].

Presently the evidence may not be enough to explain a precise causal relation-
ship between canagliflozin and amputation. Neither the underlying mechanisms are
currently known, nor do we know whether it is specifically related to canagliflozin.
As amputation carries a negative impact on patient’s clinical course, understanding
predisposing factors and mechanisms of amputation will be crucial to maximize the
benefits of SGLT2 inhibitors in clinical practice [117].
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6.6.4 Effect on bone health

In CANVAS study, patients treated with canagliflozin had about six additional
cases of bone fracture compared to those receiving placebo. However, such an effect
could not be replicated in other trials of canagliflozin [118].

Canagliflozin is associated with a small but statistically significant decrease in
total hip bone mineral density (BMD) but no statistically significant change in BMD
at other sites and without any meaningful changes in most biomarkers of bone
turnover [118].

No significant changes in bone density or increase in rate of fracture were
observed with dapagliflozin in patients with DM and normal or mildly impaired
renal function, but more fractures were observed in dapagliflozin-treated
patients with moderate renal impairment (eGFR <30-60 mL/min/1.73 m?) [104].
Empagliflozin however did not show any clear evidence of increase fracture rates in
people with T2DM [119].

Furthermore, the absence of SGLT?2 in bone or bone marrow makes direct cause-
effect hypothesis unlikely. It is known that SGLT2-I induce osmotic diuresis leading
to volume depletion which may increase the susceptibility to falls. An increase in
fall-related fractures cannot be ruled out as a possible explanation. The exact reason
and mechanism are unknown at this time and may possibly be related to factors
extrinsic to bone health [28].

Pending further evidence, the US FDA has revised the label of canagliflozin with
new warning in September 2015.

6.4.5 Restrictions of application

SGLT?2-I are prescribed as once daily oral pill due to their long elimination half-
life. They are metabolized in the liver, and inactive metabolites are formed mainly
due to glucuronidation.

They are also eliminated partially by renal excretion of parent drugs. Thus,
dose adjustment is needed in patients with hepatic and/or renal disorders. They are
contraindicated in severe chronic kidney disease.

7. Conclusion

SGLT2-I are a unique emerging class of OAH agents that has addressed fun-
damental aspects of the unmet needs that challenge physicians treating T2DM
patients, such as increased risk of hypoglycemia and weight gain that are usually
noticed with other agents such as insulin. On the contrary, SGLT2-I therapy in
T2DM is associated with very low risk of hypoglycemia and also promotes weight
loss. Moreover, SGLT2-I have been shown to reduce the risk of MACE, all-cause
mortality, and hospitalization for heart failure. They have additional renal protec-
tive properties besides reducing SBP. In fact, their mode of action through preven-
tion of glucose reabsorption in the kidney makes them work independently from
the pancreas, bypassing the problem of progressive beta cell failure that happens
in most patients with T2DM over time, and this gives them longer durability. They
can be used regardless of duration of disease and can be used as monotherapy as
well as in combination as they have been shown to complement actions of other
OAH agents including insulin. Considering their unique mechanism of action, they
may be useful in impaired glucose tolerance and prediabetes also. The major side
effects drawbacks of SGLT2-1 is the increased rate of GMI. Another important side
effect of SGLT2-I is EKA in T2DM patients during stress and following surgery as
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well as in T1IDM, which is an off-label use of these medications and seems to be dose
dependent. Future drug developments should focus on finding the least effective
dose with the least side effects.

Conflict of interest

Authors declare that there is no conflict of interest. No fund or grant was
received in any form for this work.

Author details

Maswood M. Ahmad*, Imad Addin Brema and Mussa H. Almalki

Obesity Endocrine and Metabolism Center, King Fahad Medical City, Riyadh,
Saudi Arabia

*Address all correspondence to: saadmaswood @gmail.com

IntechOpen

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

89



Type 2 Diabetes - From Pathophysiology to Modern Management

References

[1] Unger RH, Cherrington AD.
Glucagonocentric restructuring
of diabetes: A pathophysiologic
and therapeutic makeover. The
Journal of Clinical Investigation.
2012;122(1):4-12

[2] Cho NH, Shaw JE, Karuranga S,
Huang Y, da Rocha Fernandes JD,
Ohlrogge AW, et al. IDF diabetes atlas:
Global estimates of diabetes prevalence
for 2017 and projections for 2045.
Diabetes Research and Clinical Practice.
2018;138:271-281

[3] American Diabetes Association
(ADA). Standard of medical care

in diabetes—2018. Diabetes Care.
2018;41(Supplement 1):S1-S159. https://
doi.org/10.2337/dc18-Sint01

[4] Davies MJ, D’Alessio DA,

Fradkin J, Kernan WN, Mathieu C,
Mingrone G, et al. Management of
hyperglycaemia in type 2 diabetes, 2018.
A consensus report by the American
Diabetes Association (ADA) and the
European Association for the Study

of Diabetes (EASD). Diabetologia.
2018;61(12):2461-2498

[5] Centers for Disease Control and
Prevention. National diabetes statistics
report: Estimates of diabetes and its
burden in the United States, 2014.
Atlanta, GA: US Department of Health
and Human Services; 2014. Available
from: https://www.cdc.gov/diabetes/
pdfs/data/2014-report-estimates-of-
diabetes-and-its-burden-in-the-united-
states.pdf [Accessed: November 20,
2018]

[6] Stratton IM, Adler Al, Neil HA,
Matthews DR, Manley SE, Cull CA,

et al. Association of glycaemia with
macrovascular and microvascular
complications of type 2 diabetes
(UKPDS 35): Prospective observational
study. British Medical Journal.
2000;321(7258):405-412

90

[7] UK Prospective Diabetes Study
(UKPDS) Group. Intensive blood-
glucose control with sulphonylureas or
insulin compared with conventional
treatment and risk of complications in
patients with type 2 diabetes (UKPDS
33). The Lancet. 1998;352(9131):837-853

[8] ADVANCE Collaborative Group.
Intensive blood glucose control and
vascular outcomes in patients with type
2 diabetes. New England Journal of
Medicine. 2008;358(24):2560-2572

[9] Action to Control Cardiovascular
Risk in Diabetes Study Group. Effects
of intensive glucose lowering in type
2 diabetes. New England Journal of
Medicine. 2008;358(24):2545-2559

[10] Holman RR, Paul SK, Bethel MA,
Matthews DR, Neil HA. 10-year
follow-up of intensive glucose control in
type 2 diabetes. New England Journal of
Medicine. 2008;359(15):1577-1589

[11] Duckworth W, Abraira C, Moritz T,
Reda D, Emanuele N, Reaven PD,

et al. Glucose control and vascular
complications in veterans with type

2 diabetes. New England Journal of
Medicine. 2009;360(2):129-139

[12] DeFronzo RA. From the triumvirate
to the “ominous octet”: A new
paradigm for the treatment of type 2
diabetes mellitus. Clinical Diabetology.
2009;10(3):101-128

[13] Ali MK, Bullard KM, Saaddine JB,
Cowie CC, Imperatore G, Gregg

EW. Achievement of goals in US
diabetes care, 1999-2010. New
England Journal of Medicine.
2013;368(17):1613-1624

[14] Singh S, Loke YK, Furberg CD.
Long-term risk of cardiovascular events
with rosiglitazone: A meta-analysis.
Journal of the American Medical
Association. 2007;298(10):1189-1195



SGLT2 Inhibitors Therapy in Type 2 Diabetes Mellitus

DOI: http://dx.doi.org/10.5772/intechopen.84152

[15] US FDA. Guidance for Industry
Diabetes Mellitus—Evaluating
Cardiovascular Risk in New
Antidiabetic Therapies to Treat Type
2 Diabetes. 2008. Available from:
www.fda.gov/downloads/drugs/
guidancecomplianceregulatory
information/guidances/ucm071627.
pdf [Accessed 4 July 2010] 2016. Last
accessed 21 November 2018

[16] Marks J, Carvou NJ, Debnam ES;
Srai SK, Unwin RJ. Diabetes increases
facilitative glucose uptake and GLUT2
expression at the rat proximal tubule
brush border membrane. The Journal of
Physiology. 2003;553(1):137-145

[17] Gorboulev V, Schiirmann A, Vallon 'V,
Kipp H, Jaschke A, Klessen D, et al.
Na’-D-glucose cotransporter SGLT1 is
pivotal for intestinal glucose absorption

and glucose-dependent incretin
secretion. Diabetes. 2012;61(1):187-196

[18] Cho YM, Fujita Y, Kieffer TJ.
Glucagon-like peptide-1: Glucose
homeostasis and beyond. Annual
Review of Physiology. 2014;76:535-559

[19] Wood IS, Trayhurn P. Glucose
transporters (GLUT and SGLT):
Expanded families of sugar transport
proteins. British Journal of Nutrition.

2003;89(1):3-9

[20] Wright EM, Hirayama BA, Loo DF.
Active sugar transport in health and
disease. Journal of Internal Medicine.
2007;261(1):32-43s

[21] Turk E, Martin MG, Wright EM.
Structure of the human Na*/
glucose cotransporter gene SGLT1.

Journal of Biological Chemistry.
1994;269(21):15204-15209

[22] Thomson SC, Deng A, Bao D,
Satriano J, Blantz RC, Vallon V.
Ornithine decarboxylase, kidney
size, and the tubular hypothesis
of glomerular hyperfiltration

in experimental diabetes. The

91

Journal of Clinical Investigation.
2001;107(2):217-224

[23] Vallon V, Rose M, Gerasimova M,
Satriano J, Platt KA, Koepsell H, et al.
Knockout of Na-glucose transporter
SGLT?2 attenuates hyperglycemia

and glomerular hyperfiltration

but not kidney growth or injury in
diabetes mellitus. American Journal
of Physiology-Renal Physiology.
2012;304(2):F156-F167

[24] Vallon V, Gerasimova M, Rose MA,
Masuda T, Satriano J, Mayoux E,

et al. SGLT?2 inhibitor empagliflozin
reduces renal growth and albuminuria
in proportion to hyperglycemia and
prevents glomerular hyperfiltration in
diabetic Akita mice. American Journal
of Physiology—Renal Physiology.
2013;306(2):F194-F204

[25] Turk E, Zabel B, Mundlos S,

Dyer J, Wright EM. Glucose/galactose
malabsorption caused by a defect in
the Na*/glucose cotransporter. Nature.

1991;350(6316):354

[26] Santer R, Calado J. Familial

renal glucosuria and SGLT2: From a
mendelian trait to a therapeutic target.
Clinical Journal of the American Society
of Nephrology. 2010;5(1):133-141

[27] Santer R, Kinner M, Lassen CL,
Schneppenheim R, Eggert P, Bald M,
et al. Molecular analysis of the SGLT2
gene in patients with renal glucosuria.
Journal of the American Society of
Nephrology. 2003;14(11):2873-2882

(28] Wright EM, Loo DD, Hirayama BA.
Biology of human sodium glucose

transporters. Physiological Reviews.
2011;91(2):733-794

[29] Vrhovac I, Eror DB, Klessen D,
Burger C, Breljak D, Kraus O, et al.
Localizations of Na*-D-glucose
cotransporters SGLT1 and SGLT2 in
human kidney and of SGLT1 in human
small intestine, liver, lung, and heart.



Type 2 Diabetes - From Pathophysiology to Modern Management

Pfliigers Archiv-European Journal of
Physiology. 2015;467(9):1881-1898

[30] Chen J, Williams S, Ho S, Loraine H,
Hagan D, Whaley JM, et al. Quantitative
PCR tissue expression profiling of

the human SGLT?2 gene and related
family members. Diabetes Therapy.
2010;1(2):57-92

[31] Bonner C, Kerr-Conte ], Gmyr V,
Queniat G, Moerman E, Thévenet J,
et al. Inhibition of the glucose
transporter SGLT2 with dapagliflozin
in pancreatic alpha cells triggers
glucagon secretion. Nature Medicine.
2015;21(5):512

[32] Zhou L, Cryan EV, D’Andrea MR,
Belkowski S, Conway BR, Demarest KT.
Human cardiomyocytes express high
level of Na+/glucose cotransporter

1 (SGLT1). Journal of Cellular
Biochemistry. 2003;90(2):339-346

(33] Poppe R, Karbach U, Gambaryan S,
Wiesinger H, Lutzenburg M,

Kraemer M, et al. Expression of the
Na*-D-glucose cotransporter SGLT1 in
neurons. Journal of Neurochemistry.

1997;69(1):84-94

[34] Hirayama BA, Lostao MP,
Panayotova-Heiermann MA, Loo DD,
Turk ER, Wright EM. Kinetic and
specificity differences between rat,
human, and rabbit Na*-glucose
cotransporters (SGLT-1). American
Journal of Physiology-Gastrointestinal
and Liver Physiology. 1996;270(6):
G919-G926

[35] Linda CH, Turner JR, Buret AG.
LPS/CD14 activation triggers SGLT-
1-mediated glucose uptake and cell
rescue in intestinal epithelial cells via
early apoptotic signals upstream of

caspase-3. Experimental Cell Research.
2006;312(17):3276-3286

[36] Ikari A, Nagatani Y, Tsukimoto M,

Harada H, Miwa M, Takagi K. Sodium-
dependent glucose transporter reduces

92

peroxynitrite and cell injury caused by
cisplatin in renal tubular epithelial cells.
Biochimica et Biophysica Acta (BBA)—
Biomembranes. 2005;1717(2):109-117

(371 O’'Malley D, Reimann F, Simpson AK,
Gribble FM. Sodium-coupled
glucose cotransporters contribute to

hypothalamic glucose sensing. Diabetes.
2006;55(12):3381-3386

[38] Yamazaki Y, Ogihara S, Harada S,
Tokuyama S. Activation of cerebral
sodium-glucose transporter type 1
function mediated by post-ischemic
hyperglycemia exacerbates the
development of cerebral ischemia.
Neuroscience. 2015;310:674-685

[39] Harada S, Fujita W, Shichi K,
Tokuyama S. The development of
glucose intolerance after focal cerebral
ischemia participates in subsequent

neuronal damage. Brain Research.
2009;1279:174-181

[40] Kashiwagi Y, Nagoshi T, Yoshino T,
Tanaka TD, Ito K, Harada T, et al.
Expression of SGLT1 in human hearts
and impairment of cardiac glucose
uptake by phlorizin during ischemia-
reperfusion injury in mice. PLoS One.
2015;10(6):e0130605

[41] Balteau M, Tajeddine N, de Meester C,
Ginion A, Des Rosiers C, Brady NR,

et al. NADPH oxidase activation by
hyperglycaemia in cardiomyocytes is
independent of glucose metabolism

but requires SGLT1. Cardiovascular
Research. 2011;92(2):237-246

[42] Basset G, Crone C, Saumon G. Fluid
absorption by rat lung in situ: Pathways
for sodium entry in the luminal
membrane of alveolar epithelium. The
Journal of Physiology. 1987;384:325-345

[43] Bhavsar SK, SinghY, Sharma P,
Khairnar V, Hosseinzadeh Z, Zhang S,
et al. Expression of JAK3 sensitive
Na® coupled glucose carrier SGLT1 in
activated cytotoxic T lymphocytes.



SGLT2 Inhibitors Therapy in Type 2 Diabetes Mellitus

DOI: http://dx.doi.org/10.5772/intechopen.84152

Cellular Physiology and Biochemistry.
2016;39(3):1209-1228

[44] Rhoads DB, Rosenbaum DH,
Unsal H, Isselbacher K], Levitsky LL.
Circadian periodicity of intestinal
Na‘/glucose cotransporter 1 mRNA
levels is transcriptionally regulated.
Journal of Biological Chemistry.

1998;273(16):9510-9516

[45] Barfull A, Garriga C, Tauler A,
Planas JM. Regulation of SGLT1
expression in response to Na' intake.
American Journal of Physiology-

Regulatory, Integrative and Comparative
Physiology. 2002;282(3):R738-R743

[46] Dyer J, Wood IS, Palejwala A,

Ellis A, Shirazi-Beechey SP. Expression
of monosaccharide transporters

in intestine of diabetic humans.
American Journal of Physiology—
Gastrointestinal and Liver Physiology.
2002;282(2):G241-G248

[47] Kekuda R, Saha P, Sundaram U.
Role of Spl and HNF1 transcription
factors in SGLT1 regulation during
chronic intestinal inflammation.
American Journal of Physiology—
Gastrointestinal and Liver Physiology.
2008;294(6):G1354-G1361

[48] Saboli¢ I, Vrhovac I, Eror DB,
Gerasimova M, Rose M, Breljak D,

et al. Expression of Na*-D-glucose
cotransporter SGLT2 in rodents is
kidney-specific and exhibits sex and
species differences. American Journal
of Physiology—Cell Physiology.
2012;302(8):C1174-C1188

[49] Vallon V. The proximal tubule

in the pathophysiology of the
diabetic kidney. American Journal of
Physiology—Regulatory, Integrative
and Comparative Physiology.
2010;300(5):R1009-R1022

[50] Ruggenenti P, Porrini EL, Gaspari F,

Motterlini N, Cannata A, Carrara F,
et al. Glomerular hyperfiltration

93

and renal disease progression in
type 2 diabetes. Diabetes Care.
2012:DC_112189

[51] Zhang Q, Ramracheya R,

Lahmann C, Tarasov A, Bengtsson M,
Braha O, et al. Role of K ATP channels
in glucose-regulated glucagon secretion
and impaired counterregulation in
type 2 diabetes. Cell Metabolism.
2013;18(6):871-882

[52] ZhaoY, Gao P, Sun F, Li Q, Chen J,
Yu H, et al. Sodium intake regulates
glucose homeostasis through the PPARS/
adiponectin-mediated SGLT?2 pathway.
Cell Metabolism. 2016;23(4):699-711

[53] Han HJ, Lee Y], Park SH, Lee JH,
Taub M. High glucose-induced
oxidative stress inhibits Na*/glucose
cotransporter activity in renal proximal
tubule cells. American Journal of
Physiology—Renal Physiology.
2005;288(5):F988-F996

[54] Rafiq K, Fujisawa Y, Sherajee SJ,
Rahman A, Sufiun A, Kobori H, et al.
Role of the renal sympathetic nerve in
renal glucose metabolism during the
development of type 2 diabetes in rats.
Diabetologia. 2015;58(12):2885-2898

[55] Coady MJ, El Tarazi A, Santer R,
Bissonnette P, Sasseville L], Calado J,

et al. MAP17 is a necessary activator of
renal Na+/glucose cotransporter SGLT2.
Journal of the American Society of
Nephrology. 2017;28(1):85-93

[56] Rossetti L, Shulman GI,

Zawalich W, DeFronzo RA. Effect of
chronic hyperglycemia on in vivo insulin
secretion in partially pancreatectomized
rats. The Journal of Clinical
Investigation. 1987;80(4):1037-1044

[57] Oku A, Ueta K, Arakawa K,
Ishihara T, Nawano M, KuronumaY,
et al. T-1095, an inhibitor of renal Na*-
glucose cotransporters, may provide

anovel approach to treating diabetes.
Diabetes. 1999;48(9):1794-1800



Type 2 Diabetes - From Pathophysiology to Modern Management

[58] Katsuno K, Fujimori Y, Takemura Y,
Hiratochi M, Itoh F, Komatsu Y, et al.
Sergliflozin, a novel selective inhibitor
of low-affinity sodium glucose
cotransporter (SGLT2), validates the
critical role of SGLT?2 in renal glucose
reabsorption and modulates plasma
glucose level. Journal of Pharmacology
and Experimental Therapeutics.
2007;320(1):323-330

[59] Dobbins RL, O’Connor-Semmes R,
Kapur A, Kapitza C, Golor G,
Mikoshiba, et al. Remogliflozin
etabonate, a selective inhibitor of

the sodium-dependent transporter 2
reduces serum glucose in type 2 diabetes
mellitus patients. Diabetes, Obesity and
Metabolism. 2012;14(1):15-22

[60] Han S, Hagan DL, Taylor JR, Xin L,
Meng W, Biller SA, et al. Dapagliflozin,
a selective SGLT?2 inhibitor, improves

glucose homeostasis in normal and
diabetic rats. Diabetes. 2008

[61] Ohgaki R, Wei L, Yamada K, Hara T,
Kuriyama C, Okuda S, et al. Interaction
of the sodium/glucose cotransporter
(SGLT) 2 inhibitor canagliflozin

with SGLT1 and SGLT2: Inhibition
kinetics, sidedness of action, and
transporter-associated incorporation
accounting for its pharmacodynamic
and pharmacokinetic features. Journal
of Pharmacology and Experimental
Therapeutics. 2016;358(1):94-102

[62] Grempler R, Thomas L, Eckhardt M,
Himmelsbach F, Sauer A, Sharp DE,

et al. Empagliflozin, a novel selective
sodium glucose cotransporter-2
(SGLT-2) inhibitor: Characterisation
and comparison with other SGLT-2
inhibitors. Diabetes, Obesity and
Metabolism. 2012;14(1):83-90

[63] Cinti F, Moffa S, Impronta F,

Cefalo CM, Sun VA, Sorice GP, et al.
Spotlight on ertugliflozin and its
potential in the treatment of type 2
diabetes: Evidence to date. Drug Design,
Development and Therapy. 2017;11:2905

94

[64] Tahara A, Kurosaki E, Yokono M,
Yamajuku D, Kihara R, Hayashizaki Y,
et al. Pharmacological profile of
ipragliflozin (ASP1941), a novel
selective SGLT?2 inhibitor, in vitro
and in vivo. Naunyn-Schmiedeberg’s
Archives of Pharmacology.
2012;385(4):423-436

[65] Yamamoto K, Uchida S, Kitano K,
Fukuhara N, Okumura-Kitajima L,
Gunji E, et al. TS-071 is a novel, potent
and selective renal sodium-glucose
cotransporter 2 (SGLT?2) inhibitor
with anti-hyperglycaemic activity.
British Journal of Pharmacology.
2011;164(1):181-191

[66] Suzuki M, Honda K, Fukazawa M,
Ozawa K, Hagita H, Kawai T, et al.
Tofogliflozin, a potent and highly
specific sodium/glucose cotransporter
2 inhibitor, improves glycemic control
in diabetic rats and mice. Journal of
Pharmacology and Experimental
Therapeutics. 2012;341(3):692-701

[67] DeFronzo RA, Hompesch M,
Kasichayanula S, Liu X, Hong Y,
Pfister M, et al. Characterization of
renal glucose reabsorption in response
to dapagliflozin in healthy subjects and
subjects with type 2 diabetes. Diabetes
Care. 2013:DC_130387

[68] Gallo LA, Wright EM, Vallon V.
Probing SGLT?2 as a therapeutic target
for diabetes: Basic physiology and
consequences. Diabetes and Vascular
Disease Research. 2015;12(2):78-89

[69] Ferrannini E, Baldi S, Frascerra S,
Astiarraga B, Heise T, Bizzotto R,

et al. Shift to fatty substrates

utilization in response to sodium-
glucose co-transporter-2 inhibition in
nondiabetic subjects and type 2 diabetic
patients. Diabetes. 2016:db151356

[70] Komiya C, Tsuchiya K, Shiba K,
Miyachi Y, Furuke S, Shimazu N, et al.
Ipragliflozin improves hepatic steatosis
in obese mice and liver dysfunction in



SGLT2 Inhibitors Therapy in Type 2 Diabetes Mellitus

DOI: http://dx.doi.org/10.5772/intechopen.84152

type 2 diabetic patients irrespective of
body weight reduction. PLoS One. 2016
Mar 15;11(3):e0151511

[71] Qiang S, Nakatsu Y, Seno'Y,
Fujishiro M, Sakoda H, Kushiyama A,
et al. Treatment with the SGLT?2
inhibitor luseogliflozin improves
nonalcoholic steatohepatitis in a
rodent model with diabetes mellitus.
Diabetology & Metabolic Syndrome.
2015;7(1):104

[72] Tahara A, Kurosaki E,

Yokono M, Yamajuku D, Kihara R,
Hayashizaki Y, et al. Effects of SGLT2
selective inhibitor ipragliflozin on
hyperglycemia, hyperlipidemia,
hepatic steatosis, oxidative stress,
inflammation, and obesity in type 2
diabetic mice. European Journal of
Pharmacology. 2013;715(1-3):246-255

[73] Wanner C, Inzucchi SE, Lachin JM,
Fitchett D, von Eynatten M, Mattheus
M, et al. Empagliflozin and progression
of kidney disease in type 2 diabetes.
New England Journal of Medicine.
2016;375(4):323-334

[74] Rosenstock J, Chuck L, Gonzalez-
Ortiz M, Merton K, Craig J, Capuano G,
et al. Initial combination therapy with
canagliflozin plus metformin versus
each component as monotherapy for
drug-naive type 2 diabetes. Diabetes
Care. 2016:dc151736

[75] DeFronzo RA, Chilton R, Norton L,
Clarke G, Ryder RE, Abdul-Ghani M.
Revitalization of pioglitazone: The
optimum agent to be combined with

a sodium-glucose co-transporter-2
inhibitor. Diabetes, Obesity and
Metabolism. 2016;18(5):454-462

[76] Nauck MA, Del Prato S, Meier JJ,
Duran-Garcia S, Rohwedder K, Elze
M, et al. Dapagliflozin versus glipizide
as add-on therapy in patients with
type 2 diabetes who have inadequate
glycemic control with metformin: A
randomized, 52-week, double-blind,

95

active-controlled noninferiority trial.
Diabetes Care. 2011:DC_110606

[77]1 DeFronzo RA, Lewin A, Patel S,
Liu D, Kaste R, Woerle HJ, et al.
Combination of empagliflozin and
linagliptin as second-line therapy

in subjects with type 2 diabetes
inadequately controlled on metformin.
Diabetes Care. 2015:dc142364

[78] Leiter LA, Yoon KH, Arias P,
Langslet G, Xie ], Balis DA, et al.
Canagliflozin provides durable
glycemic improvements and body
weight reduction over 104 weeks versus
glimepiride in patients with type 2
diabetes on metformin: A randomized,
double-blind, phase 3 study. Diabetes
Care. 2015;38(3):355-364

[79] Schernthaner G, Gross JL,
Rosenstock J, Guarisco M, Fu M,

Yee J, et al. Canagliflozin compared
with sitagliptin for patients with type
2 diabetes who do not have adequate
glycemic control with metformin plus
sulfonylurea: A 52-week randomized
trial. Diabetes Care. 2013:DC_122491

[80] Wilding JP, Woo V, Soler NG,
Pahor A, Sugg J, Rohwedder K, et al.
Long-term efficacy of dapagliflozin in
patients with type 2 diabetes mellitus
receiving high doses of insulin: A
randomized trial. Annals of Internal
Medicine. 2012;156(6):405-415

[81] Vallon V. The mechanisms and
therapeutic potential of SGLT2
inhibitors in diabetes mellitus. Annual
Review of Medicine. 2015;66:255-270

[82] Ferrannini E, Muscelli E, Frascerra S,
Baldi S, Mari A, Heise T, et al.

Metabolic response to sodium-glucose
cotransporter 2 inhibition in type 2
diabetic patients. The Journal of Clinical
Investigation. 2014;124(2):499-508

[83] Merovci A, Solis-Herrera C,
Daniele G, Eldor R, Fiorentino TV,
Tripathy D, et al. Dapagliflozin



Type 2 Diabetes - From Pathophysiology to Modern Management

improves muscle insulin sensitivity
but enhances endogenous glucose

production. The Journal of Clinical
Investigation. 2014;124(2):509-514

[84] Storlien L, Oakes ND,

Kelley DE. Metabolic flexibility.
Proceedings of the Nutrition Society.
2004;63(2):363-368

[85] Daniele G, Xiong J, Solis-Herrera C,
Merovci A, Eldor R, Tripathy D, et al.
Dapagliflozin enhances fat oxidation
and ketone production in patients

with type 2 diabetes. Diabetes Care.
2016:dc152688

[86] Cheng ST, Chen L, Li SY, Mayoux E,
Leung PS. The effects of empagliflozin,
an SGLT2 inhibitor, on pancreatic

p-cell mass and glucose homeostasis

in type 1 diabetes. PLoS One.
2016;11(1):e0147391

[87] Heerspink HJ, Perkins BA,
Fitchett DH, Husain M, Cherney DZ.
Sodium glucose cotransporter

2 inhibitors in the treatment of
diabetes: Cardiovascular and kidney
effects, potential mechanisms

and clinical applications.
Circulation. 2016. DOI: 10.1161/
CIRCULATIONAHA.116.021887

[88] Zinman B, Wanner C, Lachin JM,
Fitchett D, Bluhmki E, Hantel S,

et al. Empagliflozin, cardiovascular
outcomes, and mortality in type 2
diabetes. New England Journal of
Medicine. 2015;373(22):2117-2128

(89] Baker WL, Smyth LR, Riche DM,
Bourret EM, Chamberlin KW, White WB.
Effects of sodium-glucose
co-transporter 2 inhibitors on

blood pressure: A systematic review

and meta-analysis. Journal of the

American Society of Hypertension.
2014;8(4):262-275

[90] Sjostrom CD, Sugg J, Tjoen C,

Salsali A, Ptaszynska A, Parikh S. Pilot
analysis of the effect of the SGLT2

96

inhibitor dapagliflozin on blood
pressure in patients with type 2 diabetes
mellitus: A pooled analysis of placebo
controlled trials. European Heart
Journal. 2012;33:680

[91] Zinman B, Inzucchi SE, Lachin JM,
Woanner C, Ferrari R, Fitchett D,

et al. Rationale, design, and baseline
characteristics of a randomized,
placebo-controlled cardiovascular
outcome trial of empagliflozin (EMPA-
REG OUTCOME™). Cardiovascular
Diabetology. 2014;13(1):102

[92] Sanz-Serra P, Pedro-Botet ],
Flores-Le JR, Benaiges D, Chillarén JJ.
Dapagliflozin: Beyond glycemic control
in the treatment of type 2 diabetes
mellitus. Clinica e Investigacion en
Arteriosclerosis: Publicacion Oficial de
la Sociedad Espanola de Arteriosclerosis.
2015;27(4):205-211

[93] Bode B, Stenlof K, Harris S,
Sullivan D, Fung A, Usiskin K, et al.
Long-term efficacy and safety of
canagliflozin over 104 weeks in patients
aged 55-80 years with type 2 diabetes.
Diabetes, Obesity and Metabolism. 2015
Mar;17(3):294-303

[94] Kovacs CS, Seshiah V, Swallow R,
Jones R, Rattunde H, Woerle HJ,

et al. EMPA-REG PIO™ trial
investigators. Empagliflozin improves
glycaemic and weight control as
add-on therapy to pioglitazone or
pioglitazone plus metformin in patients
with type 2 diabetes: A 24-week,
randomized, placebo-controlled trial.
Diabetes, Obesity and Metabolism.
2014;16(2):147-158

[95] Davies M]J, Trujillo A, Vijapurkar U,
Damaraju CV, Meininger G. Effect of
canagliflozin on serum uric acid in
patients with type 2 diabetes mellitus.
Diabetes, Obesity and Metabolism.
2015;17(4):426-429

[96] Rddholm K, Figtree G, PerkovicV,
Solomon SD, Mahaffey KW, de Zeeuw D,



SGLT2 Inhibitors Therapy in Type 2 Diabetes Mellitus

DOI: http://dx.doi.org/10.5772/intechopen.84152

et al. Canagliflozin and heart failure in
type 2 diabetes mellitus: Results from
the CANVAS program (Canagliflozin
Cardiovascular Assessment Study).
Circulation. 2018. DOI: 10.1161/
CIRCULATIONAHA .118.034222

[97] Wiviott SD, Raz I, Bonaca MP,
Mosenzon O, Kato ET, Cahn A, et al.
Dapagliflozin and cardiovascular

outcomes in type 2 diabetes. New
England Journal of Medicine. 2018

[98] Kasichayanula S, Liu X, Zhang W,
Pfister M, LaCreta FP, Boulton DW.
Influence of hepatic impairment on the
pharmacokinetics and safety profile of
dapagliflozin: An open-label, parallel-
group, single-dose study. Clinical
Therapeutics. 2011;33(11):1798-1808

[99] Heise T, Seewaldt-Becker E, Macha S,
Hantel S, Pinnetti S, Seman L, et al.
Safety, tolerability, pharmacokinetics
and pharmacodynamics following 4
weeks’ treatment with empagliflozin
once daily in patients

[100] Seko Y, SumidaY, Sasaki K, Itoh Y,
lijima H, Hashimoto T, et al. Effects of
canagliflozin, an SGLT?2 inhibitor, on
hepatic function in Japanese patients
with type 2 diabetes mellitus: Pooled
and subgroup analyses of clinical

trials. Journal of Gastroenterology.
2018;53(1):140-151

[101] Takase T, Nakamura A, Miyoshi H,
Yamamoto C, Atsumi T. Amelioration
of fatty liver index in patients with

type 2 diabetes on ipragliflozin:

An association with glucose-

lowering effects. Endocrine Journal.

2017;64(3):363-367

[102] Kuchay MS, Krishan S, Mishra SK,
Farooqui KJ, Singh MK, Wasir JS,

et al. Effect of empagliflozin on

liver fat in patients with type 2

diabetes and nonalcoholic fatty liver
disease: A randomized controlled

trial (E-LIFT trial). Diabetes Care.
2018:dc180165

97

[103] Kojima N, Williams JM,
Takahashi T, Miyata N, Roman RJ.
Effects of a new SGLT?2 inhibitor,
luseogliflozin, on diabetic nephropathy
in T2DN rats. Journal of Pharmacology
and Experimental Therapeutics.
2013;345(3):464-472

[104] Kohan DE, Fioretto P, Tang W,
List JF. Long-term study of patients
with type 2 diabetes and moderate renal
impairment shows that dapagliflozin
reduces weight and blood pressure but

does not improve glycemic control.
Kidney International. 2014;85(4):962-971

[105] Chemey DZ, Perkins BA,
Soleymanlou N, Malone M, Lai 'V,

Lee A, et al. Renal hemody-namic
effect of sodium-glucose cotransporter
2 inhibition in patients with type

I diabetes mellitus. Circulation.
2014;129(5):587-597

[106] Neal B, PerkovicV, de Zeeuw D,
Mahaffey KW, Fulcher G, Ways K, et al.
Efficacy and safety of canagliflozin,

an inhibitor of sodium-glucose
cotransporter 2, when used in
conjunction with insulin therapy in
patients with type 2 diabetes. Diabetes
Care. 2015;38(3):403-411

[107] Seidu S, Kunutsor SK, Cos X,
Gillani S, Khunti K. SGLT2 inhibitors
and renal outcomes in type 2 diabetes
with or without renal impairment:

A systematic review and meta-

analysis. Primary Care Diabetes.
2018;12(3):265-283

[108] Nyirjesy P, Sobel JD, Fung A,
Mayer C, Capuano G, Ways K, et al.
Genital mycotic infections with
canagliflozin, a sodium glucose
co-transporter 2 inhibitor, in patients
with type 2 diabetes mellitus: A pooled
analysis of clinical studies. Current
Medical Research and Opinion.
2014;30(6):1109-1119

[109] Usiskin K, Kline I, Fung A,
Mayer C, Meininger G. Safety



Type 2 Diabetes - From Pathophysiology to Modern Management

and tolerability of canagliflozin in
patients with type 2 diabetes mellitus:
Pooled analysis of phase 3 study
results. Postgraduate Medicine.
2014;126(3):16-34

[110] Kim G, Gerich J, Salsali A, Hach T,
Hantel S, Woerle HJ, et al. Empagliflozin
(EMPA) increases genital infections but
not urinary tract infections (UTIs) in
pooled data from four pivotal phase III
trials. Diabetologie und Stoffwechsel.
2014;9(S 01):P140

[111] Vasilakou D, Karagiannis T,
Athanasiadou E, Mainou M, Liakos A,
Bekiari E, et al. Sodium-glucose
cotransporter 2 inhibitors for type 2
diabetes: A systematic review and meta-
analysis. Annals of Internal Medicine.
2013;159(4):262-274

[112] Johnsson KM, Ptaszynska A,
Schmitz B, Sugg J, Parikh §],

List JF. Urinary tract infections in
patients with diabetes treated with
dapagliflozin. Journal of Diabetes and
its Complications. 2013;27(5):473-478

[113] Ogawa W, Sakaguchi K. Euglycemic
diabetic ketoacidosis induced by SGLT2
inhibitors: Possible mechanism and
contributing factors. Journal of Diabetes
Investigation. 2016;7(2):135-138

[114] Erondu N, Desai M, Ways K,
Meininger G. Diabetic ketoacidosis and
related events in the canagliflozin type

2 diabetes clinical program. Diabetes
Care. 2015:dc151251

[115] Handelsman Y, Henry RR,
Bloomgarden ZT, Dagogo-Jack S,
DeFronzo RA, Einhorn D, et al.
American Association of Clinical
Endocrinologists and American College
of Endocrinology position statement on
the association of SGLT-2 inhibitors and
diabetic ketoacidosis.

[116] Rosenstock J, Marquard J,

Laffel LM, Neubacher D, Kaspers S,
Cherney DZ, et al. Empagliflozin as

98

adjunctive to insulin therapy in type
1 diabetes: The EASE trials. Diabetes
Care. 2018;41(12):2560-2569

[117] Fadini GP, Avogaro A. SGLT2
inhibitors and amputations in the US
FDA adverse event reporting system.
The Lancet Diabetes & Endocrinology.
2017;5(9):680-681

[118] Bilezikian JP, Watts NB, Usiskin K,
Polidori D, Fung A, Sullivan D, et al.
Evaluation of bone mineral density and
bone biomarkers in patients with type
2 diabetes treated with canagliflozin.
The Journal of Clinical Endocrinology.
2016;101(1):44-51

[119] Wanner C, Toto RD, GerichJ,
Hach T, Salsali A, Kim G. No increase
in bone fractures with empagliflozin
(EMPA) in a pooled analysis of more
than 11,000 patients with type 2
diabetes (T2DM). Journal of the
American Society of Nephrology.
2013;24 (Suppl):S205A



Chapter 6

Newer Modalities in the Treatment
of Type 2 Diabetes Mellitus: Focus
on Technology

Alan B. Schorr

Abstract

This chapter will focus on the technological advances for individuals with Type
2 diabetes mellitus and their effect on treatment, control of blood glucoses and
possible improvement in lifestyle and decreasing complications. This is a general
overview of technological improvements and not an outline for specific patient
care. Various technologies will be discussed and the outlook for future improve-
ments outlined.

Keywords: CSII-continuous subcutaneous insulin infusion, CGM-continuous glucose
monitoring, HbA1C, MDI-multiple dose injection, smart pen

1. Introduction

During the past 30 years, there has been significant advances in technology
for the treatment of patients with Diabetes Mellitus. Most of these advances have
focused on patients with Type 1 diabetes mellitus. The perception has been that
individuals with Type 2 diabetes mellitus have not needed these advances or that
they are not appropriate for a population that does not always require insulin.

Type 2 diabetes mellitus is a disease which is multifactorial: linked to metabolic
derangements, Obesity, dietary behavior along with lifestyle issues particularly
those individuals who are Sedentary [1, 2]. Given these factors, technology has been
considered as adjunct therapeutic modalities to use in addition modification of diet,
education, medications and lifestyle changes.

2. Insulin pump therapy (CSII)

Continuous Subcutaneous Insulin Infusion (CSII) has been utilized since
the 1970s for the treatment of Diabetes Mellitus. The first insulin pumps were
extremely large and bulky. Dr. Arnold Kadish devised a backpack insulin pump in
the 1960s, but it proved to be less than optimal for everyday use. Dean Kamen in the
late 1970s developed a more practical portable insulin pump which was eventually
produced by Baxter called the Auto Syringe. This was the initial insulin pump that
this author utilized in the early 1908s. Insulin pumps have evolved significantly over
the past 40 years becoming smaller, more precise in the delivery of insulin doses
and more reliable than their older versions [3]. During the 1980s to early 2000s,
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there were several companies providing insulin pumps to the public. Due to vary-
ing factors, these companies ceased production and in the late 2000s, there were
only 4-5 companies in the US. As of 2018, there are only three large companies still
functioning in the USA: Medtronic Diabetes, Omnipod and Tandem. There are
several more companies in Europe that are providing insulin pumps. In the future
there may be additional entries into the US market from other companies. Patch
pumps are of particular interest to many individuals with DM.

The use of continuous subcutaneous insulin infusion as a primary therapy for
Type 2 DM patients has been investigated for the past 40 years. It has been utilized
in various patient groups, including those who have newly diagnosed Type 2 DM. It
is noted that individuals with Type 2 DM have poor to average control [4].

Multiple uncontrolled studies from 2008 to 2013 evaluated insulin pump therapy
(CSII) in patients with Type 2 diabetes mellitus. The various studies indicated
switching to CSII therapy led to improved glucose control generally, reduction in
daily insulin doses compared with conventional Multiple Dose Injection therapy
(MDI) and improved patient satisfaction [5]. These studies were conducted in vari-
ous entities- Clinical Research Centers, Hospital outpatient clinics and small private
outpatient offices.

Random Clinical Trials evaluating the efficacy of CSII therapy versus conven-
tional MDI have been conducted and published since 1991 [6-13]. Many of these
earlier studies were shorter ranging from 16 to 32 weeks and showed minimal
benefit of one modality over the other.

The OpT2mise trial included a large heterogeneous population noted significant
benefit compared with MDI with lower HbA1C levels, decrease in insulin require-
ment and no significant change in weight and no change in hypoglycemic events.
This was a large scale multi center international trial which compared the efficacy
of CSII therapy to intensive MDI therapy in patients who were not able to reach
HbA1C goals despite intensified MDI regimens. This was a randomized paral-
lel group study encompassing a run-in phase, 6-month randomized phase and a
6-month continuation phase. To continue in the trial a minimum of 3 measurements
of glucose per day was required [14].

The study noted that CSII therapy significantly improved blood glucoses in
patients when compared with MDI regimens (~ mean difference was 0.7%). There
was a 20% decrease in the total insulin dose per day with little or no change in
hypoglycemic events or weight gain. Additionally, these results also indicate that
selection of the proper individual for CSII treatment is paramount. The study also
noted that ~ 38% of patients in the CSII treatment arm had mild cognitive impair-
ment. Patients with such impairments can successful implement CSII therapy with
proper training and education.

This landmark study of CSII in Type 2 DM individuals does has some notable
limitations. Patients with insulin resistance utilizing greater than 220 units per
day were excluded. This is a large population which is increasing, and further
large studies need to be considered. The study did not include individuals utilizing
concentrated forms of insulin (U-200 and U-500).

Additionally, the study does not take in account the availability of continuous
glucose monitoring and depended on serum blood glucose (SBG) monitoring. With
the advent of flash glucose monitoring and advances in continuous glucose moni-
toring (CGM) discussed in another part of this chapter, additional studies compar-
ing CSII and MDI in these patients may be warranted.

At present, the CSII systems available for patients with Type 2 DM include
pumps with sensor combinations that have the ability to suspend delivery if the
sensor notes low glucose [15].

These systems are presently the only ones approved for patients with Type 2 DM.
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Future advances in CSII use for Type 2 DM could include the use of the hybrid
closed loop system which now available for Type 1 DM individuals. The Medtronic
hybrid closed loop system is the only one currently available. This system auto-
matically adjusts the basal delivery every 5 minutes based on sensor readings. The
system attempts to maintain glucose levels to an assigned target [16]. This form of
CSII therapy functions with two different modes: Auto mode which uses an algo-
rithm to respond to glucose levels. Manual mode is similar to previous pump-sensor
combinations and requires preset basal rates by the individual in conjunction with
his/her physician. Both systems still require manual meal bolus (MB) administra-
tion and manual correction for consistently elevated glucoses. Other companies are
presently testing their versions of closed loop hybrid systems which may be avail-
able in the near future [17].

Patient with extreme insulin resistance have been at a disadvantage utilizing CSII
therapy due to the restricted capacity of the pumps (either 180 units, 200 units,

300 units). One company in Europe has developed small insulin pumps with 500
unit and 800-unit capacity though this system is presently not available in the United
States [18]. Physicians have resorted to utilizing U-500 in the pumps to decrease

the frequency of site and pump changes. Several studies have noted the efficacy

and improvement in quality of life with the use of U-500 in CSII therapy [19, 20].
Additional attempts to improve glucose control, quality of life, decreasing insulin
requirements for Type 2 patients has led to use of so called “double pump” systems,
utilizing insulin in 1 pump and pramlintide in an additional pump. Results in a

small non-double-blind placebo-controlled observational study indicated a 10-20%
decrease in insulin requirements, improvement in glucose control, weight loss and
significant improvement in quality of life [21]. Limitations included the ability to
obtain supplies for two separate pumps and utilization of pramlintide as this medica-
tion in vials was discontinued by the manufacturer at the direction of the FDA.

CSII therapy has been considered an improvement over traditional MDI therapy
due to multiple factors: (1) There is predictable absorption of insulin. MDI which
traditional requires injection of larger doses of insulin will form a depot and
generally less efficacious in absorption and metabolic activity compared with CSII
which involves smaller volumes [13]. Both the basal rate and meal bolus with CSII
can be utilized with more precise insulin increments (tenths or hundredths of
units). (2) Patients using CSII therapy appear to have increased satisfaction with
this form of insulin therapy compared with traditional MDI injections. Based on
personal observation and previous studies, patients find CSII more convenient
for their lifestyle, easier to utilize after being trained and more likely to adhere to
the treatment regimen. There is less likelihood of omitting (forgetting) their dose
of insulin as compare with MDI. Peyrot et al. noted that patients record regular
omission of insulin injections [22]. Personal observation of patients within my
practice regularly indicates individuals utilizing MDI regularly admit missing meal
time insulin injections. Those using CSII therapy note that since the insulin pump is
attached and readily available, along with various alarm reminders missing doses is
minimal. (3) The ability to download information from insulin pumps to websites
(each pump has its own download capability which can cause increase work for the
physician) can facilitate more efficient data collection and an ability to change the
treatment regimen between patient visits.

Given the advantages of CSII therapy over MDI therapy, it would appear that
CSII therapy should be considered for individuals with Type 2 DM as it is now
considered for patients with Type 1 DM. However, cost effectiveness in several
health systems has not been completely demonstrated. Current policies in many
health systems are varied and the ability for patients to obtain access to CSII therapy
may be limited.
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3. Continuous glucose monitoring (CGM)

Continuous glucose monitoring or CGM was first available for research projects
in the 1970s.

Miles Laboratories in the late 1970s developed the Biostator which was large,
bulky and required IV access. It had little use in everyday clinical practice, due to its
size, need for constant supervision, IV access and waste of blood in order to mea-
sure glucose levels [23, 24].

In 2002, the GlucoWatch Biographer was introduced. It was shaped like a watch,
similar to the Apple Watches of today. It adhered to the skin and used interstitial
fluid to measure glucose levels every 10 minutes for 13 hours. [25]. See Figure 1.

Due to its process reverse iontophoresis, the GlucoWatch had significant draw-
backs. It was painful for many individuals, had accuracy issues and was difficult
particularly in warmer climates with individuals sweating. The Autosensor, which
was replaced every 13 hours had caused skin changes and irritation in many
patients. Eventually the GlucoWatch was discontinued in late 2007. It did, however,
pave the way for the CGM systems of today.

The current CGM systems use an enzymatic modality that reacts with interstitial
fluid glucose and transfers it to an electrode. The electrical current that is generated
is then relayed to a reader via Bluetooth wireless or an app on a smart phone which
displays the results to the individual. The data can also be downloaded to a com-
puter. Additionally, the information can be stored to the cloud and relayed to the
physician or caregiver via a secure website [26].

It must be noted that interstitial glucose measurements can lag 5-15 minutes
behind blood glucose measurements particularly if there is rapid variability [27, 28].
Previously, CGM systems required calibrations twice per day which introduced a
perceived limitation particularly for individuals who wished to limit “finger sticks”
as an incentive to move to CGM systems.

The newer versions of CGM to include the DEXCOM G6, Guardian 3 and a flash
form of CGM, the FreeStyle Libre (10-day and 14-day systems) have decreased the
necessity of frequent calibrations.

In recent years, there have multiple studies with CGM involving individuals
with Type 2 diabetes mellitus. The focus has been efficacy, the effect of CGM

AutoSensar

GlucoWatch® Biographer

Figure 1.
GlucoWatch Biographer 2.
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with regards to hypoglycemia and glucose variability [29]. A study conducted by
Vigersky et al. with patients utilizing diet, lifestyle vs. other combinations of oral
agent therapy with or without basal insulin noted a reduction of mean unadjusted
HbA1C of 1.0% vs. 0.5% in the SMBG group at week 12 and 0.8% vs. 0.2% at week
52. This occurred without intensification of medication or an increase in hypogly-
cemic episodes [29]. An additional study by Fonda et al. noted even an intermittent
use of CGM may be appropriate for motivating individuals or helping to avoid
“burnout” [30, 31].

The DiaMonD study (Daily Injections and Continuous Glucose Monitoring in
Diabetes) study was a 6-month randomized control trial that compared the effec-
tiveness of CGM to SMBG in individuals using MDI (multiple daily injections).
This included both Type 1 and Type 2 DM patients. The results of the 6-month
trial for Type 2 patients was published in 2017 and noted the following: Type 2 DM
individuals after 24 weeks using CGM had an average 0.8% reduction in HbA1C
levels compared with baseline. Those with higher A1C levels noted the greatest
reduction with a group starting with A1C levels greater than 9.0% noting an average
1.4% reduction from baseline. Those using CGM had an increase in time spent in
the target range compared with the control group (those only using SMBG). The
A1C reductions occurred with minimal changes in insulin doses, little or no change
in regimen or addition of non-insulin medications [32].

CGM has also been useful in recognizing previously undetectable episodes of
hypoglycemia. Studies conducted by Zick et al.; Pazos-Couselo et al.; Klimontov
and Myakina all noted a significant higher percentage of hyperglycemic episodes
observed with the use of CGM compared with SMBG use.

The use of CGM particularly in older individuals utilizing insulin therapy has
noted significantly higher incidences of nocturnal hypoglycemia compared with
those utilizing only CGM. This indicates that CGM can be useful in high-risk Type
2 DM populations such as the elderly, those with special needs and individuals that
have difficulty utilizing HGM such as severe arthritic conditions, vascular issues,
etc. [33-36].

CGM is also a tool to assess glucose variability. This has become important
in outcome measurements recently in addition to the standard A1C levels. The
INITIATION study which tested an insulin initiation algorithm in Type 2 DM
patients used CGM in 78 patients who were followed for 24 weeks. The results noted
that insulin initiation reduced hyperglycemia but not glucose variability [37, 38].
The FLAT-SUGAR study which randomized 102 patients who were on metformin
and basal/bolus insulin to either maintenance with basal/bolus therapy for chang-
ing the basal insulin to GLP-1 therapy. The drug used with this study of 26 weeks
was exenatide BID. Using CGM it was noted that the GLP-1 group had lower
variability of glucose as measured by the coefficient of variation. Of note with
this study, A1C levels or episodes of hypoglycemia did note change significantly
between the treatment groups [39-41].

These studies and others both past and presently being conducted have shown
the CGM use in patients with Type 2 DM can improve A1C levels, detect risk of
hypoglycemia which is not clinically apparent, particularly nocturnally and may be
able to assess and address glucose variability.

There are two forms of CGM presently available for use in clinical practice:

(1) Professional CGM and (2) Personal CMG. Professional CGM is placed in the
physician office and does not require the patient to obtain or purchase a system.
Itis a blinded system in many instances, that is, the patient has no access to the
results immediately and must wait for the CGM to be downloaded in the physi-
cian’s office, analyzed and then informed of the results. These systems can be worn
for 3, 7 or 14 days, though generally the 7- or 14-day systems are more popular
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today. The systems available today in the United States for professional use are: the
DEXCOM Professional system, the FreeStyle Libre Pro system, Medtronic iPro 2
system. Most of these systems do require additional calibration. Once the study

is completed, the data is downloaded to either the cloud or a specific program on
the computer and then can be reviewed by the physician or allied health provider
in conjunction with the physician and then shared with the patient. The blinded
system can be helpful in regards that the patient is not responding during the time
of the study but continuing their usual habits to include diet, activity and medica-
tions. Reimbursement for use of Professional CGM has improved over the past
several years particularly in the United States. Requirements as the reporting of
CGM results can vary among the different health plans which can lead to limita-
tions in its use.

Personal CGM consists of an individual obtaining a system which is unblinded
and provides blood glucoses every 5+ minutes for DEXCOM and Guardian 3
systems. These systems are placed subcutaneously and have alarms with notify the
patient when certain patterns or thresholds are detected. There are multiple thresh-
old alarms, rate of change alarms, predictive alarms. Predictive alarms are useful
in that it permits the individual to take preventative action rather than corrective
action. However, the downside of these alarms is that there can be false positives
and false negatives. This can lead to so-called “alarm fatigue” [42]. Individuals
will in many instances either ignore or silence the systems due to the multitude
of alarms. In some cases, they will abandon CGM altogether. The DEXCOM G5-6
system is the only CGM device at present that is approved by the FDA for a non-
adjunctive indication. It can be considered a therapeutic CGM, allowing individuals
and physicians to modify therapy based solely on the readings and trends.

The FreeStyle Libre system utilizes a flash monitoring system. It is placed like
the other CGM systems subcutaneously but provides glucose results when the CGM
is scanned. Thus, the results are intermittent depending on the frequency of scan-
ning by the patient [43]. The newest of the FreeStyle Libre systems, the 14-day unit
improves over the older 10-day system with a 1-hour warm up period compared with
12 hours. Several randomized controlled trails note that the use of flash CGM with the
Libre system reduced hypoglycemia, increased the time in target range and reduced
glucose variability [44, 45] Studies and personal observation have also shown higher
device utilization. This may be due to the simplicity of application and ease of use.
The use of this system in increasing and may prove to be an asset particularly in indi-
viduals who may not need the sophistication of the more complex CGM system but
want the benefit of CGM and not have to consistently perform SMBG or finger sticks.

Additional studies in Europe have shown the cost effectiveness of CGM in the
management of patients with Type 2 DM receiving intensive MDI regimens and
also improvement in the detection and avoidance of hypoglycemia in individuals
with Type 2 DM [46, 47].

Another technological advance in CGM has been the development and approval
of the implantable CGM system by Senseonics called the Eversense System. The
system consists of an implantable cylindrical sensor 3.5 mm x 18.3 mm in size.

This is implanted by the physician every 90 days in the upper arm area under the
skin. When the system in activated, it measures interstitial glucose levels every

5 minutes. The data is transferred to a battery powered transmitter that is worn
externally over the sensor. The external transmitter also provides alerts similar to
other CGM systems for impending hypo or hyperglycemia. The transmitter needs
to be recharged for ~15 minutes every other day. The sensor is explanted, and a new
sensor implanted every 90 days. A 180-day sensor is being developed for the future.

Several studies have shown the accuracy and acceptability of an implantable
glucose sensor. The PRECISE and PRECISE II studies noted that the Eversense
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system was safe and provided accurate glucose results during the 90-day sensor
life [48, 49]. An additional study in the UK and Germany comprising a subgroup
of individuals in the PRECISE trial who were administered quantitative psycho-
social assessments that included the Diabetes Distress Scale (DDS), CGM Impact
Scale and a bespoke device satisfaction questionnaire. The results of the sub study
indicated that an implantable CGM was acceptable to most of the participants
and the majority of users both first time to CGM or previous CGM users would
continue to use an implantable CGM to manage their glucoses and DM more
effectively [50].

As the accuracy of CGM improves, particularly in the hypoglycemia range,
the acceptance should also increase. However, at this time, CGM still does not, in
the eyes of the regulatory agencies substitute fully for conventional SBGM. With
continued development and use, it appears that eventually CGM, with or without
CSII therapy will become the “standard of care” for both Type 1 and Type 2 diabetes
mellitus.

4. Smart pen systems

Most individuals with DM, particularly Type 2 DM, who utilize insulin therapy
are using insulin pen systems to deliver their daily insulin dose. Previous adminis-
tration of insulin via syringe and vial has been difficult to administer and master.
Additionally, accuracy of dose has been questioned. Insulin pens are one of the most
widely used devices worldwide in DM treatment and care [51].

A recent review of the literature and meta-analysis noted that insulin pen
devices noted improvement in patient adherence and persistence with their treat-
ment regimen. Hypoglycemia was noted to be reduced, with a possible improve-
ment in dose accuracy in pen devices. However, these studies were limited, and the
authors of the meta-analysis recommended additional larger scale studies [52].

Additionally, there is the issue of documentation of insulin doses. Many patients
do not record the time and dose of insulin consistently. Many will state that they
took their insulin with meals, nighttime, for correction of their glucose, etc. but will
not be able to provide accurate documentation. Therefore, this can be a significant
barrier to glycemic control. Guidelines developed by various organizations make
no mention of the need to record insulin dose administered and timing of injection
whether the patient uses pen or syringe/vial.

In December 2017, the FDA approved the first smart pen system in the US. This
insulin pen system records the dose of insulin and time of injection and transmits
the data via Bluetooth to a mobile application that is downloaded on the patient’s
smart phone. The mobile app has the capability of dose calculation and less than
whole number units which conventional insulin pens are not able to deliver.

It can also inform the individual how much insulin is on board (IOB) similar to
CSII devices. This data is stored on the individuals’ smart phone and can be brought
easily to the clinical visit for analysis by the physician/health care provider.

There may an additional entry in this area. Bigfoot Biomedical is developing an
insulin smart pen that will connect to the FreeStyle Libre system. It will be con-
trolled with a mobile app and hopefully adjust long and short acting insulin doses
without manual input [53].

The benefits of a smart pen system in the treatment of individuals with DM can
be summarized as follows:

1.Improvement in poor adherence to the treatment regimen and omission of
insulin doses.
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Having the data readily available and reminders on their phone can provide an
extra incentive to be more compliant with their regimen.

2. Improvement with the risk of insulin dose errors. Access to dosing and timing
of insulin can facilitate more accurate doses and limit the risk of accidental
overdose or under dosing.

This being a relatively new technology, these devices will need to demonstrate
improvement in clinical and QOL (Quality of Life) outcomes, cost effectiveness,
ease of training and use. However, many of the technologies discussed above have
underwent the same scrutiny. The issue of cybersecurity as with any connected DM
devices will need to be resolved to maintain patient confidentiality and integrity
of the data. Smart pens may be an alternative to individuals who do not want CSII
therapy for a multitude of reasons but would like to intensify their regimen and
have access to appropriate dosing and timing of insulin to improve their glucose
control.

5. Mobile and computer applications (apps)

Data Management software for diabetes has been available since the late 1980s
to early 1990s. However, acceptance and adoption by both patients and physicians
has been slow. The issues have been the ability to download or upload data with each
device having its own set of software and cable connections. In many cases, physi-
cian offices had upwards of 6-10 different connections to obtain data from SMBG
meters and other devices.

Over the past two decades, a number of innovations were developed that
“streamlined” the ability to obtain data from patient devices. There has been an
improvement in device connectivity with most devices now able to utilize Bluetooth
technology thus eliminating the need for multiple cables or hubs. Additionally,
smartphone technology has decreased the cost and complexity of data sharing. The
use of automated uploads from devices to the “cloud” has allowed both patient and
physician to have almost real-time access to data [53].

Proprietary cloud data platforms from multiple device manufacturers have been
able to provide secure data and have developed common formats, easing the burden
on physicians and their offices to maintain multiple programs. Also, many of the
device companies, including those manufacturing SMBG devices have developed
complex reporting capabilities that have been designated as Ambulatory Glucose
Reports or Profiles.

The multitude of apps for the patient with DM has led to concerns of quality and
safety. Apps available at both the Google Play store and Apple App Store may little or
no oversight. A recent study in 2016 found that the majority of apps from the Google
Play store did not meet the minimum requirements or did not work appropriately
[54, 56] Additional studies are needed to fully investigate the efficacy and utility of
mobile applications with regard to the treatment of individuals with Type 2 DM.

Another approach is to combine the mobile application, the cloud with a remote
coaching system. Studies are now ongoing to assess the effect of individuals using
a smart phone-based glucose monitoring system which automatically moves data
to a secure cloud-based site [55]. A designated “diabetes coach” which is a health
care provider (RN, NP or physician) then reviews the data several times per week
and remotely connects with the patient to provide recommendations or discussion.
Results are pending in these studies and hopefully preliminary results will be avail-
able in 2019. (Personal Observation).
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The use of Artificial Intelligence (AI) in the treatment of patients with Diabetes is
emerging and advancing at significant pace. Multiple programs are being developed
to improve adherence and personalize the individual’s regimen. Studies are ongoing
to determine whether pattern recognition and the ability of machine learning can
provide the patient with diabetes mellitus a unique, individualize model which is
automated and can assist with predictions and decisions. At this time, Al cannot and
does not substitute for patient — physician interaction and communication.

6. Conclusion

This chapter attempted to briefly outline the technological advances in the
treatment of Type 2 diabetes mellitus. It is noted the technology has improved the
quality of life, blood glucose control and possibly decreased the risk of complica-
tions. However, it must be pointed out to the reader that technology, no matter how
advanced, does not substitute for personal interaction with patients. The ability
to know your patient, his/her lifestyle, stressors, etc. plays an important role in
designing the proper treatment regimen. Continued advances in technology will in
the future make the physician/healthcare provider and the patient’s ability to con-
trol his/her blood glucoses less complicated but ultimately the decisions to maintain
diet, exercise, monitoring of glucoses remains with the individual.
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Cardiometabolic Health
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Abstract

We want to demonstrate the feasibility of the concept of a cyber-physical system
(CPS) by showing good correlation of insulin resistance by HOMA-IR with changes
of state variables (SVs) such as R-ratio, Rw-ratio, calculated 24 h nonprotein respi-
ratory quotient, and fat-burning fraction from serial measurements of weight and
fat mass. We utilize principles of indirect calorimetry. We calculate SVs from
published data of an energy perturbation study. We perform correlation analysis
between changes of insulin resistance measured with HOMA-IR and selected SVs.
The result of this correlation analysis confirms a highly significant correlation
between HOMA-IR and the selected SVs. The implication of these results is that
CPS is a suitable concept to indirectly measure and predict the otherwise very-
difficult- or impossible-to-measure slow changes of SVs and capture them for the
first time noninvasively. Serial fat and weight measurements and energy calcula-
tions can help unmask changes of insulin resistance in response to user’s diet and
exercise habits, creating the necessary environment to measure metabolic flexibil-
ity. Further, CPS has the potential to estimate cardiorespiratory fitness by indirectly
estimating maximum oxygen uptake from measuring heart rate reserve, heart rate
variability, and pulse oximetry changes with exercise.

Keywords: energy metabolism, metabolic profile, insulin resistance,
metabolic monitoring, cardiometabolic health, self-management

1. Introduction

This book chapter introduces to practicing physicians the framework of our
cyber-physical system (CPS) for management and self-management of
cardiometabolic health. The hypothesis here is that cardiometabolic functions rele-
vant to cardiovascular disease (CVD) mortality including insulin resistance can be
tracked and predicted from measuring physical activity, heart rate, and pulse
oximetry by a smart watch and from serial weight and fat weight measurements
obtained from a bioimpedance fat scale. CPS serves the need for individualized
precision methods to gauge cardiometabolic health with metrics/trajectories and
predict slow changes of cardiometabolic health in health as well as in disease. There
is a need to provide this information as a feedback to patients and their care team to
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facilitate prevention and treatment of chronic noncommunicable disease, improve
rehabilitation after acute cardiovascular illness, and facilitate needed behavior
change for cardiometabolic risk reduction to improve cardiovascular as well as
all-cause mortality. Computer-generated feedback may provide a framework for
automation and self-improvement to meet daily goals of therapeutic efforts.

Based on our research in systems biology, a cyber-physical system (CPS) can be
construed for noninvasively tracking, drawing trajectories, and indirectly measur-
ing daily changes and predict the otherwise very-difficult- or impossible-to-mea-
sure slow changes of the daily state variables (SVs) of the metabolism and capture
them for the first time noninvasively in freely moving humans in their natural
environment outside of a metabolic laboratory setting.

Components of CPS are (A) a management software tool (MST); (B) a metabolic
health monitor (MHM) app; (C) software on MHM capturing biometric signals from
sensors of heart rate, physical activity, and pulse oximetry from a smart watch;
and (D) software on MHM capturing biometric signals related to body composition
and hydration status from Ori Diagnostic Instruments’ (ODI) patented apparatus for
impedance spectroscopy. MHM is running ODI’s proprietary self-adaptive individu-
alized stochastic mathematical model of the human energy metabolism (SAM-HEM)
[1-3] via cloud computing. Based on our published simulation studies, SAM-HEM is
a suitable concept to capture daily changes of the following SVs: weight; fat mass;
lean mass; protein mass; intracellular water mass; extracellular water mass; utilized
macronutrient intake and substrate oxidation of carbohydrate, fat, protein; and the
R-ratio (ratio of the daily lean mass change velocity divided by the daily fat mass
change velocity) which could be used as a surrogate marker for insulin resistance.
SAM-HEM is a self-learning algorithm with daily updates using the minimal variance
Kalman filter/predictor to arrive at the best metabolic model fitting to the available
measured data. The trajectories of SVs are displayed on MHM and MST with errors of
calculations allowing for analysis of past events, tracking current metabolic events
real time, predicting metabolic changes in the future, and supporting self-
management as well as guided therapies. We envision also that the same smart watch
can provide sufficient information to track cardiorespiratory fitness by estimated
maximum oxygen uptake. Our innovation is to merge the assessment of metabolic
fitness/flexibility measurements with the assessment of cardiorespiratory fitness and
realize CPS to improve cardiometabolic health.

The challenges ahead are the following: The prevalence of obesity and
type 2 diabetes (T2D) is ranked the highest in the USA and Mexico in the American
continent [4]. The proportion of the population with abnormal glucose tolerance is
52.4% for the USA (14.4% T2D, 38% prediabetes) [5] and 33.5% for Mexico (14.1%
T2D, 19.1% prediabetes) [6].

Central to our mission in primary care is to fight the burden of
noncommunicable chronic diseases including the most prominent one, cardiovas-
cular disease (CVD). CVD is substantially higher in individuals with unhealthy
lifestyle characteristics, including obesity, prediabetes, diabetes, insulin resistance,
metabolic syndrome, physical inactivity, poor diet, and cigarette smoking [7]. In
forging the battle against these problems, I see the following paramount problems:

1. There is a certain degree of fatigue toward “dieting,” “weight loss,” and
hearing the word “obese.” According to a recent survey [8], many sufferers of
obesity wanted to become “healthy” so they could be “fit” and “strong” and
expressed the wish for general health.

2. The problem with targeting weight loss only is that it does not distinguish
between the loss of adipose and lean tissues. Further, it intuitively contradicts
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the notion of the obesity paradox, i.e., increased BMI is associated with
increased survival and reduced mortality among patients with cardiovascular
risk [9]. A mortality study in adults showed that normal weight at the time of
incident diabetes had higher mortality than adults who are overweight or obese
[9, 10]. This apparent obesity paradox is best explained by insulin resistance
which is the primary underlying factor in cardiovascular disease. Fat mass
itself and insulin sensitivity (reciprocal of insulin resistance) may be the
decisive link between mortality and weight status [10]. Moreover, a more
recent study [11] confirms what most clinicians have felt for a long time that
obesity or excess fat mass with associated insulin resistance is directly
associated with shorter longevity and significantly increased risk of
cardiovascular morbidity and mortality [11]. Furthermore, when a surrogate
index of insulin resistance such as waist circumference is used to predict
mortality, an elevated waistline was strongly predictive of an increased
mortality rate among patients with cardiovascular disease [12], and it is an
independent risk factor for CVD mortality [13].

3. Clearly, there is a need for healthy lifestyle interventions using
self-management along with support team approach to prevent and treat
noncommunicable diseases linked to overweight and obesity [14] to achieve
cardiorespiratory fitness along with metabolic health with lowest possible
insulin resistance. Effective programs and technology tools together are
needed to support behavior change approaches toward healthy lifestyle.
Recently, behavior change strategies have emphasized the need for feedback
loops for self-directed behavior modification [15]. However, there is a paucity of
personalized, time-adjusted, dynamic interventions supporting feedback control
for health behavior interventions [16]. There is a needed tool to observe the slow
changes of cardiovascular fitness and metabolic health metrics closely as a
feedback of information for patient and primary care provider to facilitate self-
directed behavior change [3] as well as for guided therapy by the healthy
lifestyle team. The hurdles to develop such behavior change models with
dynamic feedback loops and corresponding supportive technology tools are (A)
the lack of gold standard measures for important behavior constructs, (B) tools
allowing for planning and executing dynamic changes of behavior, (C) a
dynamic behavior change model using self-directed behavioral change
strategies, and (D) outcome measures for optimization [3, 16].

Given the pandemic of overweight and obesity involving 1.9 billion people
worldwide according to the World Health Organization, new and fresh ideas and
approaches are needed. One of the goals of the current article is to introduce to
researchers and clinicians a widely applicable toolset which could unleash the
potential of the modern Digital Era and tackle the extraordinary burden of insulin
resistance, obesity, prediabetes, metabolic syndrome, and type 2 diabetes on
humanity. In this article, inspirations were taken from thoughts and works of giant
and prodigious scientists of the twentieth century, the unbelievably huge potential
of smartphone technologies, combined with the tremendous power of human net-
working through the Internet. With the current novel framework, we strive to use
the minimum set of assumptions about the process and measurement.

Eugene Wigner (1902-1995) stated that there is a “miracle of the appropriate-
ness of the language of mathematics for the formulation of the laws of physics” ...
which may appear to us with “unreasonable efficiency.” The inspiration here is,
why not use mathematical tools for the formulation of the applicable laws to the
human energy metabolism such as the first and second laws of the thermodynamics
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when considering, for example, the fat balance, i.e., fat in minus fat out? Though
indirect calorimetry already makes reference to these laws, the indirect calorimetry
technology use is intricately connected to respiratory gas exchange measurements
which are difficult to do with the daily routine of life. However, mathematical
models can be created with input variables with easier realization in daily life such
as weight and fat weight measurement with bioimpedance fat scale. Further,
appropriately built mathematical models can provide indirect measurements of
difficult-to-measure variables of the human energy metabolism like fat versus car-
bohydrate oxidation rate or changes of insulin resistance [1-3] and provide a solu-
tion to gain a special quantified insight into the fat and the entire energy
metabolism. Currently, the computational model of the human energy metabolism
(CM-HEM) [17] and its improved version [18] is considered the most complete.
CM-HEM uses the three compartmental partitioning of the entire energy flow,
centered around the major macronutrient energy stores: glycogen G, fat F, and
protein P. Hall was able to test his model and found satisfactory agreement between
the model predictions and the measured group averaged data from the Minnesota
Study [17], as well as 50 other studies [18]. Although CM-HEM behaves appropri-
ately for different groups of subjects, it is presently unclear whether individual
subject responses can be predicted [19], and CM-HEM may be limited in its ability
to provide precise information on an individual basis [19]. Further, CM-HEM uses
food intake as an input rather than an output variable, and it would be particularly
interesting to determine utilized food intake from body composition changes [19].
CM-HEM is neither linear nor recursive nor individualized to a particular subject,
and therefore, it is not suited to performing recursive parameter identification of
the human energy metabolism, nor is it able to perform inverse calculation of
utilized energy intake. Further, insulin resistance is not considered in CM-HEM
when in fact insulin resistance plays a crucial role influencing fat and carbohydrate
oxidation rates and the entire dynamic of body composition change [1-3]. Obvi-
ously, individualized models are needed which can be tied to easily measurable
input variables such as weight and fat weight and provide insight into the fat and
nonfat energy balance and change of insulin resistance.

A second insightful guidance to our approach comes from John von Neumann
(1903-1957) for the fight against insulin resistance. During his time, he foresaw
already that “science, as well as technology, will in the near and in the farther future
increasingly turn to problems of structure, organization, information, and control.”
This raises the question, why not use Neumann’s self-organization and system
theory ideas to control and prevent insulin resistance and obesity? In this regard
using certain universal principles for energy calculation, such as the principle of
“least action/ stationary action,” for example, in Lagrangian and Hamiltonian
mechanics, can be instrumental in setting up suitable control equations or func-
tionals, such as the Hamilton-Jacobi-Bellman equation in control theory for
dynamic optimized control [20]. This Hamilton-Jacobi-Bellman equation can allow
for dynamic optimization of the energy system to achieve the desired state in the
shortest possible time with minimized efforts.

The third inspirational insight comes from Rudolf E. Kalmdn (1930-2016) and
his invention of the “Kalman filter.” This is briefly a statistical tool with tremen-
dously widely used successful applications to control a vast array of consumer,
health, commercial, and defense products. According to Grewal [21], the Kalman
Filter is possibly the greatest discovery in the twentieth century and made the moon
landing among others possible. This raises the question, why not use the Kalman
filter to estimate and predict fat mass change? A potential application of Kalman’s
minimum variance estimator and predictor could be twofold: (1) Updating the a
priori estimation equations for the measurement variables (weight, fat weight) with
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a posteriori results and (2) providing a posteriori estimation for the process vari-
ables such as lean mass L, glycogen mass G, fat mass F, protein P, intracellular water
mass ICW, and extracellular water mass ECW. This will realize a dynamic state-
space modeling connecting the measured variables with the process variables, never
losing the measured reality and keeping full statistical knowledge about confidence
intervals and other statistical properties of results. The beauty of the Kalman esti-
mators is that they operate also as a predictor when no updated measurements are
provided.

Central to the development of the noninvasive metrics for the human energy
metabolism is to have a novel metric for insulin resistance from energy flow
point of view through the body. Insulin resistance is related to ectopic fat
accumulation and reduced capacity of fat oxidation and inflexibility in regulating
fat oxidation combined with the increased propensity of glucose oxidation and
glucose-induced suppression of fat oxidation [22]. Experimental weight perturba-
tion showed concordant changes of the glucose vs. fat oxidation fraction in
skeletal muscle [23]. The correlation between BMI/weight/body composition and
insulin resistance measured, for example, with Homeostatic Model Assessment of
Insulin Resistance (HOMA-IR), is well documented in the medical literature
[24, 25]. It is increasingly recognized also that there is a dynamic correlation
between changes of weight, fat weight, and insulin sensitivity/resistance changes.
Building on the above observations and reviewing energy perturbation studies
from the international literature, we observed also a high level of correlation
between weight, fat weight, and HOMA-IR [26]. We found also that our newly
defined R-ratio and Rw-ratio showed highly significant correlation with
HOMA-IR, and we proposed these measures as metrics for insulin resistance [2, 3, 26].
We recognized that monitoring R-ratio and Rw-ratio may give an important tool for
monitoring changes of insulin resistance; we developed CPS for this purpose. We have
provided the derivation of our formulas used in CPS in the Appendix. The lists of
measured and derived variables in CPS are listed in the glossary.

The essential input parameters, weight W), and fat weight F}, are captured by
the software on MHM from a “bathroom scale” performing measurements of body
composition (weight, fat weight) and hydration status (intracellular and extracel-
lular water mass) developed by Ori Diagnostic Instruments (ODI), which is a
patented apparatus for impedance spectroscopy [27, 28]. Without calorie counting
and just using the required input AW}, AF}, and EBy, the fat and nonfat energy
balance can be estimated along with the weight-related alpha aivg, the energy
density parameter for weight change ¢y, the weight-related Rw-ratio Rwy, the
lean mass-related alpha ay, the energy density parameter for lean mass change ¢; ,,
the lean mass-related R-ratio Ry, the nonprotein respiratory quotient Rup,,, and the
fat-burning fraction y;, as in Egs. (1)-(19).

With additional measurement of physical activity (PAE) energy expenditure via
smart watch sensors and using the measured or calculated value of the basal meta-
bolic rate BMR,, (by either using Harris-Benedict formula or by actual measurement
of BMR,, with indirect calorimetry), the total energy expenditure can be obtained as
in Eq. (20).

If steady-state equilibrium in the metabolism can be assumed and the total
energy expenditure is known, then it is possible to calculate food fraction ¢,, total
metabolized energy intake MEIy, fat intake FI}, and fat oxidation FO,, in addition to
awy,, Qs OWk> OLk> Ris Rwp, Rnpk, and Xk

If equilibrium state is uncertain, then we would recommend additional
macronutrient calorie counting on designated calibration days (maybe every 2 weeks).
This could improve accuracy and would allow deeper insight into the dynamics of SVs
of the metabolism.
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One of the goals of this chapter is to demonstrate the feasibility of the concept of
CPS for its main function which is to predict changes of insulin resistance and fat
oxidation from serial measurements of weight and fat mass. Unfortunately, there is
a paucity of published data with longitudinal observations and serial measurements
of the measurable components of the energy metabolism including measuring
markers of insulin resistance. A complete data set to study the insulin resistance and
weight-fat weight relationship would require the following data: serial measure-
ments of macronutrient energy intake (EI), total energy expenditure (TEE) and
serial fat mass (F), and lean body mass (L) or weight (W) measurements. Very few
trial data are published only with serial measurements of markers of insulin sensi-
tivity or resistance. Nevertheless, we were able to identify a study suitable for our
aim, which is to demonstrate the feasibility of our concept of CPS to track and
predict SVs and markers of insulin resistance. Here we use published data from the
study entitled “Effects of brief perturbation in energy balance on indices of glucose
homeostasis in healthy lean men (EBPE) [29].”

2. Method

For all calculations I used MATLAB. To demonstrate the main functions of our
CPS, we use here the published data of EBPE [29]. In this study 10 healthy men
participated in two cycles of controlled 7-day periods of caloric restriction (CR)
and refeeding (RF) in protocol A and overfeeding (OF) and caloric restriction (CR)
in protocol B at £60% energy requirement. Insulin resistance was assessed by
HOMA-IR on the basis of measured serum insulin and glucose levels in the study
participants. The mandatory input data to CPS is weight, fat weight, and daily
energy balance values EB,,. The daily weights were directly scanned in from the
published graphs [29]. The fat weight data points were available only at baseline
and at the end of CR, RF, and OF cycles. I used MATLAB’s Piecewise Cubic
Hermite Interpolating Polynomial to connect these fat data points in order to have
daily fat mass estimates (see Figure 1a and b). I calculated the energy balance EB,
from the difference of the metabolically utilized energy intake minus total energy
expenditure.

I estimated weight-related alpha aiv;,, energy density parameter for weight gy,
Rw-ratio Rwy,, and fat-burning fraction y;, from AW, AF,, and EB;, utilizing the
methods described in Egs. (1)-(19).
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Figure 1.
(a) Daily weight and fat weight in protocol A. (b) Daily weight and fat weight in protocol B.
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For calculation of correlations between HOMA-IR and weight, fat weight, R-
ratio, Rw-ratio, fat-burning fraction y,,, and nonprotein respiratory quotient Runp,, I
used MATLAB’s corrcoef function.

For demonstration purposes, I plugged the mandatory input variables AW,
AFy, and EBy, as well as the known ingested macronutrient calories CIy, FIj, and PI;,
into SAM-HEM algorithm with Kalman filter [1-3]. As a measure of goodness of fit
of the metabolic model SAM-HEM, I calculated the predicted mean value and
standard deviation of the modeling error, i.e., model-predicted value minus the
known trajectory of weight, fat weight, and lean mass.

3. Results

The input weight and fat weight data are shown in Figure 1a for Protocol A and
in Figure 1b for Protocol B. The measured data points for fat mass are connected
with MATLAB’s Piecewise Cubic Hermite Interpolating Polynomial. The results of
Rw-ratio Rw,, and fat-burning fractionation y,, for Protocols A and B are in
Figure 2a and b, respectively. The measured data points for HOMA-IR are
connected with MATLAB’s Piecewise Cubic Hermite Interpolating Polynomial.

Fwrabic, v, =nd MOMA-S in Froloccd & Rwr-rafis, . s HOMA-IF in Prodecol B
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Figure 2.

(a) Daily changes of Rw-ratio, y,, and Homa-IR in protocol A. (b) Daily changes of Rw-ratio, y;,, and Homa-
IR in protocol B.
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Figure 3.
(a) Daily changes of Rnp and Homa-IR in protocol A. (b) Daily changes of Rnp and Homa-IR in protocol B.
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In Figure 3a and b, the changes of the nonprotein respiratory quotient can be
seen for Protocol A and for Protocol B. Figure 4a for Protocol A and Figure 4b
for Protocol B show the results of utilized macronutrient intakes carbohydrate CI
and fat FI, as well the macronutrient oxidations for carbohydrate CarbOx and

fat FatOx.

The correlation coefficients between HOMA-IR and W, Fi, R, Rw, Rnp,,
and y;, along with their P value are shown in Table 1.

The results of goodness of fit of the SAM-HEM metabolic model to the known
trajectory of weight, fat weight, and lean mass are shown in Table 2.

Figure 4.
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(a) Daily metabolized carbohydrate and fat intake and oxidation in protocol A. (b) Daily metabolized
carbohydrate and fat intake and oxidation in protocol B.

Protocol A Protocol B
HOMA-IR P value HOMA-IR P value
W 0.828219114701 0.000003557891 0.6464400352912 0.00154355168
Fy, 0.873415795383 0.000000235522 0.9999138255551 0.00000000000
Ry —0.77770999896 0.000033325699 —0.971975709210 0.00000000000
Rw, —0.92129422123 0.000000003126 —0.967645037740 0.00000000000
Rnp, 0.935321042397 0.000000000000 0.9529177800117 0.00000000000
Xk —0.9354436104 0.000000000000 —0.952802142972 0.00000000000
Table 1.

Correlation coefficients between HOMA-IR and Wy, Fi, R, Rwy, Rup,, and y,,

Protocol A Protocol B
Mean deviation in Standard Mean deviation in Standard
grams deviation grams deviation
Wy 220.1045 893.8795 —289.2232 512.9418
Fy, —11.8265 122.9743 —13.3447 94.0426
Ly 21.8630 90.8594 —35.0486 40.6444
Table 2.

Goodness of fit of the SAM-HEM metabolic model to Wy, Fy, and Ly, data.
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4, Discussion

Insulin resistance is a pathogenic factor for type 2 diabetes. Insulin resistance has
a deleterious impact on glucose and lipid metabolism, blood pressure, coagulation
abnormality, inflammation, oxidative stress, and endothelial dysfunction. Popula-
tion studies suggest that insulin resistance is an important target to reduce CVD risk
[30]. A significant proportion of apparently healthy subjects are insulin resistant.
About 30-40% of subjects are afflicted with insulin resistance in affluent countries,
and the total number is over 1 billion worldwide [30]. HOMA-IR-estimated insulin
resistance is associated with subsequent symptomatic CVD in the general popula-
tion independent of all classic and several nontraditional risk factors [30]. The main
result of EPBE [29] is that it clearly demonstrates the profound effect of energy
perturbation on changes of insulin resistance. Insulin resistance remained slightly
impaired at the end of Protocol A (CR followed by RF) as opposed to the end of
Protocol B (OF followed by CR) where the insulin resistance created by OF was
normalized by CR. As it is discussed by the authors of [29], the benefit of calorie
restriction in terms of improvement of insulin sensitivity is firmly established in the
medical literature in various disorders like binge eating with bulimia, weight
cycling, obesity, and type II diabetes. In the EPBE study, euglycemic clamp mea-
surements were performed parallel to the HOMA-IR. Observing these in parallel, an
overarching picture emerges that the sugar and insulin dynamics are strongly
connected to quantifiable dynamics of body composition and the fat metabolism as
well as the carbohydrate- vs. fat-burning energy utilization.

Our feasibility demonstration for the main features of CPS is focused on
assessing changes of insulin resistance. Using trial data from EBPE [29], we corre-
lated HOMA-IR as a surrogate marker for insulin resistance with our surrogate
markers such as R-ratio, Rw-ratio, 24 h nonprotein respiratory quotient, and
fat-burning fraction. We found high correlation across the examined metabolic
variables Wy, Fi, Ri, Rwy, Rnp,, and y, with HOMA-IR along with highly signif-
icant P value for each examined variable.

The implication is that these results show strong evidence for the feasibility for
our concept to a have a noninvasive long-term monitoring tool for insulin resistance
for users in their natural environment. Displaying Wj, Fi, Ry, Rwy, Rnp,, and y,,
on MHM and MST via our CPS can provide the needed tool to users and their
providers to observe and use adaptive control strategies to improve the otherwise
undetectable and invisible phenomena caused by insulin resistance and reach
metabolic health.

A new method for metabolic research has been introduced here to extend the
principles of indirect calorimetry to a broader application which considers serial
measurements of changes of body composition and hydration status with no gas
exchange measurements and is still able to estimate 24 h nonprotein respiratory
quotient. For this purpose, a Lagrangian functional L was set up to establish the
quantitative relationships between changes of fat mass, weight, and energy balance.
Without calorie counting and just using the required input weight change AW,,, fat
mass change AF},, and energy balance EB;, the fat and nonfat energy balance can be
estimated along with important semi-stable energy parameters of the metabolism
including the weight-related alpha aiv;, the energy density parameter for weight
change ¢y, the weight-related Rw-ratio Rwy, the lean mass-related alpha @, the
energy density parameter for lean mass change ¢; ;, the lean mass-related R-ratio
Ry, the nonprotein respiratory quotient Rnp,, and the fat-burning fraction y,.
Finding proof for the quantitative relationship between insulin resistance and
Rwy, Ry, Rnp,,, and y;, was difficult due to lack of previous studies [24] with the
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needed measurements and due to non-availability of individual data of participants
of potentially qualified metabolic studies. Thompson and Slezak [25] showed first
that weight and fat loss are correlated well with markers of insulin resistance/
sensitivity. Kelley et al. [22] was able to show that in vivo insulin sensitivity was
related to a higher in vitro capacity for fat oxidation of skeletal muscle samples. The
same author found also that the strongest predictor of improved insulin sensitivity
was associated with enhanced fasting rates of fat oxidation. In this context “meta-
bolic flexibility” in the skeletal muscles is discussed in the literature [24, 31]. One
definition of metabolic flexibility is the ability to switch from fat to carbohydrate
oxidation during insulin-stimulated glucose disposal. Another definition of meta-
bolic flexibility is the capacity for the organism to adept fuel oxidation to fuel
availability [31]. The opposite of metabolic flexibility is metabolic inflexibility
which is an important feature of insulin resistance. In the state of insulin resistance,
the fuel switching is impaired, and there is an impaired capacity to upregulate
muscle lipid oxidation. Metabolic inflexibility and state of insulin resistance mani-
fest as decreased fasting rates of fat oxidation and the lack of further suppression of
fat oxidation during heightened level of insulin action postprandially [32]. A defin-
ing characteristic of metabolic inflexibility is when after a fat-rich diet, an impaired
drop of overnight fasting RQ (impaired fat oxidation) can be observed. Further,
insulin-resistant subjects manifest less lipid oxidation during fasting condition and
greater lipid oxidation during insulin-stimulated conditions relative to non-insulin-
resistant subjects. The failure to augment lipid oxidation during fasting conditions
likely is a key mechanism leading to lipid accumulation within skeletal muscle [32].
Supporting evidence for impaired lipolysis, diminished fat oxidation, and metabolic
inflexibility was confirmed recently in obese girls with polycystic ovary syndrome
and increased insulin resistance [33].

The main likely mechanism of metabolic inflexibility is that the impaired capac-
ity to upregulate muscle lipid oxidation in the face of high lipid supply may lead to
increased muscle fat accumulation and insulin resistance [31]. Many studies have
shown when people are in energy balance, the 24 h food fraction ¢,, fat-burning
fraction y,,, and nonprotein respiratory quotient Rnp, match each other [31]. With
the current technology, metabolic flexibility can be studied in a metabolic chamber
by measuring RQ. The testing modalities include overnight sleep study with RQ
measurement or measuring RQ in response to high-carbohydrate diet or in response
to high-fat diet [31]. The overnight study can show that the subject with metabolic
inflexibility would burn less fat during fasting state than the individual with normal
metabolism. At least 2 days of waiting is needed for seeing a clear difference in
response between flexible and inflexible individuals when dietary changes are
performed because adaptive mechanisms of the body prevail initially. The person
with metabolic inflexibility would burn less sugar compared with a person with
metabolic flexibility in response to high-carbohydrate diet. Conversely, the fat
burning is better in the normal metabolism than the impaired flexibility in response
to the high-fat diet. After 6-7 days, an equilibrium sets in again, and the final RQs
become indistinguishable between sufferer of inflexibility and healthy, and the 24 h
food fraction ¢, and fat-burning fraction y, settle close to the same value [31]. In
summary, it is tempting to speculate that a CPS equipped with the capability to
monitor nonprotein respiratory quotient Rnp, could detect flexibility vs. inflexibil-
ity in response to dietary challenges of the user in his or her natural environment.

It is important to point out that the energy perturbation study EPBE /34/ was
done in healthy men with no confounding metabolic abnormalities. Nevertheless,
the correlation analysis reveals the profound connection between insulin resistance
change (as measured by HOMA-IR) and energy metabolism with manifestations of
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substrate utilization and fat-burning capability. This becomes significant when we
want to measure metabolic flexibility and create a metric for metabolic health in
general. As insulin resistance (and HOMA-IR) is connected to mortality, so is
metabolic inflexibility which could be now measured outside of a metabolic labora-
tory. In earlier publications of ours, we found evidence for close correlation already
between HOMA-IR and R-ratio in a wide variety of clinical conditions including
obesity, postmenopausal state, metabolic syndrome, and prediabetes /2, 3, 24/. Data
from EPBE /34/ prove now that the connection between insulin resistance and R-
ratio or metabolic flexibility/inflexibility exists across human physiology and path-
ophysiology in health or disease. Actually, EPBE /34/ helped defining the quantifi-
able meaning of “metabolic health,” and we have now practically usable metrics for
it explaining also the title of this chapter.

It is important to consider why visceral obesity and the associated increased
waist circumference are a good predictor for CVD mortality [33]. The visceral fat
leads to high concentration of fatty acids which contributes to impaired liver
metabolism and fatty liver. The visceral adipose tissue has been shown to be loaded
with macrophages which contribute to the pro-inflammatory profile of visceral
obesity which would drive endothelial dysfunction and contributes to mortality.
The visceral obesity-induced lipo-toxicity eventually leads to ectopic fat depositions
not just in the liver but also the heart, kidney, and also skeletal muscle [34]. For
management of visceral obesity, prediabetes, metabolic syndrome, and type 2 dia-
betes, it is important to know that physically very active persons afflicted with these
conditions experience 50% reduction of CVD risk burden [33]. Further, physical
activity induces a selective mobilization of visceral adipose tissue and ectopic fat
even in the absence of weight loss. Consequently, our “leap ahead” innovation to
unify metabolic function assessment with cardiopulmonary fitness assessment may
provide an important tool to fight for less insulin resistance and higher cardiorespi-
ratory fitness. CPS has the promise to become a comprehensive cardiometabolic
function assessment tool in freely moving individuals requiring only wearing a
smart watch and using a specialized stand-up scale (high accuracy bioimpedance
analyzer) for serial measurement of fat mass and weight.

Increased insulin resistance states in obesity, prediabetes, metabolic syndrome,
and type 2 diabetes represent a high-risk state for CVD. Restoration of impaired
insulin resistance and its manifestation of impaired glucose tolerance can signifi-
cantly reduce the risk of future diabetes in prediabetics and decrease the estimated
CVD risk [34]. The diabetes prevention program (DPP) [35, 36] showed a clear
reduction in diabetes incidence in participants assigned to the lifestyle interventions
or metformin. Actually, lifestyle intervention was about twice as effective as met-
formin for prevention of diabetes and was the only intervention associated with
regression to normal glucose regulation. Seeing the overwhelming evidence of
importance of lifestyle change, we propose to utilize a CPS-like approach as
outlined in introduction to help this process. CPS can be used to observe SVs such as
weight, lean body mass, fat mass, R-ratio, Rw-ratio, calculated 24 h nonprotein
respiratory quotient, and fat-burning fraction from serial measurements of weight,
fat mass, and daily energy balance estimates EB. EB, can be obtained either as per
Eq. (5) with no calorie counting requirement or for enhanced accuracy with calorie
counting and measurements of the physical activity energy expenditure and fol-
lowing Eq. (20). As a workable answer to behavioral changes mentioned in the
introduction, we propose using SVs for “(A) gold standard measure” for metabolic
functioning and as “(D) outcome measures for optimization” as a foreseen requisite
to make breakthroughs in the fight against obesity and insulin resistance [3, 15, 16].
The predictive power of SAM-HEM can draw trajectories of SVs and allow for trend
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analysis and prediction and serve as “(B) ...tools allowing for planning and execut-
ing dynamic changes of behavior,” as desired by behavior scientists [15, 16]. The
desire for a (C) dynamic behavior change model development using self-directed
behavioral change strategies can arrive with further development of CPS using
control equations like the Hamilton-Jacobi-Bellman equation for dynamic opti-
mized control [20] and with further technologies of artificial intelligence.

The main contribution of this chapter to medicine and life science is that it lays
out a framework using CPS to observe and monitor long-term SVs of the metabo-
lism including markers of insulin resistance. The CPS approach may point to new
and promising directions to find workable solutions to challenges of unhealthy
metabolic conditions such as insulin resistance, obesity, prediabetes, metabolic
syndrome, and type 2 diabetes.

5. Conclusion

We provided important supportive evidence for feasibility for our concept of
CPS for indirectly measuring and predicting the otherwise very-difficult- or
impossible-to-measure slow changes of SVs and capture them for the first time
noninvasively in freely moving humans in their natural environment outside of a
metabolic laboratory setting. Serial fat and weight measurements and energy calcu-
lations can help unmask changes of insulin resistance in response to user’s diet and
exercise habits, providing tools to measure metabolic flexibility which can be used
as a surrogate marker for metabolic health. Further, CPS has the potential to esti-
mate cardiorespiratory fitness by indirectly estimating maximum oxygen uptake
from measuring heart rate reserve, heart rate variability, and pulse oximetry
changes with exercise. CPS is a tool to observe the two major risk factors of CVD at
the same time: metabolic health and cardiorespiratory fitness, and therefore the
new term cardiometabolic health is justifiable and introduced here to emphasize the
two interlinked physiological functions impacting mortality significantly. CPS can
enable managed and self-improvement of cardiometabolic health. CPS armed with
further technologies of control engineering and artificial intelligence can unleash
the potential of digital health to help manage conditions essential to primary care
and to the public at large.
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Glossary

Measured vaviables

Fy
AF,
Wi,
AW,
EB,

Derived or estimated variables

BMR,
CI,
CO
ECWwW,
FI,
FO,
ICW,
Ly
AL,
MEI,
PAE,

TEE,
Ry
ka
Rnp,,
ay

&k
awy,

Oﬁ/t)k

0r~ 9.4 Kcal/g
01, ~1.8 Kcal/g
OLk

Owp

oW

Dr

Xk

A. Appendix

fat weight

fat mass change in 24 h
weight

body weight change in 24 h
daily energy balance

basal metabolic rate

carbohydrate calorie intake

oxidized carbohydrate calories

extracellular water mass

fat intake

oxidized fat calories

intracellular water mass

lean mass

lean mass change in 24 h

metabolically utilized energy intake

physical activity energy expenditure via smart
watch sensors

total energy expenditure

R-ratio

Rw-ratio

nonprotein respiratory quotient

first-order term coefficient of the lean body—fat
logarithmic relationship Tylor series expansion
estimation of q

first-order term coefficient of the weight—fat
logarithmic relationship Tylor series expansion
estimation of awy,

energy density for fat

the energy density for lean mass

estimation of ¢,

energy density for weight

estimation of oy,

fat intake fraction

fat-burning fraction

The following mathematical descriptions use elementary mathematics and a
minimum set of assumptions, similar to the landmark article of [37]. These equa-
tions could be regarded as an extension of the work of [37], with my main points
being that the fat-burning fraction can be calculated from serial fat and weight
changes, producing the same result as 24 h indirect calorimetry. Importantly, the
equations allow the clinician to determine the nonprotein respiratory quotient with
serial weight and fat weight measurement, avoiding the necessity for gas exchange
analysis. An important advantage of this mathematical method is that it can be used
anywhere outside of a metabolic laboratory.
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The R-ratio for modeling of the insulin resistance is defined in our analysis as the
ratio of lean body mass change velocity AL, (lean mass change in 24 h) and fat mass
change velocity AF}, (fat mass change in 24 h) of day & as in Eq. (1).

AL,

R, = —F.
kT AR,

1)
Likewise, Rw-ratio can be defined as the ratio of weight change velocity AW,

(body weight change in 24 h) and fat mass change velocity AF), (fat mass change in
24 h) of day k as in Eq. (2).

AW,

AF, )

ka =

We proposed the Rw-ratio for modeling of the insulin resistance as it is easier to
measure change of weight than lean mass [26].
The total energy balance for the day k can be expressed as in Eq. (3):

Owp - AWk + OF * AFk = MEIk — TEEk. (3)

The same energy balance as in (3) can be expressed also using Rw-ratio or Rwy, as
in Eq. (4):

(owy - Rwe + op) - AF, = MEI}, — TEE, = EB,. (4)

According to (3) and (4), the total energy balance (metabolically utilized energy
intake MEI}, minus total energy expenditure TEE},) is connected to changes of
weight AW}, and body fat mass change AF}, at the end of day k& where the energy
distribution is governed by the energy density parameter for weight ¢y, and fat ¢j.
In the case of positive energy balance, AL, AW, and AF}, will have a positive sign,
otherwise negative. ¢y is the daily energy density of the fat mass change which is
estimated to be ¢p 7 9.4 Kcal/g. Rw;, and ¢y, need to be estimated as direct mea-
surement is not possible. The main idea and proposition here are to estimate Rwy,
from serial weight and fat weight measurement. gy, is estimated here from serial
measurement of weight and energy balance EB. Accordingly, the input to our
models is going to be known measured values of daily weight W}, and fat weight Fj.
The daily energy balance EB,, is indirectly measured or calculated. If no calorie
counting and total energy expenditure measurements are done, then the option
exists to use (5):

EBy~ (¢ - R + 0F) - AFy. ©)

Here the energy density value of lean mass change ¢; is used, which is assumed
to be around ¢; ~ 1.8 Kcal/g and is a semi-stable value [19]. Now the estimation of
Ry and Rwy, is needed. Here we exploit the observation that there is a logarithmic
relationship between lean mass and fat mass according to Forbes [38]:

Lk = -ln(Fk). (6)
The same assumption can be used for weight and fat weight interrelationship:
Wk = oWy, - In (Fk) (7)

Now the daily lean mass change AL, can be connected to the daily fat change
AF), using the first-order term coefficient in the Taylor series expansion. It is
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noteworthy that this calculation avoids the division by zero for cases when there is
no change of fat mass.

ALk Qay,
F AR Y E, (8)

Here alpha q is the first-order term coefficient in the Taylor series expansion
of the lean body-fat logarithmic functional relationship. For the value of
a =10.4 is used [38] if mass is measured in kilograms. Though intuitively it is felt
that this may not be the case for everybody every time, the stability assumption
for a over prolonged time is made by multiple authors [19, 38, 39]. Obviously,
finding the individual applicable value of «, is desired [19].

Now, the daily weight change AW, can be connected to the daily fat change
AF), using the first-order term coefficient in the Taylor series expansion similar

to Eq. (8).

AWk awy,

Rw;, = AFk ~ Fk . (9)
Obviously, finding the individual applicable value of the semi-stable daily lean

mass change-related alpha oy, weight-related alpha awy, and ¢y, is needed. For this
purpose we want to take advantage of the principle of “least action” or “stationary
action,” which is assumed to hold true at steady state of an energy system. The same
principle is widely used in Lagrangian or Hamiltonian mechanical systems. We
want to extend this variational principle to the thermodynamic system of the
human energy metabolism. Briefly stated, the time integral of a thermodynamic
energy functional (Lagrangian functional) of the observed energy system under
stationary assumption will assume a minimum value. The justification for our
approach is that the first and second laws of thermodynamics (Hess’s law) are fully
applicable for indirect calorimetry as well as thermic energy calculations [37, 40].
The use of the principle of “least action/stationary action” will predict that the
energy metabolism works with the minimum consumption of fuel and would not
waste energy unnecessarily. Here we introduce our thermodynamic Lagrangian
functional where the time integral is replaced by summation of energies for each
day from day k =1today k = N:

k=N
L=Y [(QWk - Rwy, + QF) -AFk]z + Aawy, - [AW}, — awy, - (InFp, — InFj_4)] (10)
k=0

The minimum solution of L is sought for very slow changing semi-stable awy,
and ¢y, for known AF;, AW, and EB;,. This solution could be obtained with
numerical methods to minimize the Lagrangian functional L. The Lagrange multi-
pliers Aaw;, and Agy,, are non-zero variables and are part of the minimization
procedure, and they multiply the constraints for conservation of mass and energy,
respectively. Metabolic studies suggest that a new steady state of equilibrium ensues
in 5-6 days [31] after a change of input variables occurs and equilibrium is
reached. The parameters aw;, and ¢y, can be considered stable. The Lagrangian
functional L may also contain the parameter q;, in a similar fashion to awy, if needed.
Instead of using head-on numerical minimization methods to find the semi-stable
parameters awy, and gyy,,, I prefer using the recursive least square method (RLS) of
the general form y, = £ - x}, where the time-dependent variables y, and x;, are
known and estimate for parameter £ is sought. RLS has the advantage that the
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estimate of 2j_1 at time k — 1 can be updated at the arrival of the new measured
variables y, and x;. This method allows us to estimate aiv;, when AW}, AFy, and F,
are available. Similarly, ¢y, can be estimated when a new set of AW}, AF},, and EB;
are available.

Once all parameters of the energy balance Eq. (4) are known, the nonfat
energy balance and fat energy balance can be calculated as in Egs. (11) and (12),
respectively:

owi - AW = (1— @) - MEI, — (1— ) - TEEy, (11)
or - AFy = ¢}, - MEI}, — y;, - TEE,. (12)

Here ¢, designates fat intake fraction as defined in Eq. (13), and y; denotes the
fat-burning fraction as in Eq. (14).

FI,
Pr 7MEI]€’ (13)
and
FO,
= . 14
Xk TEE, (14)

In Eq. (13), FI}, represents fat intake, and in Eq. (14), FO, stands for oxidized fat
calories of day k.

We made an important observation in [2, 3, 26] that the R-ratio Ry, strongly and
negatively correlates with HOMA-IR. Building on this observation and using Rw-
ratio Rwy, we introduce here a possible modeling of the connection between insulin
resistance and substrate fractionation. At assumed steady state, the fat-burning
fraction y,, approximates food fraction ¢, according to [31], and they become quasi
equal. Under this condition the nonfat and fat energy balance can be written in a
simplified form as in Egs. (15) and (16):

or
ow, AW, =———— . (MEI, — TEE},), (15)
Wh Qwy - Rwy + or ( )
owy. - Rwy
op - AF, = —=Wk ZZ% (MEI, — TEE). (16)
F , Owy, - Rwy + o ( ¢ 2

Accordingly, the carbohydrate burning fraction 1 — y,, and the fat-burning frac-
tion y;, can be written as in Egs. (17) and (18):

%3 COy
1—y, = = 5 17
-Rw FO,
Yo = Wk k k (18)

" own-Rwp+op CO.+FO;’

Important properties of Egs. (15) and (16) are that they add up to the total
energy balance equation as in Eq. (3). It can be seen in this pair of equations that
with decreasing insulin resistance, i.e., decreasing HOMA-IR and concomitantly
increasing Rw-ratio Rwy, the fat-burning fraction y;, increases, and the carbohy-
drate burning fraction 1 — y;, would decrease. Similarly, with increasing insulin
resistance, i.e., increasing HOMA-IR and concomitantly decreasing Rw-ratio Rwy,
the fat-burning fraction y, decreases, and carbohydrate burning fraction 1 — y,
would increase as demonstrated in Figure 2a and b.
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Further, according to Elia and Livesey [37] during nonprotein energy produc-
tion, the nonprotein respiratory quotient Rnp, can be calculated from the fat-
burning fraction y; using stoichiometry under the assumption that mainly
dioleylpalmityltriglyceride and glucose are used as fuels for oxidation as in Eq. (19)
adopted from Elia [37].

a—yp-a+y,-b-c
a—jqp-a+ty-b

Rnp,, = (19)

The constant values in [37] are a2 = 19.502, b = 21.120, and ¢ = 0.7097.

All calculations from Egs. (1)-(19) use the same assumption as Elia and Livesey
[37] for their formulas, which remain in keeping and coincide with traditional
indirect calorimetry calculation as introduced by Lusk [37].

The somewhat arbitrary looking choice of definitions Egs. (17) and (18) can be
justified with our experience that increasing insulin resistance would lead to more
sugar burning and less fat burning. Further it allows for the calculated burning
fraction y; in Eq. (18) to be used as an input variable to calculate the nonprotein
respiratory quotient Rup,, as in Eq. (19). The result of this choice is also that an
increasing (or decreasing) burning fraction y; would translate into a decreasing (or
increasing) nonprotein respiratory quotient Rup, as demonstrated in Figure 2a and b
and 3a and b.

We calculate the total energy expenditure as in Eq. (20):

TEE), = PAE,, + BMR,. (20)
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Health Information Technologies
in Diabetes Management
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Abstract

About 1 in 11 adults worldwide now have diabetes mellitus, 90% of whom have
type 2 diabetes (T2D). Successful glycemic control helps to prevent and reduce
complications of T2D, including cardiovascular disease, kidney disease, blind-
ness, neuropathy, and limb amputation, and reduce death related to the disease.
However, maintaining optimal glycemic control requires ongoing monitoring and
treatment, which can be costly and challenging. To improve diabetes management,
the development of innovative self-care strategies is warranted. Advances in health
information technologies (HITs) have introduced approaches that support effective
and affordable health-care delivery and patient education. Technologies in mobile,
computer, e-mail, and Internet approaches have shown evidence in enhancing
chronic disease management, suggesting great potential for diabetes management
technologies. In this chapter, we provided an overview of the HITs in use for T2D
management. We synthesized the latest findings on HITs’ effect in reducing HbAlc
and managing complications, cardiovascular conditions, in particular. Further, we
discussed limitations in the current research in this area and implications for future
research. Last, we presented challenges of applying HITs in T2D management in the
real-world context and suggested steps to move forward.

Keywords: health information technologies, type 2 diabetes mellitus,
glycemic control, HbAlc

1. Introduction

Diabetes is the fastest growing chronic condition worldwide. The prevalence of
people with type 2 diabetes (T2D) is growing in each country [1]. Diabetes is also the
seventh leading cause of deaths in the world. Around 1.6 million people died due to
diabetes in 2016 [1]. Higher blood glucose levels also caused an additional 2.2 million
deaths, by increasing the risks of cardiovascular and other complications such as
kidney disease, blindness, neuropathy, and limb amputation [2-4]. Successful
glycemic control can prevent and reduce these complications. However, to maintain
optimal glycemic control requires ongoing monitoring and treatment, which can
be costly and challenging [5]. Advances in health information technologies (HITs)
have introduced approaches that support effective and affordable health-care
delivery and education. Technologies in mobile, computer, e-mail, and Internet
approaches have shown evidence in enhancing chronic disease management
including diabetes management, via supporting provider decision-making (through
electronic risk assessment, alerts, guidelines, formularies, and prescribing) and
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facilitating patient self-management (through risk communication, Web portals,
telemedicine, e-mailing, and secure messaging) [6-8]. In this chapter, we summa-
rized the current findings on HITs in managing T2D, especially on glycemic control
and CVD risks management. In addition, we discussed limitations in the current
research in this area and implications for future research. Further, we presented
challenges of applying HITs in T2D management in the real-world context and
suggested steps to move forward.

2. The potential of HITs in chronic disease management

HITs include a broad range of technologies, electronic tools, applications, or sys-
tems that provide patient care, information, recommendations, or services for pro-
motion of health and health care [9]. The advantages of using HITs in health care
have been well documented [10-13]. They have the potential to empower patients
and support a transition from a role in which the patient is the passive recipient of
care services to an active role in which the patient is informed, has choices, and is
involved in the decision-making process [10]. They are also designed to promote
communication and relationships between clinicians and patients and overcome
geographical barriers and logistical inconvenience when seeking health-care
services [11]. In the realm of chronic disease management, a variety of technologies
have shown their positive effects. For examples, electronic health record system
provides reminders at the point of care for providers to identify high-priority
clinical areas for patients with complex chronic illness [14]; telemonitoring system
provides asthma patients with continuous individualized help in the daily routine
of asthma self-care [12]; Web-based applications increase knowledge, problem-
solving skills, and social support via an interactive system for patients with cancers
[13]; mobile technology devices such as personal digital assistants (PDAs) and
cellular phones enable additional resources to care and change the location of care;
and mobile phone short message service (SMS) were able to remind patients of
scheduled visits, deliver test results, and monitor side effects of treatment [15-17].
The HIT-enabled self-care keeps evolving and attempts to address more challenging
health-care issues, such as diabetes management where patients need comprehen-
sive information and ongoing guidance as they work to develop a diverse knowledge
and skills.

3. HITs in glycemic control among patients with T2D

A growing research attention has been given to evaluate HITs” impact on dia-
betes management, including the primary management goal, glycemic status, and
major complications such as cardiovascular conditions. Previous reviews on this
subject suggested that HITs have the potential to improve these disease outcomes
[18-23]. However, effect size is specific to the main outcome; glycated hemoglobin
(HbAlc) varied between studies with reported mean difference ranging from —0.20
to —0.57% [19-23]. Table 1 presented the synthesized findings from the latest
systematic reviews. Heitkemper et al. searched randomized control trials (RCTs)
that studied the effect of HITs on HbAlc among medically underserved patients
[21]. In this meta-analysis of 10 eligible trials, HITs were associated with significant
HbA1lc reduction at 6 months (pooled standardized difference in mean: —0.36, 95%
CI -0.53, —0.19) with diminishing but still significant effect at 12 months (pooled
standardized difference in mean: —0.27, 95% CI —0.49, —0.04). The authors also
performed analyses by HIT type including computer software without Internet
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(n = 2), cellular/automated telephone (n = 4), Internet-based (n = 4), and tele-
medicine/telehealth (n = 3). The Internet-based interventions demonstrated the
greatest reduction in HbA1lc at both 6 months (pooled standardized difference

in mean: —0.50, 95% CI —0.69, —0.32) and 12 months (pooled standardized dif-
ference in mean: —0.87, 95% CI —1.58, —0.21). Cellular and automated telephone
interventions showed the smallest reduction. In Tao and colleagues’ systematic
review on consumer-centered HITs, they identified a significant pooled reduction
of —0.31 (95% CI —0.38, —0.23) in HbA1lc from 18 RCTs [18]. Similarly, Alharbi

et al. also found HITs were associated with a statistically significant reduction in
HbAlc levels (mean difference: —0.33%, 95% CI —0.40, —0.26%) [19]. In addition,
Alharbi and colleagues found studies focusing on electronic self-management
systems demonstrated the greatest reduction in HbAlc (—0.50%), followed by
those with electronic medical records (—0.17%), an electronic decision support
system (—0.15%), and a diabetes registry (—0.05%) [19]. Faruque et al. identified
11 RCTs with specific focus on effect of telemedicine [20]. Telemedicine refers to
the use of telecommunications to deliver health services, expertise, and informa-
tion on glycemic control [20]. In this study, the authors demonstrated a significant
reductions in HbAlc all three follow-up periods (mean difference at <3 months:
—0.57%, 95% CI —0.74, —0.40%, at 4-12 months: —0.28%, 95% CI —0.37, —0.20%,
and at >12 months: —0.26%, 95% CI —0.46, —0.06%). In another meta-analysis
that specially focused on telemedicine, Marcolino and colleagues found telemedi-
cine was associated with a statistically significant and clinically relevant decline

in HbA1lc level compared to control (mean difference = —0.44%, 95% CI —0.61,
—0.26%) [22]. Pal et al. examined the effect of computer-based intervention in self-
management in adults with T2D. The authors found modest effect associated with
the interventions (mean difference: —0.2%, 95% CI —0.4, —0.1%) [24]. Liang et al.
assessed the effect of mobile phone intervention on glycemic control in diabetes
self-management and found a significant common reduction of HbAlc (mean
difference: —0.5%, 95% CI —0.3, —0.7%) among 22 trials over a median follow-up
of 6 months [23].

Many of review studies including those mentioned above have shed light on the
effect of HITs in glycemic control. However, these studies often included limited
number of trials [21], lack of adherence to standard quantitative methods [25],
inadequate attention to heterogeneity across studies [26], lumped nonrandomized
and randomized trials together into evaluation [19, 23, 25, 27-29], mixed partici-
pants with type 1 or type 2 diabetes into analysis [18, 22, 25, 27-29], or restricted
searching criteria to a particular patient population or a specific type of HIT
[27, 30-32]. To address these limitations and to verify if and how much HITs impact
glycemic control, Yoshida and colleagues recently conducted a meta-analysis to
examine the most current state of evidence from RCTs concerning the effect of
HITs on HbAlc reduction among patients with T2D [33]. From an analysis of 34
eligible studies (40 estimates) identified from multiple databases from January
1946 to December 2017, the study reported that introduction of HITs to standard
diabetes treatment resulted in a statistically reduced HbA1lc. The absolute mean
difference in HbAlc pre- and postintervention between intervention and control
group was —0.65% (95% CI —0.99, —0.64%). The pooled reduction (standardized
difference in means) of HbAlc was —0.57 (95% CI —0.71, —0.43) (Figure1). In
addition, Yoshida et al. also found the reduction was significant across each of the
four types of HIT interventions (i.e., mobile phone-based, Web-based technologies,
SMS/text, or others) under review, with mobile phone-based approaches generating
the largest effects [pooled reduction was —0.67 (95% CI —0.90, —0.45)] followed by
SMS/text [—0.64 (95% CI —1.09, —0.19)], and Web-based [-0.48 (95% CI —0.65,
—-0.30)] [33].
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Figure 1.
Pooled reduction of HbA1c due to HITS. Adopted from the study of Yoshida et al [33].

HITs also have significant clinical impact in reducing HbAlc among patients
with T2D. It is reported that every 1% decrease in HbAlc over a 10-year period
is associated with a risk reduction of 21% for diabetes-related death and 37% of
microvascular complications [34]. This reduction results from HIT interventions
may be bigger than effects of many targeted pharmacological therapies. Oral
antidiabetic agents reduced HbA1lc levels of 0.5-1.25%, with thiazolidinedione
and sulfonylureas showing the best reduction (1-1.25%) [35]. Biguanide reduced
HbA1lc by 1.0-2.0%; dipeptidyl peptidase 4 (DPP-IV) inhibitor, 0.5-0.8%; GLP-1
agonists, 0.5-1.5%; and TZD, 0.5-1.4% [36]. It is questionable that the effects on
HbA1lc yielded from the HIT trials were a mixed product of both HITs and standard
diabetes care including medication adherence and lifestyle modifications. This
concern was addressed in the systematic review of Yoshida et al. [33]. The authors
conducted a subset analysis of 18 studies that exclusively compared the outcome
between a combined HITs and standard care intervention group vs. standard care
control group. The effect size estimated from this analysis was —0.63 (Hedges’
g: —0.63 95% CI —0.84, —0.42), which is attributable to HIT tools in addition to the
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usual care [33]. This result suggests that HITs are the key to the effectiveness rather
than tools or components of these trials. Additionally, pharmacotherapies often
use motivated patients’ sample and they cannot generate their full effects without
patients’ adherence to treatment and persistence in usage [33]. In this sense, HITs
may add additional value in the effectiveness by addressing challenges in adherence
of a pharmacological therapy or of behavioral interventions.

4. HITs in managing cardiovascular risks among patients with T2D

T2D is commonly accompanied by cardiovascular complications. Adults with
diabetes have a 77-87% prevalence of hypertension, a 74-81% prevalence of
elevated low-density lipoprotein cholesterol (LDL), and a 62-67% prevalence of
obesity [37]. Cardiovascular disease (CVD) is recognized as the most frequent
cause of morbidity and mortality in patients with diabetes, causing up to 70% of
all deaths in this patient group [2]. Type 2 diabetes (T2D) confers an approximate
twofold elevation of CVD risk, equivalent to that of a previous myocardial infarc-
tion [3, 38]. In light of CVD burden in those with diabetes, the management of
modifiable CVD risk factors, including hypertension, dyslipidemia, and obesity, is
critical to minimizing the risk of macrovascular complications as well as death of
diabetes. Yet, the implementation of preventive strategies to CVD among individu-
als with T2D is often not adequate [39-41] and less than half of patients who visit
their care provider meet recommended levels for blood pressure (BP) and lipids
[42]. Innovative approaches such as HITs are needed to facilitate CVD risk factor
management among patients with T2D.

In the context of cardiovascular care among general populations, HITs were
documented to offer numerous benefits and have been associated with improve-
ments in the measurement and monitoring of heart health, including risk factors
such as BP, arrhythmia, cholesterol, and weight, as well as the implementation of
guideline-based decision support for providers [43]. However, CVD outcomes are
usually secondary and less described compared to glycemic status in T2D manage-
ment trials [26, 44]. Furthermore, many review studies examining HITs’ effect in
diabetes management often overlooked CVD outcomes [26, 44] or include insuf-
ficient sample size or limited CVD parameters for analysis [22, 24]. In the study by
Marcolino et al., only 13 studies were included in the final analysis, within which
8 studies assessed the effect on SBP, 7 on DBP, and 5 on LDL [22]. No effects of
telecommunication and information technologies were seen on SBP and DBP. They
did, however, find a statistically significant reduction on LDL (—6.6 mg/dL, 95%
CI -8.3, —4.9 mg/dL) associated with the technologies evaluated. They were not
able to perform analysis on weight outcome, because only two studies assessed the
effect of HITs on weight and both studies demonstrated a nonsignificant reduction
on weight. In the systematic review by Pal et al., among 11 RCTs included in their
final analysis, 5 studies looked into changes in BP (only 1 showed improvement in
BP), 7 reported changes in BMI or weight (5 were combined in a meta-analysis),
and 10 measured serum lipids (7 were combined in a meta-analysis) [24]. The over-
all pooled effect did not reach statistical significance for all of these outcomes [24].

5. Research limitations and implications
The current research on the effect of HITs in diabetes management has sev-

eral limitations. First of all, the published trials often do not provide protocols
for studies [45]. There is also lack of information on the theoretical bases of the
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interventions, and whether the HIT interventions are accompanied by other phar-
maceutical or lifestyle therapies in their publications. As these HIT interventions

are main therapeutic agents, it would be beneficial to explicitly prescribe interven-
tions for trials and state the active components (behavior-change techniques), dose
(frequency and intensity of interactions), route (mode of delivery), and duration of
treatment [45]. There is also a need to clarify other ingredients in the intervention
such as medication, standard care from health professionals, so that the major role
of the HITs to the effectiveness of the interventions can be estimated, separating the
effects from usual care and treatment [33].

Additionally, intervention periods in published trials are short (most trials
under 1 year) [33] and few systematic reviews provided effect estimation by length
of follow-up. Studies by Tao et al. and Heitkemper et al. showed that HITS’ effect on
glycemic control was diminishing as the interventions proceeded [18, 21]. It is not
clear whether intervention effect and compliance with the HIT interventions would
sustain in the long term. Misuse or nonuse of technological support is a common
problem in disease management, which greatly affects patient’s outcomes. There
is also lack of focus on cardiovascular health assessments in HIT interventions for
diabetes management. We only found two systematic reviews that discussed CVD
outcomes in addition to glycemic control. Because very few trials included cardio-
vascular risk factor evaluations, the synthesized findings were modest (Table 1).
Aswe discussed earlier, because CVD causes major morbidity and mortality
among T2D patients, designing and evaluating HITs for diabetes management
should include cardiovascular health indicators. Further, many review studies
only reported standardized difference in means [18, 21], which may be less intui-
tive to patients who care the absolute changes (i.e., mean difference) in outcomes
(e.g., HbA1lc) due to an intervention. Moreover, it remains unclear whether there
are harms associated with the intervention. It has been reported that people may
suffer from negative consequences of excessive self-monitoring by finding it
uncomfortable, intrusive, and unpleasant [46, 47]. Studies found patients with dia-
betes who self-monitor their own blood glucose concentration did not benefit from
increased glycemic control but rather found their disease more intrusive [48]. The
interaction between a HIT device and a patient can be complex, and further studies
need to consider these in more detail. Further, whether the interventions would be
cost-effective if it required significant health professional support in a long-run has
not been documented well in the literature [33, 49]. Additional research with more
time points of follow-up is warranted to maximize data to inform the compliance
with the HITs, long-term impact on health outcomes, to look for evidence of harms
and to determine the cost-effectiveness in the intervention [49]. Studies with CVD
risk factor assessments and absolute outcome measurement are also needed.

Moreover, it is unknown which populations will benefit the most from the
HIT intervention as the current research in HITs has not always directly engaged
diverse end users. There are also many questions surrounding the “digital divide”
in HITs use, where the access, usability, and effectiveness of diabetes technologies
are divided by users’ age, education, computer literacy, culture, and affluence [49].
These issues highlight the importance of engaging more research to design, test,
and implement HITs for diverse patients with diabetes.

6. Barriers of using HITs in the real-world context and steps to move
forward

While features of HITs can expand patients’ ability in diabetes management and
the results from the existing research showed their positive effects on outcomes of
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HbA1lc and CVD risk factors, many of these applications described above have so far
been explored predominantly within clinical trials rather than a real-world context. For
those that have been widely used in real health-care setting, such as electronic patient
record system; both health-care providers and patients have reported difficulties for
engagement [50]. Multiple sources of tension contribute to these barriers (Table 2).

First of all, the reliability and validity of some HITs is concerning. For example,
many manufacturers market their products under the premise that they will help in
improving health, but they often do not provide empirical evidence to support the
effectiveness of their products [51]. Recent comparisons between different wear-
able devices for tracking physical activities yielded large heterogeneity in accuracy
[52, 53]. The medical apps market also showed the similar discrepancy [54]. Lack
of reliability is a serious obstacle that needs to be addressed before a HIT could
be considered for medical use. Moreover, whether technological designs incorpo-
rated evidence-based guidelines is questionable [55]. It is reported that features
of diabetes management apps on the online market did not cover evidence-based
recommendations. A recent study evaluated 137 diabetes management apps from
two major app stores (iTunes and Google Play) and compared the features with the
American Association of Diabetes Educators (AADE) Self-Care Behavior guide-
lines. The author found an unbalanced feature development of current diabetes
management apps. Few apps provided features supporting problem solving, reduc-
ing risks, and healthy coping, which are critical for user engagement and successful
diabetes self-management [56].

Secondly, the privacy and security of personal data generated by HITs remains
problematic. Users of these devices or technologies usually do not own the data;
rather, data may be collected and stored by the manufacturers [51]. While some
companies are willing to share user’s “anonymizing” data via a simple distortion or
removal of identifying features, these techniques do not provide adequate levels of
anonymity and are not sufficient to prevent identity fraud [57]. Moreover, some
devices are easily to be hacked as a result of various communication technologies
that aid the transfer of data between the devices and smartphones. It has been
reported that wireless digital pacemakers and glucose pumps are vulnerable to
cyberattacks [58].

Further, even in relatively widely adopted HIT systems, such as the electronic
patient records system, there are still many unfilled promises due to lack of interop-
erability between systems, difficult-to-use interface, and lack of consideration on
patients’ backgrounds [50]. In the United States, for example, the patient records

Barriers Possible solutions
Validity and * Incorporating empirical evidence into design development
reliability * Being coherent with guidelines from credible sources
* Evaluating users’ needs and improve features on supporting problem solving,
reducing risks, and healthy coping
Privacy and * Creating regulatory framework and risk-based classifications to promote innova-
security tion, protect patient safety, and avoid regulatory duplications
Adaptability * Building interoperability between systems
* Building easy-to-use interface
* Providing incentives for engagement
* Considering users’ diverse background (language, health literacy, cultural
preference)
Table 2.

Barriers of using HITS in the veal-world context and possible solutions.
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systems are not designed to talk to each other [59]. Until now, health-care providers
have had little incentive to acquire or develop interoperable systems [50]. As a result,
the current electronic health records do not allow a patient or provider to access
needed health information anywhere at any time. Additionally, many clinicians are
reluctant to invest the considerable time and effort to master difficult-to-use tech-
nology, which hindered the anticipated productivity gains of HITs [59]. Moreover,
there are limited data collection on patient backgrounds, such as race/ethnicity,
language preference, and health literacy in the patient records systems [49]. Lack of
this set of data could cause fragmented care delivery and lead to patients’ misunder-
standing of provider instruction and lose trust in the medical system [49].

To transform HITs a real asset for diabetes care, further steps need to be con-
sidered (Table 2). First is to create a simple regulatory framework that does not
suppress innovation but helps HITs, especially some wearable devices and apps
become valid in the context of their health-oriented value [51]. A risk-based clas-
sification that promotes innovation, protects patient safety, and avoids regulatory
duplications has recently been proposed [60]. As part of this model, the U.S. Food
and Drug Administration jurisdiction covers higher-risk medical apps [61]. The
National Health Service in the United Kingdom adopts similar pathway with their
regulatory framework for mobile apps, which can be classified as “medical devices”
by Medicines and Health Products Regulatory Agency [61].

A simple and powerful guide is also needed to transform the HIT system,
especially the electronic patient records system. Health data stored in one system
should be readily retrievable by others, subject to patient consent [50, 62]. For true
interoperability, standardization must be achieved across three dimensions: how
messages are sent and received; the structure and format of the information; and
terms used within these dimensions [50]. HITs should also facilitate the work of cli-
nicians by providing a system that is intuitive to use and without extensive retrain-
ing. Easy-to-use HIT systems not only will increase the productivity of providers
but also will be safer [50].

Additionally, HIT systems need to include automated and standardized
categories for a patient background (e.g., race/ethnicity, language), facilitate
communication among multiple providers and patients, and tailor to the needs
of diverse populations [9]. Moreover, a genuine partnership should be fostered
between patients and health-care providers through the use of HITs. Engagement
can range from patients being simply better informed to individuals themselves
being dynamically engaged in the HIT management, giving feedbacks about the
HIT interventions, and even controlling who has access to their data [62, 63].
Furthermore, future technologies developed for diabetes management should
incorporate balanced features from creditable guidelines to better support changing
self-management behaviors of people with diabetes.

7. Conclusion

Overall, the current evidence shows that HITs have favorable impact on glycemic
control and CVD risk management among patients with T2D. Future studies should
examine the long-term effects of HITs and their cost-effectiveness, potential harms,
and test and verify their effectiveness in glycemic control and other important
health indicators such as CVD risk factors, among diverse populations. HITs may
be valuable tools in enhancing human health and well-being overall. However, their
advances also pose challenges in aspects of validity and reliability, patients’ privacy,
security, and engagement. These issues need to be addressed before a broader
implementation of HITs in the real-world setting.
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