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Abstract

The diabetes pandemic demands solutions for
proper glycemic control and prevention of
future chronic complications that could result
in organ failure or comorbidities. In this
regard, we now know that patients diagnosed
with diabetes require individual management
plans. Thus, new treatment management
strategies have been designed to allow
clinicians to tailor the most appropriate ther-
apy for diabetes patients individually. These
treatment management plans extend beyond
defining the appropriate medications for
patients; they provide a directive toward
some acute and chronic complications that
should be screened for, as they are historically
known to occur with diabetes. Observing any
of the complications or comorbidities requires
the patient medication regimen to be adapted
accordingly. This chapter describes such mod-
ern treatment plans for the two primary forms
of diabetes, type 1 and type 2, based on both
basic and clinical studies, later incorporated in
various diabetes management guidelines and
outlines expected future trends.

Keywords

Diabetes · Delivery of insulin · Islet
transplantation · Stem cells therapy ·
Hyperbaric oxygen therapy · Pharmacotherapy
of diabetes

Introduction

Diabetes mellitus (DM) is an endocrine disease,
characterized by hyperglycemia and multiple
metabolic disorders that cause serious local and
systemic effects (Nair 2007; Forbes and Cooper

2013; Katsarou et al. 2017). Nowadays, DM is
one of the biggest health problems and has
reached pandemic proportions (Forouhi and
Wareham 2014). According to the International
Diabetes Federation, 425 million people world-
wide have DM, with a tendency to be 629 million
in 2045 (Cho et al. 2018). There are at least five
types of DM, while the two primary forms are
DM type 1 (DMT1) and DM type 2 (DMT2)
(ADA 2010; Katsarou et al. 2017; Cho et al.
2018). Autoimmunity is a significant factor in
the development of DMT1, while genetic predis-
position and obesity are leading risk factors for
the development of DMT2 (Al-Goblan et al.
2014; Nair 2007).

Long-term anti-diabetic pharmacotherapy and
lifestyle adaptations are necessary to achieve
glycemic control and decline multisystem
disorders in DM patients (Rai et al. 2016;
Katsarou et al. 2017).

History

Nearly one century ago, exogenous insulin
became available (Banting and Best 1990;
Maclean 1926). In the meantime, plenty of oral
hypoglycemics were designed, and they achieve
desirable results in patients with DMT2
(Butterfield et al. 1957; Krall et al. 1958). How-
ever, exogenous insulin is irreplaceable in the
treatment of people with DMT1, being required
in abundant cases of DMT2 as well (Handelsman
et al. 2015). Despite constant progress in terms of
the new therapeutic approaches, a comprehensive
and efficacious cure for DM is still not accom-
plished. Current therapies for patients with DM
have several shortfalls, including efficacy,
timings, and glycemic control (Shah et al. 2016;
Castle et al. 2017; Evans et al. 2011; Pathak et al.
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2019). Also, these therapies produce numerous
side effects like gastric irritation, injection pho-
bia, diarrhea, and loss of appetite (Pathak et al.
2019; Rai et al. 2016; Zaric et al. 2019).

Etiology and Pathophysiology
of DMT1 and DMT2

Diabetes mellitus (DM) is a metabolic disorder
characterized by alterations and impairment in
insulin and glucagon secretion and/or action that
lead to hyperglycemia (ADA 2009; Girard 2017).
Besides the increased blood glucose level, DM is
also characterized by other biochemical disorders
arising as a consequence of inadequate regulation
of insulin synthesis/actions, in association with
long-term injury, dysfunction, and failure of dif-
ferent organs, especially blood vessels and heart
(Jovanovic et al. 2017; Obradovic et al. 2017;
Sudar-Milovanovic et al. 2015, 2017; Obradovic
et al. 2015; Soskic et al. 2011), however also
nerves, kidneys, and eyes (ADA 2009).

The overall prevalence of DM among adults
over 18 years of age is steadily growing, and it
has been increasing more rapidly in countries
with low- and middle-income economies. The
growth in DM prevalence reflects the rise in over-
weight and obesity, which are a consequence of
physical inactivity and unhealthy diets (Roglic
2016). The World Health Organization (WHO)
shows DM prevalence grew from 4.7% (1980) to
8.5% (2014), being the seventh leading cause of
death worldwide in 2016 (WHO 2018). Further-
more, it is one of the leading causes of stroke,
heart and kidney failure, blindness, as well as
lower limb amputation.

Type 1 Diabetes

DMT1 is a multifactorial autoimmune disease
that develops under the influence of environmen-
tal or/and genetic factors (Atkinson et al. 2014;
Ikegami et al. 2011). DMT1 mostly develops in
patients at a young age, before the age of 30. The
main characteristic of DMT1 is lack of insulin

production, and DMT1 patients are dependent
on exogenous insulin application.

DMT1 is an immune-mediated type of DM,
and typically an autoimmune demolition of the
insulin-secreting beta cells is based on DMT1
development. Factors involved in its pathogenesis
trigger lymphocyte infiltration in pancreatic beta
cells, and the consequent production of different
proinflammatory cytokines responsible for the
pancreatic beta cells destruction (Fatima et al.
2016).

Increased risk for DMT1 is generally
recognized in patients by serological confirmation
of an autoimmune process occurring in pancreatic
islets/beta cells, considering that this is one of the
first pathological alterations, and additionally by
genetic marker determination (ADA 2009). Some
patients with DMT1 can exhibit detectable insulin
secretion, indicating some surviving beta cells, or
an ongoing cycle of destruction and regeneration
of such cells (Meier et al. 2005).

Type 2 Diabetes

It represents the vast majority (85–90%) of DM
cases. DMT2 is a heterogeneous, progressive
metabolic and endocrine illness, and it occurs as
an interplay of various genetic as well as environ-
mental factors. The underlying origins are insulin
resistance in combination with deficient compen-
satory beta-cell reaction and adequate insulin
secretion (ADA 2009). The impairment of
insulin-secreting pancreatic beta cells shows pro-
gression over time.

When DMT2 patients with normal fasting
plasma glucose, however with postprandial
hyperglycemia, exhibit impaired insulin action,
usually it is caused by a reduction of total insulin
receptor numbers (Belfiore et al. 2009; Obradovic
et al. 2019).

Delivery of Insulin, Islet
Transplantation, and Stem Cells

The management of DM aims to recover
glycemic control and reduced micro- and
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macro-vascular complications, by administrating
pharmacological therapy and modifications of
lifestyle. Insulin replacement represents the first-
line option for insulin-dependent DM patients
(Pathak et al. 2019). One of the significant
challenges in the treatment of patients with DM
is the efficacy of exogenous insulin in achieving
long-term normal ranging glycemia (Yeh et al.
2012). One alternative is the use of continuous
insulin infusion pumps (Yeh et al. 2012; Heller
et al. 2017). Also, the creation of insulin analogs
with different times of action, from rapid and
short-acting to ultra-long acting, contributed to
improvements in therapy (Shah et al. 2016;
Pathak et al. 2019). Implementation of these tech-
nological advances does not prevent long-term
insulin dependence, and adverse effects like inva-
siveness (Shah et al. 2016).

Noninvasive Insulin Administration

To avoid such complications, researchers pro-
posed new routes for insulin administration
beyond the standard subcutaneous route (Rys
et al. 2018; Atkinson et al. 2014), such as nasal
(Kullmann et al. 2018; Schmid et al. 2018), oral
(Fonte et al. 2013), pulmonary (Mastrandrea
2010; Ledet et al. 2015), and transdermal delivery
systems (Zaric et al. 2019).

Drug delivery carrier systems protect
antidiabetic drugs from enzymatic degradation at
the absorption site, and ensure delivery at the
optimal and effective concentration for a more
extended period at the target site (Rai et al.
2016). The encapsulation of insulin in particles
increases its potential and allows its appropriate
transport to the specific site to better control of
DM (Rai et al. 2016; Zaric et al. 2019). These
particles are usually microsized or nanosized. The
microparticle system adjusts the pattern of drug
release and improves the hypoglycemic effect of
oral delivery of insulin (Wong et al. 2018). The
main limiting factors of microparticle systems are
the size of particles and their hydrophilic/hydro-
phobic nature that makes difficult their transport
through biological membranes (Wong et al.
2018).

The use of nanocarriers reduces these
obstacles (Bahman et al. 2019). The small size
and structural diversity of nanoparticles increase
the potential of insulin through better absorption
and distribution, site specificity, and protection
from enzymatic degradation (Bahman et al.
2019). Also, this form of application extends the
release pattern of insulin and decreases the fre-
quency of dosage, facilitating normoglycemia for
a more extended period, up to 22 days (Peng et al.
2012). Other approaches considered for delivery
of insulin and antidiabetics include encapsulation
in liposomes, vesicular systems, and other
nanoparticles (Souto et al. 2019).

The Artificial Pancreas

The use of continuous insulin infusion pumps and
glucose monitoring has enabled a constant move-
ment toward artificial pancreas development
(Boughton and Hovorka 2019). Pancreas or islet
transplantation seems to be the best choice to
prevent dependence on insulin; however, donor
shortages limit this option. Although islet trans-
plantation was substantially enhanced in the past
2 decades, there are still limitations like instant
blood-mediated inflammatory reaction, ischemia-
induced loss of islet, harmful effects of immuno-
suppressive drugs, and apoptosis of transplanted
cells (Bottino et al. 2018).

Stem cells generating new beta cells represent
a promising approach for long-term treatment of
DM (Stanekzai et al. 2012; Cierpka-Kmiec et al.
2019; Aguayo-Mazzucato and Bonner-Weir
2010). Many studies show that human embryonic
stem cells can be used for beta cell generation and
transplantation in patients with DMT1 (Cierpka-
Kmiec et al. 2019; Kalra et al. 2018). Challenges
are generation of genetically stable cells, survival
rate of the cell, potential of transplanted cells, and
ethical issues considering utilization of embryo-
derived stem cells (Kalra et al. 2018). Some of
these issues are overcome using induced pluripo-
tent stem cells generated from somatic cells of
patients with DMT1 to produced functional beta
cells (Kalra et al. 2018; Kunisada et al. 2012).
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Transplantation of insulin-producing human
embryonic stem cells into streptozotocin-induced
diabetic mice resulted in long-term normalization
of blood glucose levels (Vegas et al. 2016). Yet
loss of novel beta cells immediately after portal
vein transplantation is in the range of 5–47%
(Potter et al. 2014; Naziruddin et al. 2014). A
current suggestion is co-transplantation of islets
with different cell types, such as mesenchymal
stem cells (MSC), bone marrow-derived MSC,
endothelial colony-forming cells, and others
(Kerby et al. 2013; de Souza et al. 2017; Borg
et al. 2014; Corradi-Perini et al. 2017; Jung et al.
2014), to reduce losses of beta cells and increase
their potential. This approach was shown to
increase islet survival and function, and promote
angiogenesis and better glycemic control due to
the anti-apoptotic and pro-angiogenic effects of
MSC (de Souza et al. 2017; Pathak et al. 2019).

Drugs

Non-insulin agents or those who sensitize insulin
action enable the opening of new chapters in
diabetes management (Grant and Kirkman 2015;
Rowley et al. 2017; Leon and Maddox 2015).
Some of the innovations also concern insulin
treatment, namely insulin analogs with improved
control of glycemia and lowered hypoglycemia
risk, as well as the development of non-parenteral
route/s of insulin administration (Biester et al.
2017; Fink et al. 2018). Such innovations are
placed into clinical practice through precisely
defined recommendations, such as those of the
American Diabetes Association (ADA) (ADA
2018), American Association of Clinical
Endocrinologists (AACE) (Garber et al. 2019),
European Association for the Study of Diabetes
(EASD) (Davies et al. 2018), and the National
Institute for Health and Care Excellence (NICE)
(McGuire et al. 2016). Even though these
recommendations have subtle differences, they
are oriented toward a patient-centered approach,
and direct clinicians toward better and more
uniform management of the patients (ADA
2018; Garber et al. 2019; Davies et al. 2018;
McGuire et al. 2016). Well-controlled diabetes

apparently slows down the atherosclerotic pro-
cess, which is the base of associated micro- and
macrovascular diabetes complications and major
cardiovascular events, including ones with fatal
outcomes (Zoungas et al. 2014).

Pharmacotherapy of DMT1

Current recommendations are focused on individ-
ually tailored management of DMT1, consisting
of appropriate dietary habits and physical
activities, along with administration of insulin. It
is strongly advised to adapt insulin treatment to
carbohydrate intake, pre-prandial glycaemia, and
anticipated physical activity (ADA 2018;
Handelsman et al. 2015; National Clinical Guide-
line Centre 2015).

The mainstay of DMT1 management is insu-
lin, administered by pen device or continuous
subcutaneous insulin infusion (CSII). The amount
and number of divided insulin doses in children
or adults immediately after DMT1 diagnosis are
often small (1–2 divided doses), however often
increases in time (Biester et al. 2017; Fink et al.
2018; Pickup 2019). In the last decades, there was
a tendency to opt for insulin analogs with
improved pharmacokinetics, pharmacodynamics,
and safety compared to human insulin (Biester
et al. 2017; Fink et al. 2018; Heinemann et al.
2017).

Rapid insulin analogs are active immediately
after administration, with short-lived effects.
Basal analogs have more prolonged effects than
classic neutral protamine Hagedorn (NPH)
human insulin regarding glycemia control, with
lower hypoglycemic risk. The usual dose is
0.5 IU/kg of body weight. During puberty and
in exceptional circumstances, insulin
requirements are higher. Overall, CSII is widely
recommended, and it can be used in patients older
than 65 years (ADA 2018; Handelsman et al.
2015; National Clinical Guideline Centre 2015;
REPOSE Study Group 2017; Beck et al. 2017).

In addition, pre-prandial inhaled insulin has
been shown to be efficient in the form of rapid
insulin analogs (B28 aspart-insulin); however, its
use in DMT1 patients is not widespread as it was
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expected (ADA 2018; Heinemann and Parkin
2018).

Non-insulin Pharmacological Agents

Metformin, dipeptidyl peptidase 4 inhibitors
(DPP-4i), glucagon-like peptide 1 receptor
agonists (GLP-1 RA), and sodium-glucose
cotransporter-2 inhibitors (SGLT-2i) are not
Food and Drug Administration (FDA)-approved,
despite showing beneficial effects in obese DMT1
patients (ADA 2018; Handelsman et al. 2015;
Livingstone et al. 2017).

Pramlintide, an analog of the hormone amylin
also secreted by pancreatic beta cells, is approved
for use of DMT1 adults; however, it exhibits
higher risk for hypoglycemia and obliged reduc-
tion of prandial insulin (Hieronymus and Griffin
2015). For patients with ineffective glycemic reg-
ulation or diabetics referred to renal transplanta-
tion, pancreas and islet transplantation could be
the better treatment option (Gruessner 2011;
Nakamura et al. 2019).

Pharmacotherapy of DMT2

Non-pharmacological measures are usually the
preferred initial treatment for DMT2 patients.
Apart from lifestyle changes (nutrition and physi-
cal activity) and eventual pharmacotherapy, an
integral part of DMT2 management is the screen-
ing for cardiovascular disease (CVD) risk factors
as well as the detection of chronic micro- and
macro-vascular complications (ADA 2018;
Garber et al. 2019; Davies et al. 2018; McGuire
et al. 2016).

DMT2 management aims to achieve clinical
and biochemical goals (actual profile and retro-
grade glycemic regulation), avoiding hypoglyce-
mic episodes and gain in body weight in obese
patients, as well as controlling the risk of athero-
sclerotic CVD (ASCVD) (ADA 2018).

Therapeutic Aims

HbA1c, morning glycemia, and 5-point daily
glycemic profile should be adjusted to age, dura-
tion of DM, risk of hypoglycemia, and the pres-
ence of comorbidities and chronic vascular
complications. The level of HbA1c is an essen-
tial marker for the assessment of retrograde
glycemic control. In DM patients with no
comorbidities and low hypoglycemia risk,
HbA1c level �7% (ADA 2018) indicates rea-
sonable retrograde DM control for the previous
90–120 days. On the other hand, in DM patients
with severe comorbidities and considerable risk
of hypoglycemia, the acceptable level of HbA1c
is <8% (ADA 2018; Garber et al. 2019; Davies
et al. 2018; McGuire et al. 2016). A more strin-
gent HbA1c goal of<6.5% is set in some special
populations of individuals suffering from DM
(ADA 2018; Garber et al. 2019; Davies et al.
2018; McGuire et al. 2016).

Pharmacotherapy of DMT2 is conducted as
mono- or combination-therapy. The therapy cho-
sen depends on biochemical and clinical factors,
existing comorbidities, as well as side effects of
administered drugs.

Monotherapy of DMT2

For patients with newly diagnosed DMT2 and
HbA1c <9% (6) or >6.5% (9), metformin is the
initial therapy, with a daily dose of 1.5–2.0 g.
Metformin contributes to decrease in body
weight, and reduces the risk of hypoglycemia.
Gastrointestinal side effects are often transitional
and dose-dependent. It is contraindicated if glo-
merular filtration rate (eGFR) is <30 ml/min.
(Livingstone et al. 2017; Sanchez-Rangel and
Inzucchi 2017).

In metformin-intolerant patients, acceptable
alternatives are GLP1-RA, DPP-4i, alpha gluco-
sidase inhibitors (AGi), and SGLT-2i. With the
administration of such agents, the risk of
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hypoglycemia is lower, and there is no weight
gain. Other alternatives are thiazolidinediones
(TZD) and sulphonylureas (SFU) or glinides,
however with more risk of hypoglycemia and
weight gain (ADA 2018; Garber et al. 2019;
Davies et al. 2018; McGuire et al. 2016).

Combination Therapy for DMT2

In DMT2 patients with HbA1c>9% (ADA 2018)
or �7.5% (Garber et al. 2019; McGuire et al.
2016), as well as in those for whom metformin
is not enough to achieve adequate glycemic regu-
lation, another agent is added to the treatment
regime (management intensification).
Metformin-intolerant patients are administered
two or more agents, with a complementary mech-
anism of action. There are fixed combinations that
include metformin + DPP-4i/TZD/SFU on the
market. Additionally, metformin with modified-
release could be a suitable alternative for some of
the metformin-intolerant. The acceptable level of
HBA1c after management intensification should
be <7%.

Insulin Introduction

If despite the use of non-pharmacological
measures and dual pharmacotherapy, HbA1c is
�7.5%, basal insulinization should be the solu-
tion. Insulin treatment starts with a plan of its
administration, and continued use of metformin
is recommended in suitable and tolerant patients
(ADA 2018; Garber et al. 2019; Davies et al.
2018; McGuire et al. 2016).

Dose tapering or need for administration of
other non-insulin glucose-lowering agents are rel-
evant concerns (McGuire et al. 2016). If HbA1c
>9%, indicating poor control, the patient should
be conducted to dual oral treatment. Furthermore,
if the patient initially presented with HbA1c
�10% or with glycemia >16.7 mmol/L or is

clinically symptomatic, combined treatment of
insulin and oral antihyperglycemic therapy, or
even multiple insulin injections, should be con-
sidered (ADA 2018). If an insulinization process
of basal insulin introduction along with metfor-
min and/or other non-insulin glucose-lowering
agents fails to control DMT2, the addition of
one or more doses of rapid-acting insulin or
GLP-1RA is a possible alternative (ADA 2018;
Garber et al. 2019; Davies et al. 2018; McGuire
et al. 2016). Also, if a DMT2 patient is suffering
from ASCVD, the addition of a CVD-beneficial
agent such as empagliflozin, canagliflozin,
dapagliflozin, or liraglutide is worth considering
(Arnett et al. 2019; Zelniker et al. 2019; Wiviott
et al. 2019; Furtado et al. 2019).

Exenatide, Liraglutide, Lixisenatide
and Semaglutide

These are GLP-1RA peptides, structurally homol-
ogous to the natural incretin glucagon-like pep-
tide-1 (GLP-1), and currently available for
subcutaneous administration. Semaglutide has
been approved by FDA in 2019 for oral use.
GLP-1RA stimulate glucose-dependent pancre-
atic insulin secretion as well as reduce glucagon
secretion, slowing down gastric emptying. They
also significantly reduce body weight and lower
HbA1c levels. They are devoid of negative effects
on bone metabolism, the appearance of diabetic
ketoacidosis (DKA), and congestive heart failure
(CHF) deterioration. Some gastrointestinal side
effects could be encountered (nausea, vomiting,
bloating, gastroesophageal reflux disease, and
gastroparesis); however, they often improve
with time. The risk of hypoglycemia is low.

In studies on rodents, exenatide intake lead to
hyperplasia of C cells and medullary thyroid can-
cer, while all GLP-1RA were associated with
pancreatitis. Exenatide is not indicated in patients
with eGFR < 30 ml/min. (ADA 2018; Garber
et al. 2019; Davies et al. 2018; McGuire et al.
2016; Deacon 2019).
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Sitagliptin, Vildagliptin, Saxagliptin,
Linagliptin, and Alogliptin

These represent the family of DPP-4i, blocking
the DPP4 enzyme involved in the degradation of
incretins such as GLP-1 and gastric inhibitory
peptide (GIP). As a result, more elevated incretin
levels act on a simultaneous increase in glucose-
dependent insulin secretion, and decrease in glu-
cagon secretion. There is no convincing evidence
regarding the higher risk of pancreatitis or pan-
creatic cancer with the use of DPP-4i. DPP-4i
exhibit neutral effects regarding hypoglycemia
risk and body weight change, and gastrointestinal
side effects are not frequent. DPP-4i effectively
reduce albuminuria and do not have negative
effects on the bones and the appearance of
DKA. Saxagliptin is not recommended for CHF
patients. Also, renal dose adjustment is required
when using all DPP-4i except for linagliptin
(ADA 2018; Garber et al. 2019; Davies et al.
2018; McGuire et al. 2016; Deacon 2019;
McGuire et al. 2019; Scirica et al. 2013).

Acarbose, Miglitol, and Voglibose

These AGi block the alpha-glucosidase enzyme
involved in carbohydrate reabsorption in the gas-
trointestinal system. Digestive side effects can be
frequent, including bloating, diarrhea, abdominal
cramps, and mild elevation of liver enzymes.
They are neutral regarding hypoglycemia risk,
body weight change, bone disease, CHF deterio-
ration, and the appearance of DKA. Renal dose
adjustment is not required (ADA 2018; Garber
et al. 2019; Davies et al. 2018; McGuire et al.
2016; Liu and Ma 2017).

Pioglitazone

This TZD activates the PPARγ receptors and,
through determined signal pathways, decreases
insulin resistance in various tissues, predomi-
nantly in skeletal muscles (Yki-Jarvinen 2004).
The clinicians are under pressure to precisely

select the patients for their use because of some
associated side effects, such as body weight gain,
fluid retention, higher risk of bone fractures, and
bladder cancer (Wang et al. 2017; Mehtala et al.
2019). Hypoglycemia risk and body weight
change are not common with moderate doses,
and there are no associated gastrointestinal side
effects. They occasionally exhibit mild negative
effects on the bones, CHF deterioration, and the
appearance of DKA. Renal dose adjustment is not
required; however, TZDs are generally not
recommended in any stage of renal failure due
to fluid retention (ADA 2018; Garber et al. 2019;
Davies et al. 2018; McGuire et al. 2016;
Yki-Jarvinen 2004; Wang et al. 2017; Mehtala
et al. 2019).

Sulphonylureas and Glinides
(Gliclazide, Glipizide, Glimepiride,
Repaglinide)

Such drugs mediate insulin secretion after bind-
ing to SUR Ki6.2 receptor, the sodium channel
(Kalra and Gupta 2015). Significant effects are to
be expected regarding hypoglycemia and weight
gain. Mild negative effects on CHF deterioration
are likely, however not on bones and DKA. Renal
dose adjustment is required (ADA 2018; Garber
et al. 2019; Davies et al. 2018; McGuire et al.
2016; Wang et al. 2018; Harsch et al. 2018).

Dapagliflozin, Canagliflozin,
and Empagliflozin

SGLT-2i reduce proximal tubule glucose reab-
sorption by binding to the SGLT-2 receptors.
Ascending urinary infections, chronic and
treatment-resistant urinary and vaginal candidia-
sis, elevation of LDL-cholesterol, dehydration,
and hypotension, as well as DKA have been
registered (ADA 2018; Garber et al. 2019; Davies
et al. 2018; McGuire et al. 2016; Wanner and
Marx 2018; Lupsa and Inzucchi 2018). They are
usually safe regarding hypoglycemia risk and
contribute to bodyweight reduction. There are
no associated gastrointestinal side effects.
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SGLT-2i use is not indicated in patients with
eGFR < 45 (60) ml/min. Empagliflozin use
requires special attention regarding potential neg-
ative effects on the bones, as well as the use of all
SGLT-2i regarding DKA appearance (ADA
2018; Garber et al. 2019; Davies et al. 2018;
McGuire et al. 2016; Singh and Kumar 2018).
Some studies point out to positive effects of
empagliflozin and dapagliflozin in cases with the
occurrence of major CVD, ASCVD, and CHF
deterioration (Arnett et al. 2019; Zelniker et al.
2019; Wiviott et al. 2019; Furtado et al. 2019).

In exceptional circumstances, when it is
impossible to control DMT2 with the usual
mono/dual/combined therapy, colesevelam (Ooi
and Loke 2014) and quick-release bromocriptine
(Lopez Vicchi et al. 2016) could be used. Their
mechanism in blood sugar lowering is not known;
however, the risk of hypoglycemia is low.

Acknowledgments This work is part of the collaboration
between the Laboratory of Radiobiology and Molecular
Genetics, Vinca Institute of Nuclear Sciences, University
of Belgrade, Belgrade, Serbia, Department of Endocrinol-
ogy and Diabetes, Zemun Clinical Hospital, School of
Medicine, University of Belgrade, Belgrade, Serbia, and,
Computational Bioscience Research Center (CBRC) at
King Abdullah University of Science and Technology
(KAUST). This work was funded by the Ministry of Edu-
cation, Science and Technological Development of the
Republic of Serbia, and has been supported by the
KAUST grant OSR#4129 (awarded to E.R.I. and V.B.
B.), which also supported E.R.I., M.O., and
E.S.M. M.E. has been supported by the KAUST Office
of Sponsored Research (OSR) Award no. FCC/1/1976-17-
01, and TG by the King Abdullah University of Science
and Technology (KAUST) Base Research Fund (BAS/1/
1059-01-01).

References

ADA (2009) Diagnosis and classification of diabetes
mellitus. Diabetes Care 32(Suppl 1):S62–S67. https://
doi.org/10.2337/dc09-S062

ADA (2010) Diagnosis and classification of diabetes
mellitus. Diabetes Care 33(Suppl 1):S62–SS9. https://
doi.org/10.2337/dc10-S062

ADA (2018) Standards of medical care in diabetes—2018
abridged for primary care providers. Clin Diabetes 36
(1):14–37. https://doi.org/10.2337/cd17-0119

Aguayo-Mazzucato C, Bonner-Weir S (2010) Stem cell
therapy for type 1 diabetes mellitus. Nat Rev
Endocrinol 6(3):139–148. https://doi.org/10.1038/
nrendo.2009.274

Al-Goblan AS, Al-AlfiMA, Khan MZ (2014) Mechanism
linking diabetes mellitus and obesity. Diabetes Metab
Syndr Obes 7:587–591. https://doi.org/10.2147/
DMSO.S67400

Arnett DK, Blumenthal RS, Albert MA, Buroker AB,
Goldberger ZD, Hahn EJ et al (2019) 2019 ACC/AHA
guideline on the primary prevention of cardiovascular
disease: a report of the American College of Cardiol-
ogy/American Heart Association task force on clinical
practice guidelines. J Am Coll Cardiol 74(10):e177–
e232. https://doi.org/10.1016/j.jacc.2019.03.010

Atkinson MA, Eisenbarth GS, Michels AW (2014) Type
1 diabetes. Lancet 383(9911):69–82. https://doi.org/
10.1016/s0140-6736(13)60591-7

Bahman F, Greish K, Taurin S (2019) Nanotechnology in
insulin delivery for management of diabetes. Pharm
Nanotechnol 7(2):113–128. https://doi.org/10.2174/
2211738507666190321110721

Banting FG, Best CH (1990) Pancreatic extracts. 1922. J
Lab Clin Med 115(2):254–272

Beck RW, Riddlesworth TD, Ruedy KJ, Kollman C,
Ahmann AJ, Bergenstal RM et al (2017) Effect of
initiating use of an insulin pump in adults with type
1 diabetes using multiple daily insulin injections and
continuous glucose monitoring (DIAMOND): a
multicentre, randomised controlled trial. Lancet Diabe-
tes Endocrinol 5(9):700–708. https://doi.org/10.1016/
s2213-8587(17)30217-6

Belfiore A, Frasca F, Pandini G, Sciacca L, Vigneri R
(2009) Insulin receptor isoforms and insulin receptor/
insulin-like growth factor receptor hybrids in physiol-
ogy and disease. Endocr Rev 30(6):586–623. https://
doi.org/10.1210/er.2008-0047

Biester T, Kordonouri O, Danne T (2017) Pharmacologi-
cal properties of faster-acting insulin aspart. Curr Diab
Rep 17(11):101. https://doi.org/10.1007/s11892-017-
0931-y

Borg DJ, Weigelt M, Wilhelm C, Gerlach M, Bickle M,
Speier S et al (2014) Mesenchymal stromal cells
improve transplanted islet survival and islet function
in a syngeneic mouse model. Diabetologia 57
(3):522–531. https://doi.org/10.1007/s00125-013-
3109-4

Bottino R, Knoll MF, Knoll CA, Bertera S, Trucco MM
(2018) The future of islet transplantation is now. Front
Med 5:202. https://doi.org/10.3389/fmed.2018.00202

Boughton CK, Hovorka R (2019) Is an artificial pancreas
(closed-loop system) for type 1 diabetes effective?
Diabet Med 36(3):279–286. https://doi.org/10.1111/
dme.13816

Butterfield WJ, Camp JL, Hardwick C, Holling HE (1957)
Clinical studies on the hypoglycaemic action of the
sulphonylureas. Lancet 272(6972):753–756

Castle JR, DeVries JH, Kovatchev B (2017) Future of
automated insulin delivery systems. Diabetes Technol
Ther 19(Suppl 3):S-67–S-72. https://doi.org/10.1089/
dia.2017.0012

Cho NH, Shaw JE, Karuranga S, Huang Y, da Rocha
Fernandes JD, Ohlrogge AW et al (2018) IDF diabetes
atlas: global estimates of diabetes prevalence for 2017
and projections for 2045. Diabetes Res Clin Pract

52 Diabetes and Treatments 713

https://doi.org/10.2337/dc09-S062
https://doi.org/10.2337/dc09-S062
https://doi.org/10.2337/dc10-S062
https://doi.org/10.2337/dc10-S062
https://doi.org/10.2337/cd17-0119
https://doi.org/10.1038/nrendo.2009.274
https://doi.org/10.1038/nrendo.2009.274
https://doi.org/10.2147/DMSO.S67400
https://doi.org/10.2147/DMSO.S67400
https://doi.org/10.1016/j.jacc.2019.03.010
https://doi.org/10.1016/s0140-6736(13)60591-7
https://doi.org/10.1016/s0140-6736(13)60591-7
https://doi.org/10.2174/2211738507666190321110721
https://doi.org/10.2174/2211738507666190321110721
https://doi.org/10.1016/s2213-8587(17)30217-6
https://doi.org/10.1016/s2213-8587(17)30217-6
https://doi.org/10.1210/er.2008-0047
https://doi.org/10.1210/er.2008-0047
https://doi.org/10.1007/s11892-017-0931-y
https://doi.org/10.1007/s11892-017-0931-y
https://doi.org/10.1007/s00125-013-3109-4
https://doi.org/10.1007/s00125-013-3109-4
https://doi.org/10.3389/fmed.2018.00202
https://doi.org/10.1111/dme.13816
https://doi.org/10.1111/dme.13816
https://doi.org/10.1089/dia.2017.0012
https://doi.org/10.1089/dia.2017.0012


138:271–281. https://doi.org/10.1016/j.diabres.2018.
02.023

Cierpka-Kmiec K, Wronska A, Kmiec Z (2019) In vitro
generation of pancreatic beta-cells for diabetes
treatment. I. Beta-like cells derived from human plu-
ripotent stem cells. Folia Histochem Cytobiol 57
(1):1–14. https://doi.org/10.5603/FHC.a2019.0001

Corradi-Perini C, Santos TM, Camara NOS, Riella MC,
Aita CAM (2017) Co-transplantation of xenogeneic
bone marrow–derived Mesenchymal stem cells
alleviates rejection of pancreatic islets in non-obese
diabetic mice. Transplant Proc 49(4):902–905. https://
doi.org/10.1016/j.transproceed.2017.01.064

Davies MJ, D’Alessio DA, Fradkin J, Kernan WN,
Mathieu C, Mingrone G et al (2018) 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 Diabe-
tes (EASD). Diabetologia 61(12):2461–2498. https://
doi.org/10.1007/s00125-018-4729-5

de Souza BM, Boucas AP, Oliveira FD, Reis KP,
Ziegelmann P, Bauer AC et al (2017) Effect of
co-culture of mesenchymal stem/stromal cells with
pancreatic islets on viability and function outcomes: a
systematic review and meta-analysis. Islets 9
(2):30–42. https://doi.org/10.1080/19382014.2017.
1286434

Deacon CF (2019) Physiology and pharmacology of
DPP-4 in glucose homeostasis and the treatment of
type 2 diabetes. Front Endocrinol 10:80. https://doi.
org/10.3389/fendo.2019.00080

Evans M, Schumm-Draeger PM, Vora J, King AB (2011)
A review of modern insulin analogue pharmacokinetic
and pharmacodynamic profiles in type 2 diabetes:
improvements and limitations. Diabetes Obes Metab
13(8):677–684. https://doi.org/10.1111/j.1463-1326.
2011.01395.x

Fatima N, Faisal SM, Zubair S, Ajmal M, Siddiqui SS,
Moin S et al (2016) Role of pro-inflammatory
cytokines and biochemical markers in the pathogenesis
of type 1 diabetes: correlation with age and glycemic
condition in diabetic human subjects. PLoS One 11(8):
e0161548. https://doi.org/10.1371/journal.pone.
0161548

Fink H, Herbert C, Gilor C (2018) Pharmacodynamics and
pharmacokinetics of insulin detemir and insulin
glargine 300 U/mL in healthy dogs. Domest Anim
Endocrinol 64:17–30. https://doi.org/10.1016/j.
domaniend.2018.03.007

Fonte P, Araujo F, Reis S, Sarmento B (2013) Oral insulin
delivery: how far are we? J Diabetes Sci Technol 7
(2):520–531. https://doi.org/10.1177/
193229681300700228

Forbes JM, Cooper ME (2013) Mechanisms of diabetic
complications. Physiol Rev 93(1):137–188. https://doi.
org/10.1152/physrev.00045.2011

Forouhi NG, Wareham NJ (2014) Epidemiology of diabe-
tes. Medicine (Abingdon) 42(12):698–702. https://doi.
org/10.1016/j.mpmed.2014.09.007

Furtado RHM, Bonaca MP, Raz I, Zelniker TA,
Mosenzon O, Cahn A et al (2019) Dapagliflozin and

cardiovascular outcomes in patients with type 2 diabe-
tes mellitus and previous myocardial infarction. Circu-
lation 139(22):2516–2527. https://doi.org/10.1161/
circulationaha.119.039996

Garber AJ, Abrahamson MJ, Barzilay JI, Blonde L,
Bloomgarden ZT, Bush MA et al (2019) Consensus
statement by the American association of clinical
endocrinologists and American college of endocrinol-
ogy on the comprehensive type 2 diabetes management
algorithm—2019 executive summary. Endocr Pract 25
(1):69–100. https://doi.org/10.4158/cs-2018-0535

Girard J (2017) Glucagon, a key factor in the pathophysi-
ology of type 2 diabetes. Biochimie 143(12):33–36.
https://doi.org/10.1016/j.biochi.2017.10.004

Grant RW, Kirkman MS (2015) Trends in the evidence
level for the American Diabetes Association’s
“standards of medical care in diabetes” from 2005 to
2014. Diabetes Care 38(1):6–8. https://doi.org/10.
2337/dc14-2142

Gruessner AC (2011) 2011 Update on pancreas transplan-
tation: comprehensive trend analysis of 25,000 cases
followed up over the course of twenty-four years at the
international pancreas transplant registry (IPTR). Rev
Diabet Stud 8(1):6–16. https://doi.org/10.1900/rds.
2011.8.6

Handelsman Y, Bloomgarden ZT, Grunberger G,
Umpierrez G, Zimmerman RS, Bailey TS et al (2015)
American association of clinical endocrinologists and
American College of Endocrinology—clinical practice
guidelines for developing a diabetes mellitus compre-
hensive care plan—2015. Endocr Pract 21(Suppl
1):1–87. https://doi.org/10.4158/ep15672.gl

Harsch IA, Kaestner RH, Konturek PC (2018) Hypogly-
cemic side effects of sulfonylureas and repaglinide in
ageing patients - knowledge and self-management. J
Physiol Pharmacol 69(4). https://doi.org/10.26402/jpp.
2018.4.15

Heinemann L, Parkin CG (2018) Rethinking the viability
and utility of inhaled insulin in clinical practice. J
Diabetes Res 2018:4568903. https://doi.org/10.1155/
2018/4568903

Heinemann L, Fritz I, Khatami H, Edelman SV (2017)
Administration of biosimilar insulin analogs: role of
devices. Diabetes Technol Ther 19(2):79–84. https://
doi.org/10.1089/dia.2016.0263

Heller S, White D, Lee E, Lawton J, Pollard D, Waugh N
et al (2017) A cluster randomised trial, cost-
effectiveness analysis and psychosocial evaluation of
insulin pump therapy compared with multiple
injections during flexible intensive insulin therapy for
type 1 diabetes: the REPOSE trial. Health Technol
Assess 21(20):1–278. https://doi.org/10.3310/
hta21200

Hieronymus L, Griffin S (2015) Role of amylin in type
1 and type 2 diabetes. Diabetes Educ 41(1 Suppl):47s–
56s. https://doi.org/10.1177/0145721715607642

Ikegami H, Noso S, Babaya N, Kawabata Y (2011) Genet-
ics and pathogenesis of type 1 diabetes: prospects for
prevention and intervention. J Diabetes Investig 2
(6):415–420. https://doi.org/10.1111/j.2040-1124.
2011.00176.x

714 M. Obradovic et al.

https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.5603/FHC.a2019.0001
https://doi.org/10.1016/j.transproceed.2017.01.064
https://doi.org/10.1016/j.transproceed.2017.01.064
https://doi.org/10.1007/s00125-018-4729-5
https://doi.org/10.1007/s00125-018-4729-5
https://doi.org/10.1080/19382014.2017.1286434
https://doi.org/10.1080/19382014.2017.1286434
https://doi.org/10.3389/fendo.2019.00080
https://doi.org/10.3389/fendo.2019.00080
https://doi.org/10.1111/j.1463-1326.2011.01395.x
https://doi.org/10.1111/j.1463-1326.2011.01395.x
https://doi.org/10.1371/journal.pone.0161548
https://doi.org/10.1371/journal.pone.0161548
https://doi.org/10.1016/j.domaniend.2018.03.007
https://doi.org/10.1016/j.domaniend.2018.03.007
https://doi.org/10.1177/193229681300700228
https://doi.org/10.1177/193229681300700228
https://doi.org/10.1152/physrev.00045.2011
https://doi.org/10.1152/physrev.00045.2011
https://doi.org/10.1016/j.mpmed.2014.09.007
https://doi.org/10.1016/j.mpmed.2014.09.007
https://doi.org/10.1161/circulationaha.119.039996
https://doi.org/10.1161/circulationaha.119.039996
https://doi.org/10.4158/cs-2018-0535
https://doi.org/10.1016/j.biochi.2017.10.004
https://doi.org/10.2337/dc14-2142
https://doi.org/10.2337/dc14-2142
https://doi.org/10.1900/rds.2011.8.6
https://doi.org/10.1900/rds.2011.8.6
https://doi.org/10.4158/ep15672.gl
https://doi.org/10.26402/jpp.2018.4.15
https://doi.org/10.26402/jpp.2018.4.15
https://doi.org/10.1155/2018/4568903
https://doi.org/10.1155/2018/4568903
https://doi.org/10.1089/dia.2016.0263
https://doi.org/10.1089/dia.2016.0263
https://doi.org/10.3310/hta21200
https://doi.org/10.3310/hta21200
https://doi.org/10.1177/0145721715607642
https://doi.org/10.1111/j.2040-1124.2011.00176.x
https://doi.org/10.1111/j.2040-1124.2011.00176.x


Jovanovic A, Sudar-Milovanovic E, Obradovic M, Pitt SJ,
Stewart AJ, Zafirovic S et al (2017) Influence of a high-
fat diet on cardiac iNOS in female rats. Curr Vasc
Pharmacol 15(5):491–500

Jung HS, Kim MJ, Hong SH, Lee YJ, Kang S, Lee H et al
(2014) The potential of endothelial colony-forming
cells to improve early graft loss after intraportal islet
transplantation. Cell Transplant 23(3):273–283.
https://doi.org/10.3727/096368912x661364

Kalra S, Gupta Y (2015) Sulfonylureas. JPMA 65
(1):101–104

Kalra K, Chandrabose ST, Ramasamy TS, Kasim N
(2018) Advances in the generation of functional beta-
cells from induced pluripotent stem cells as a cure for
diabetes mellitus. Curr Drug Targets 19
(13):1463–1477. https://doi.org/10.2174/
1389450119666180605112917

Katsarou A, Gudbjornsdottir S, Rawshani A, Dabelea D,
Bonifacio E, Anderson BJ et al (2017) Type 1 diabetes
mellitus. Nat Rev Dis Primers 3:17016. https://doi.org/
10.1038/nrdp.2017.16

Kerby A, Jones ES, Jones PM, King AJ (2013)
Co-transplantation of islets with mesenchymal stem
cells in microcapsules demonstrates graft outcome
can be improved in an isolated-graft model of islet
transplantation in mice. Cytotherapy 15(2):192–200.
https://doi.org/10.1016/j.jcyt.2012.10.018

Krall LP, White P, Bradley RF (1958) Clinical use of the
biguanides and their role in stabilizing juvenile-type
diabetes. Diabetes 7(6):468–477

Kullmann S, Veit R, Peter A, Pohmann R, Scheffler K,
Haring HU et al (2018) Dose-dependent effects of
intranasal insulin on resting-state brain activity. J Clin
Endocrinol Metab 103(1):253–262. https://doi.org/10.
1210/jc.2017-01976

Kunisada Y, Tsubooka-Yamazoe N, Shoji M, Hosoya M
(2012) Small molecules induce efficient differentiation
into insulin-producing cells from human induced plu-
ripotent stem cells. Stem Cell Res 8(2):274–284.
https://doi.org/10.1016/j.scr.2011.10.002

Ledet G, Graves RA, Bostanian LA, Mandal TK (2015) A
second-generation inhaled insulin for diabetes
mellitus. Am J Health Syst Pharm 72(14):1181–1187.
https://doi.org/10.2146/ajhp140540

Leon BM, Maddox TM (2015) Diabetes and cardiovascu-
lar disease: epidemiology, biological mechanisms,
treatment recommendations and future research.
World J Diabetes 6(13):1246–1258. https://doi.org/
10.4239/wjd.v6.i13.1246

Liu Z, Ma S (2017) Recent advances in synthetic alpha-
Glucosidase inhibitors. Chem Med Chem 12
(11):819–829. https://doi.org/10.1002/cmdc.
201700216

Livingstone R, Boyle JG, Petrie JR (2017) A new perspec-
tive on metformin therapy in type 1 diabetes.
Diabetologia 60(9):1594–1600. https://doi.org/10.
1007/s00125-017-4364-6

Lopez Vicchi F, Luque GM, Brie B, Nogueira JP, Garcia
Tornadu I, Becu-Villalobos D (2016) Dopaminergic

drugs in type 2 diabetes and glucose homeostasis.
Pharmacol Res 109:74–80. https://doi.org/10.1016/j.
phrs.2015.12.029

Lupsa BC, Inzucchi SE (2018) Use of SGLT2 inhibitors in
type 2 diabetes: weighing the risks and benefits.
Diabetologia 61(10):2118–2125. https://doi.org/10.
1007/s00125-018-4663-6

Maclean H (1926) Some observations on diabetes and
insulin in general practice. Postgrad Med J 1(6):73–77

Mastrandrea LD (2010) Inhaled insulin: overview of a
novel route of insulin administration. Vasc Health
Risk Manag 6:47–58

McGuire H, Longson D, Adler A, Farmer A, Lewin I
(2016) Management of type 2 diabetes in adults: sum-
mary of updated NICE guidance. BMJ 353:i1575.
https://doi.org/10.1136/bmj.i1575

McGuire DK, Alexander JH, Johansen OE, Perkovic V,
Rosenstock J, Cooper ME et al (2019) Linagliptin
effects on heart failure and related outcomes in
individuals with type 2 diabetes mellitus at high car-
diovascular and renal risk in CARMELINA. Circula-
tion 139(3):351–361. https://doi.org/10.1161/
circulationaha.118.038352

Mehtala J, Khanfir H, Bennett D, Ye Y, Korhonen P, Hoti
F (2019) Pioglitazone use and risk of bladder cancer: a
systematic literature review and meta-analysis of
observational studies. Diabetol Int 10(1):24–36.
https://doi.org/10.1007/s13340-018-0360-4

Meier JJ, Bhushan A, Butler AE, Rizza RA, Butler PC
(2005) Sustained beta cell apoptosis in patients with
long-standing type 1 diabetes: indirect evidence for
islet regeneration ? Diabetologia 48(11):2221–2228

Nair M (2007) Diabetes mellitus, part 1: physiology and
complications. Br J Nurs 16(3):184–188. https://doi.
org/10.12968/bjon.2007.16.3.22974

Nakamura T, Fujikura J, Anazawa T, Ito R, Ogura M,
Okajima H et al (2019) Long-term outcome of islet
transplantation on insulin-dependent diabetes mellitus:
an observational cohort study. J Diabetes Investig.
https://doi.org/10.1111/jdi.13128

National Clinical Guideline Centre (2015) Type 1 diabetes
in adults: diagnosis and management. London:
National Institute for Health and Care Excellence (UK)

Naziruddin B, Iwahashi S, Kanak MA, Takita M, Itoh T,
Levy MF (2014) Evidence for instant blood-mediated
inflammatory reaction in clinical autologous islet trans-
plantation. Am J Transplant 14(2):428–437. https://
doi.org/10.1111/ajt.12558

Obradovic M, Sudar E, Zafirovic S, Stanimirovic J,
Labudovic-Borovic M, Isenovic ER (2015) Estradiol
in vivo induces changes in cardiomyocytes size in
obese rats. Angiology 66(1):25–35. https://doi.org/10.
1177/0003319713514477

Obradovic M, Stanimirovic J, Panic A, Bogdanovic N,
Sudar-Milovanovic E, Cenic-Milosevic D et al (2017)
Regulation of Na+/K+-ATPase by estradiol and IGF-1
in cardio-metabolic diseases. Curr Pharm Des 23
(10):1551–1561

52 Diabetes and Treatments 715

https://doi.org/10.3727/096368912x661364
https://doi.org/10.2174/1389450119666180605112917
https://doi.org/10.2174/1389450119666180605112917
https://doi.org/10.1038/nrdp.2017.16
https://doi.org/10.1038/nrdp.2017.16
https://doi.org/10.1016/j.jcyt.2012.10.018
https://doi.org/10.1210/jc.2017-01976
https://doi.org/10.1210/jc.2017-01976
https://doi.org/10.1016/j.scr.2011.10.002
https://doi.org/10.2146/ajhp140540
https://doi.org/10.4239/wjd.v6.i13.1246
https://doi.org/10.4239/wjd.v6.i13.1246
https://doi.org/10.1002/cmdc.201700216
https://doi.org/10.1002/cmdc.201700216
https://doi.org/10.1007/s00125-017-4364-6
https://doi.org/10.1007/s00125-017-4364-6
https://doi.org/10.1016/j.phrs.2015.12.029
https://doi.org/10.1016/j.phrs.2015.12.029
https://doi.org/10.1007/s00125-018-4663-6
https://doi.org/10.1007/s00125-018-4663-6
https://doi.org/10.1136/bmj.i1575
https://doi.org/10.1161/circulationaha.118.038352
https://doi.org/10.1161/circulationaha.118.038352
https://doi.org/10.1007/s13340-018-0360-4
https://doi.org/10.12968/bjon.2007.16.3.22974
https://doi.org/10.12968/bjon.2007.16.3.22974
https://doi.org/10.1111/jdi.13128
https://doi.org/10.1111/ajt.12558
https://doi.org/10.1111/ajt.12558
https://doi.org/10.1177/0003319713514477
https://doi.org/10.1177/0003319713514477


Obradovic M, Zafirovic S, Soskic S, Stanimirovic J,
Trpkovic A, Jevremovic D et al (2019) Effects of
IGF-1 on the cardiovascular system. Curr Pharm Des.
https://doi.org/10.2174/
1381612825666191106091507

Ooi CP, Loke SC (2014) Colesevelam for type 2 diabetes
mellitus: an abridged Cochrane review. Diabet Med 31
(1):2–14. https://doi.org/10.1111/dme.12295

Pathak V, Pathak NM, O’Neill CL, Guduric-Fuchs J,
Medina RJ (2019) Therapies for type 1 diabetes: cur-
rent scenario and future perspectives. Clin Med
Insights Endocrinol Diabetes 12:1179551419844521.
https://doi.org/10.1177/1179551419844521

Peng Q, Zhang ZR, Gong T, Chen GQ, Sun X (2012) A
rapid-acting, long-acting insulin formulation based on
a phospholipid complex loaded PHBHHx
nanoparticles. Biomaterials 33(5):1583–1588. https://
doi.org/10.1016/j.biomaterials.2011.10.072

Pickup JC (2019) Insulin Pumps. Diabet Technol Therap
21(S1):S32–s41. https://doi.org/10.1089/dia.2019.
2503

Potter KJ, Westwell-Roper CY, Klimek-Abercrombie
AM, Warnock GL, Verchere CB (2014) Death and
dysfunction of transplanted beta-cells: lessons learned
from type 2 diabetes? Diabetes 63(1):12–19. https://
doi.org/10.2337/db12-0364

Rai VK, Mishra N, Agrawal AK, Jain S, Yadav NP (2016)
Novel drug delivery system: an immense hope for
diabetics. Drug Deliv 23(7):2371–2390

REPOSE Study Group (2017) Relative effectiveness of
insulin pump treatment over multiple daily injections
and structured education during flexible intensive insu-
lin treatment for type 1 diabetes: cluster randomised
trial (REPOSE). BMJ 356. https://doi.org/10.1136/
bmj.j1285

Roglic G (2016) WHO global report on diabetes: a sum-
mary. Int J Noncommun Dis 1(1):3–8

Rowley WR, Bezold C, Arikan Y, Byrne E, Krohe S
(2017) Diabetes 2030: insights from yesterday, today,
and future trends. Popul Health Manag 20(1):6–12.
https://doi.org/10.1089/pop.2015.0181

Rys PM, Ludwig-Slomczynska AH, Cyganek K, Malecki
MT (2018) Continuous subcutaneous insulin infusion
vs multiple daily injections in pregnant women with
type 1 diabetes mellitus: a systematic review and meta-
analysis of randomised controlled trials and observa-
tional studies. Eur J Endocrinol 178(5):545–563.
https://doi.org/10.1530/eje-17-0804

Sanchez-Rangel E, Inzucchi SE (2017) Metformin: clinical
use in type 2 diabetes. Diabetologia 60(9):1586–1593.
https://doi.org/10.1007/s00125-017-4336-x

Schmid V, Kullmann S, Gfrorer W, Hund V,
Hallschmid M, Lipp HP et al (2018) Safety of intrana-
sal human insulin: a review. Diabetes Obes Metab 20
(7):1563–1577. https://doi.org/10.1111/dom.13279

Scirica BM, Bhatt DL, Braunwald E, Steg PG, Davidson J,
Hirshberg B et al (2013) Saxagliptin and cardiovascu-
lar outcomes in patients with type 2 diabetes mellitus.

N Engl J Med 369(14):1317–1326. https://doi.org/10.
1056/NEJMoa1307684

Shah RB, Patel M, Maahs DM, Shah VN (2016) Insulin
delivery methods: past, present and future. Int J Pharm
Investig 6(1):1–9. https://doi.org/10.4103/2230-973x.
176456

Singh M, Kumar A (2018) Risks associated with SGLT2
inhibitors: an overview. Curr Drug Saf 13(2):84–91.
https://doi.org/10.2174/
1574886313666180226103408

Soskic SS, Dobutovic BD, Sudar EM, Obradovic MM,
Nikolic DM, Djordjevic JD et al (2011) Regulation of
inducible nitric oxide synthase (iNOS) and its potential
role in insulin resistance, diabetes and heart failure.
Open Cardiovasc Med J 5:153–163. https://doi.org/
10.2174/1874192401105010153

Souto EB, Souto SB, Campos JR, Severino P, Pashirova
TN, Zakharova LY, Silva AM, Durazzo A, Lucarini M,
Izzo AA, Santini A (2019) Nanoparticle delivery
systems in the treatment of diabetes complications.
Molecules 24(23). https://doi.org/10.3390/
molecules24234209

Stanekzai J, Isenovic ER, Mousa SA (2012) Treatment
options for diabetes: potential role of stem cells. Dia-
betes Res Clin Pract 98(3):361–368. https://doi.org/10.
1016/j.diabres.2012.09.010

Sudar-Milovanovic E, Jovanovic A, Misirkic-Marjanovic-
M, Vucicevic L, Janjetovic K, Isenovic ER (2015)
Effects of intracerebroventricularly (ICV) injected
ghrelin on cardiac inducible nitric oxide synthase activ-
ity/expression in obese rats. Exp Clin Endocrinol Dia-
betes 123(10):581–588. https://doi.org/10.1055/s-
0035-1559758

Sudar-Milovanovic E, Zafirovic S, Jovanovic A,
Trebaljevac J, Obradovic M, Cenic-Milosevic D et al
(2017) Hormonal regulation of nitric oxide (NO) in
cardio-metabolic diseases. Curr Pharm Des 23
(10):1427–1434

Vegas AJ, Veiseh O, Gurtler M, Millman JR, Pagliuca
FW, Bader AR et al. Long-term glycemic control
using polymer-encapsulated human stem cell-derived
beta cells in immune-competent mice. Nat Med.
2016;22(3):306–11. doi:10.1038/nm.4030.

Wang W, Zhou X, Kwong JSW, Li L, Li Y, Sun X (2017)
Efficacy and safety of thiazolidinediones in diabetes
patients with renal impairment: a systematic review
and meta-analysis. Sci Rep 7(1):1717. https://doi.org/
10.1038/s41598-017-01965-0

Wang LC, Fang FS, Gong YP, Yang G, Li CL (2018)
Characteristics of repaglinide and its mechanism of
action on insulin secretion in patients with newly
diagnosed type-2 diabetes mellitus. Medicine 97(38):
e12476. https://doi.org/10.1097/md.
0000000000012476

Wanner C, Marx N (2018) SGLT2 inhibitors: the future
for treatment of type 2 diabetes mellitus and other
chronic diseases. Diabetologia 61(10):2134–2139.
https://doi.org/10.1007/s00125-018-4678-z

716 M. Obradovic et al.

https://doi.org/10.2174/1381612825666191106091507
https://doi.org/10.2174/1381612825666191106091507
https://doi.org/10.1111/dme.12295
https://doi.org/10.1177/1179551419844521
https://doi.org/10.1016/j.biomaterials.2011.10.072
https://doi.org/10.1016/j.biomaterials.2011.10.072
https://doi.org/10.1089/dia.2019.2503
https://doi.org/10.1089/dia.2019.2503
https://doi.org/10.2337/db12-0364
https://doi.org/10.2337/db12-0364
https://doi.org/10.1136/bmj.j1285
https://doi.org/10.1136/bmj.j1285
https://doi.org/10.1089/pop.2015.0181
https://doi.org/10.1530/eje-17-0804
https://doi.org/10.1007/s00125-017-4336-x
https://doi.org/10.1111/dom.13279
https://doi.org/10.1056/NEJMoa1307684
https://doi.org/10.1056/NEJMoa1307684
https://doi.org/10.4103/2230-973x.176456
https://doi.org/10.4103/2230-973x.176456
https://doi.org/10.2174/1574886313666180226103408
https://doi.org/10.2174/1574886313666180226103408
https://doi.org/10.2174/1874192401105010153
https://doi.org/10.2174/1874192401105010153
https://doi.org/10.3390/molecules24234209
https://doi.org/10.3390/molecules24234209
https://doi.org/10.1016/j.diabres.2012.09.010
https://doi.org/10.1016/j.diabres.2012.09.010
https://doi.org/10.1055/s-0035-1559758
https://doi.org/10.1055/s-0035-1559758
https://doi.org/10.1038/s41598-017-01965-0
https://doi.org/10.1038/s41598-017-01965-0
https://doi.org/10.1097/md.0000000000012476
https://doi.org/10.1097/md.0000000000012476
https://doi.org/10.1007/s00125-018-4678-z


WHO (2018). http://www.who.int/news-room/fact-sheets/
detail/diabetes. Accessed 16 Dec 2019

Wiviott SD, Raz I, Sabatine MS (2019) Dapagliflozin and
cardiovascular outcomes in type 2 diabetes. Reply. N
Engl J Med 380(19):1881–1882. https://doi.org/10.
1056/NEJMc1902837

Wong CY, Al-Salami H, Dass CR (2018) Microparticles,
microcapsules and microspheres: a review of recent
developments and prospects for oral delivery of insu-
lin. Int J Pharm 537(1–2):223–244. https://doi.org/10.
1016/j.ijpharm.2017.12.036

Yeh HC, Brown TT, Maruthur N, Ranasinghe P, Berger Z,
Suh YD et al (2012) Comparative effectiveness and
safety of methods of insulin delivery and glucose mon-
itoring for diabetes mellitus: a systematic review and
meta-analysis. Ann Intern Med 157(5):336–347.
https://doi.org/10.7326/0003-4819-157-5-201209040-
00508

Yki-Jarvinen H (2004) Thiazolidinediones. N Engl J Med
351(11):1106–1118. https://doi.org/10.1056/
NEJMra041001

Zaric BL, Obradovic M, Sudar-Milovanovic E,
Nedeljkovic J, Lazic V, Isenovic ER (2019) Drug
delivery systems for diabetes treatment. Curr Pharm
Des 25(2):166–173. https://doi.org/10.2174/
1381612825666190306153838

Zelniker TA, Wiviott SD, Raz I, Im K, Goodrich EL, Bonaca
MP et al (2019) SGLT2 inhibitors for primary and sec-
ondary prevention of cardiovascular and renal outcomes in
type 2 diabetes: a systematic review and meta-analysis of
cardiovascular outcome trials. Lancet 393(10166):31–39.
https://doi.org/10.1016/s0140-6736(18)32590-x

Zoungas S, Woodward M, Li Q, Cooper ME, Hamet P,
Harrap S et al (2014) Impact of age, age at diagnosis
and duration of diabetes on the risk of macrovascular
and microvascular complications and death in type
2 diabetes. Diabetologia 57(12):2465–2474. https://
doi.org/10.1007/s00125-014-3369-7

52 Diabetes and Treatments 717

http://www.who.int/news-room/fact-sheets/detail/diabetes
http://www.who.int/news-room/fact-sheets/detail/diabetes
https://doi.org/10.1056/NEJMc1902837
https://doi.org/10.1056/NEJMc1902837
https://doi.org/10.1016/j.ijpharm.2017.12.036
https://doi.org/10.1016/j.ijpharm.2017.12.036
https://doi.org/10.7326/0003-4819-157-5-201209040-00508
https://doi.org/10.7326/0003-4819-157-5-201209040-00508
https://doi.org/10.1056/NEJMra041001
https://doi.org/10.1056/NEJMra041001
https://doi.org/10.2174/1381612825666190306153838
https://doi.org/10.2174/1381612825666190306153838
https://doi.org/10.1016/s0140-6736(18)32590-x
https://doi.org/10.1007/s00125-014-3369-7
https://doi.org/10.1007/s00125-014-3369-7

	Chapter 52: Diabetes and Treatments
	Introduction
	History
	Etiology and Pathophysiology of DMT1 and DMT2
	Type 1 Diabetes
	Type 2 Diabetes
	Delivery of Insulin, Islet Transplantation, and Stem Cells
	Noninvasive Insulin Administration
	The Artificial Pancreas
	Drugs
	Pharmacotherapy of DMT1

	Non-insulin Pharmacological Agents
	Pharmacotherapy of DMT2

	Therapeutic Aims
	Monotherapy of DMT2
	Combination Therapy for DMT2

	Insulin Introduction
	Exenatide, Liraglutide, Lixisenatide and Semaglutide
	Sitagliptin, Vildagliptin, Saxagliptin, Linagliptin, and Alogliptin
	Acarbose, Miglitol, and Voglibose
	Pioglitazone
	Sulphonylureas and Glinides (Gliclazide, Glipizide, Glimepiride, Repaglinide)
	Dapagliflozin, Canagliflozin, and Empagliflozin
	References


