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Preface

Obesity and type 2 diabetes are increasing worldwide problems. In this book we reviewed
factors that contribute to glucose homeostasis and the pathogenesis of Type 2 diabetes. In
addition the book addresses current strategies for treatment of Type 2 Diabetes. It is well
accepted that obesity is strongly associated with the development of disease including Type
2 diabetes. In this book, chapters investigate the consequences of weight loss by calorie re‐
striction and by gastric by-pass surgery. The rapid normalization in glucose homeostasis for
diabetics after bariatric surgery suggests that remission may be due to mechanisms involv‐
ing the surgical technique, not just weight loss. This book also addresses the use of statins,
incretins and androgen therapy for type 2 diabetics. This is increasingly important since car‐
diovascular disease is a major complication for type 2 diabetes.

Dr. Colleen Croniger
Associate Professor

Co-Director Case MMPC
Department of Nutrition

Case Western Reserve University
USA





Section 1

Glucose Homeostasis and Diabetes





Chapter 1

The Role of the Kidney in Glucose Homeostasis

Maria Mota, Eugen Mota and Ilie-Robert Dinu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59173

1. Introduction

It is only in recent years that the attention was drawn on the important role of the kidney in
glucose homeostasis. Nevertheless, along with the liver, the kidney has an important role in
ensuring the energy needs during fasting periods. This organ has a vital role in absorbing the
entire quantity of the filtered glucose [1]. Having a glomerular filtration rate of 180 liters per
day, it filters approximately 180 grams of glucose per day, bringing its contribution in
maintaining normal fasting plasma glucose (FPG) levels [2]. The reabsorption of glucose is
ensured by the sodium-glucose cotransporter (SGLT) 2, responsible for the reabsorption of
90% of glucose, and SGLT1, that reabsorbs the remaining glucose [3].

Despite the large amount of data regarding the implication of the kidneys in glucose homeo‐
stasis, this organ is often overlooked as a key player in glucose metabolism. But the awareness
of the renal mechanisms of glucose control is likely to increase due to the development of new
types of glucose-lowering drugs that target this metabolic pathway [4].

2. Short history

2.1. Early non-human studies

The first researchers in this field, Bergman and Drury brought the first clues about the
involvement of the kidney in glucose homeostasis in 1938 [5]. They used the glucose clamp
technique in order to maintain euglycemia in two groups of rabbits – one functionally
hepatectomized and another one functionally hepatectomized and nephrectomized. In the
group of hepatectomized and nephrectomized rabbits, the amount of glucose requested in
order to maintain euglycemia was very high compared to the one required by the other group

© 2015 The Author(s). Licensee InTech. 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 eproduction in any medium, provided the original work is properly cited.



[6] (Figure 1). These data led to the conclusion that the kidneys are an important source of
plasma glucose [6].

Figure 1. Effect of nephrectomy on glucose needs for maintaining euglycemia in hepatectomized rabbits (Adapted
from [6])

A few years later, the study was reproduced by Reinecke in rats. He also determined the
arteriorenal venous glucose concentrations in the hepatectomized rats. He found that the
glucose levels in renal vein exceeded the arterial levels when the animals became hypogly‐
cemic  proving  that,  under  these  conditions,  the  kidneys  can  release  glucose  into  the
circulation [7].

In 1950, Drury et al. injected 14C-labeled glucose into rats that had been hepatectomized or
hepatectomized and nephrectomized. His experiment indicated that the kidney represents the
source of the glucose produced endogenously and released into the circulation after hepatec‐
tomy [8].

In other experiments, Teng proved that the renal cortex of the animal models with diabetes
released glucose at a very high rate, but treatment of these animals with insulin could reverse
this effect. A few years later, in 1960, Landau was able to prove, having a similar model, that
gluconeogenesis from pyruvate was increased by the diabetic kidney [6].

In several experiments, Krebs tried to characterize the substrates that the kidney uses for
gluconeogenesis [9], the efficiency of the renal gluconeogenesis in several species [10], and
some aspects of the regulation of renal gluconeogenesis [11]. He could also demonstrate that
the kidney present a greater amount of gluconeogenic enzymes than the liver, and due to the
comparable blood flows (therefore comparable provision of gluconeogenic precursors), Krebs
argued that the kidney might be a gluconeogenic organ in vivo as important as the liver [11].
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2.2. Early human studies

Studies about human renal glucose metabolism started in the late 1950s. They tried to measure
the differences of glucose concentrations between arterial and renal venous blood. By not
taking into consideration that the kidney is able to produce and consume glucose in the same
time, the fact that many researchers found little or no differences between arterial and venous
glucose values led to the conclusion that the kidneys are not able to release glucose [6].

In the mid 1960s, Aber et al. [12] found that kidney can release glucose in patients with
pulmonary disease and the quantity of glucose is negatively correlated with arterial pH
explaining why the greater the acidosis, the greater the renal glucose release. Several years
after, Owen et al. [13] indicated that renal glucose release is increased in very obese patients
who fasted for several weeks. These data led to the current textbook idea that the liver is the
only source of glucose, in general, except after prolonged fasting or under acidosis.

On the other hand, in subjects that undergo liver transplantation, it may still be observed after
removal of the liver, endogenous glucose production [14]. Shortly after the removal of the liver,
the production of endogenous glucose decreased only by 50% (Joseph et al.) [14]. Recent
research using isotopic measurements have indicated that the kidney can release significant
quantities of glucose in postabsorptive normal volunteers.

3. The involvement of kidneys in glucose homeostasis

The plasma glucose concentration is determined by the amount of glucose synthesized, and
the one removed from the circulation and metabolized. This concentration must be maintained
within a relatively narrow range despite the wide daily fluctuations in glucose ingestion and
glucose demands in various tissues [4]. Other substrates such as free fatty acids (FFAs),
glycerol, lactate and ketone bodies have greater daily fluctuations. This can be explained by
the need of the body to protect himself against hyper- and hypoglycaemia. Hyperglycaemia
is associated with both chronic effects (such as nephropathy, retinopathy, neuropathy and
premature atherosclerosis) and also acute complications (including diabetic ketoacidosis and
hyperosmolar hyperglycaemic state that are associated with higher morbidity and mortality).
Hypoglycaemia is also harmful because it can cause neurological events (including coma,
seizures), cardiac arrhythmias and death [4].

The regulation of endogenous production of glucose is determined by hormonal and neural
factors [15]. In the acute phase, glucoregulatory mechanisms involve insulin, glucagon and
catecholamines and they can effect changes in plasma glucose levels in a matter of minutes.
Insulin is able to suppress glucose release in both the kidney and liver by direct enzyme
activation ⁄ deactivation and by reducing the availability of gluconeogenic substrates. Gluca‐
gon has no effect on the kidneys, but it stimulates glycogenolysis and gluconeogenesis in the
liver [16]. Catecholamines also have multiple acute actions. They can stimulate renal glucose
release and glucagon secretion and inhibit insulin secretion [4].

The Role of the Kidney in Glucose Homeostasis
http://dx.doi.org/10.5772/59173
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The kidneys are involved in maintaining glucose homeostasis through three different mech‐
anisms: gluconeogenesis; glucose uptake from the blood for its own energy requests and
reabsorption into the general circulation of glucose from glomerular filtrate in order to
preserve energy [4].

3.1. Renal gluconeogenesis

From the point of view of glucose utilization, the kidney is considered as 2 separate organs;
the renal medulla is characterized mainly by glucose utilization and the renal cortex is
responsible for glucose release. The separation of these activities represents the consequence
of differences in the distribution of numerous enzymes along the nephron. The cells in the
renal medulla can use only glucose for their needs (like the brain) and they have enzymes
capable of glucose-phosphorylation and glycolysis. They can therefore phosphorylate
important amounts of glucose and accumulate glycogen but, because these cells do not have
glucose-6-phosphatase or any other gluconeogenic enzymes, they are unable to release glucose
into the bloodstream. Moreover, the cells in the renal cortex have gluconeogenic enzymes and
they can produce and release glucose into the circulation. However these cells cannot synthe‐
size glycogen because they have little phosphorylating capacity [6].

After a 16-h overnight fast, approximately 10 µmol ⁄ (kg /min) of glucose is released into the
circulation [17]. Almost 50% of this is the result of glycogenolysis from the liver stocks and the
other half is produced by liver and kidney gluconeogenesis. The renal cortex (like the liver)
contains gluconeogenic enzymes and it can synthesize glucose-6-phosphate from precursors
(lactate, glutamine, glycerol and alanine). Because it contains glucose-6-phosphatase, it is able
to release glucose into the blood stream [18] and the human liver and kidneys are the only
organs that can perform gluconeogenesis. Therefore, after an overnight fast, the liver produces
75–80% of glucose released into the circulation and the remaining 20–25% is derived from the
kidneys [4].

Several studies have indicated that human kidneys and liver provide approximately the same
amounts of glucose through gluconeogenesis in postabsorptive period. If the duration of
fasting is increased, the glycogen stores are depleted and gluconeogenesis produces all the
glucose released into circulation.

An important aspect is that kidney and liver use different gluconeogenic precursors and
several hormones have different effects on their release of glucose. Lactate represents the
predominant gluconeogenic precursor in both organs, but regarding the aminoacids, the
kidney prefers to use glutamine, whereas the liver preferentially uses alanine [19]. Insulin can
suppress glucose release in both organs with almost comparable efficacy [20], whereas
glucagon stimulates hepatic glucose release only [21]. Catecholamines normally have a direct
effect only on renal glucose release [22], but their effect on both hepatic and renal glucose
release may be indirect by increasing the quantity of gluconeogenic substrates available and
by suppressing insulin secretion. Other hormones, such as growth hormone, cortisol and
thyroid hormones can stimulate hepatic glucose release over a great period of time [15]. Their
effects on the kidneys regarding glucose release in humans are not completely deciphered.
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In the postprandial state the situation changes significantly. Postprandial glucose levels in the
plasma are determined by insulin and glucagon levels. After glucose ingestion, plasma glucose
levels reach the peak in 60–90 minutes and they return to post-absorptive levels in almost 3–
4 h. The plasma insulin increases four times and the plasma glucagon levels decrease by 50%
[15]. Meyer et al. indicated that endogenous glucose release is reduced by almost 60% and
hepatic glycogenolysis drops to zero in the 4- to 6-h period after meal ingestion [23].This is
happening because this period determines the refilling of hepatic glycogen stores and
inhibition of endogenous glucose release is able to limit postprandial hyperglycaemia. There
is also a reduction in hepatic gluconeogenesis by 82% and glucose molecules generated
through hepatic gluconeogenesis are also directed into hepatic glycogen, not only released in
the circulation.

Renal gluconeogenesis can increase by approximately twofold and it can represent ~60% of
endogenous glucose production in the postprandial state [24]. This mechanism is believed to
facilitate the repletion of glycogen stocks in the liver.

A new concept of hepatorenal glucose reciprocity emerged from the differences observed in
regulation and interchange between renal and hepatic glucose release [24]. This concept refers
to the facts that a pathological or physiological reduction in glucose release by kidney or liver
determines a compensatory increase in glucose release of the other one (liver or kidney) in
order to avoid hypoglycaemia. This situation occurs in the anhepatic phase during liver
transplantation, prolonged fasting, meal ingestion, acidosis and insulin overdoses in diabetes
mellitus [24].

3.2. Glycogenolysis

Glycogenolysis is the breakdown of glycogen to glucose-6-phosphate and a hydrolysis reaction
(using glucose-6-phosphatase) in order to free glucose. The liver is the only organ that contains
glucose-6-phosphatase. So, the cleavage of hepatic glycogen releases glucose, while the
cleavage of glycogen from other sources can release only lactate. Lactate, that is generated via
glycolysis, is often absorbed by other organs and helps regenerating glucose [6].

3.3. Glucose reabsorption

Apart from the important role in gluconeogenesis and the role of renal cortex in glucose uptake,
the kidneys contribute to glucose homeostasis by filtering and reabsorbing glucose. In normal
conditions, the kidneys can reabsorb as much glucose as possible, the result being a virtually
glucose free urine. Approximately 180 grams of glucose are filtered by the glomeruli from
plasma, daily but all of this quantity is reabsorbed through glucose transporters that are
present in cell membranes located in the proximal tubules [24].

These glucose transporters have a limited capacity of reabsorption. If this capacity is exceeded,
glucose usually appears in the urine. The tubular maximum for glucose (TmG), the term used
for the maximum capacity, can vary from 260 to 350 mg/min/1.73 m2 in healthy subjects. It
corresponds to blood glucose levels of 180-200 mg/dL [24]. When the blood glucose is very
high and the TmG is reached, the transporters cannot reabsorb all the glucose and glucosuria

The Role of the Kidney in Glucose Homeostasis
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occurs (Figure 2). Nevertheless, there can be slight differences between the nephrons and the
inaccurate nature of biological systems may potentially lead to the development of glucosuria
when blood glucose is below TmG. Glucosuria may occur at lower plasma glucose levels in
certain conditions of hyperfiltration (eg. pregnancy), but as a consequence of hyperfiltration
and not of significant hyperglycemia [25].

Figure 2. Renal glucose handling. TmG, transport maximum for glucose. Adapted from [26]

In a given day, the kidneys can produce, via gluconeogenesis, 15–55g glucose and it can
metabolize 25–35g glucose. Regarding the glucose metabolic pathways, it is obvious that renal
reabsorption represents the main mechanism by which the kidney is involved in glucose
homeostasis. Therefore, the change in tubular glucose reabsorption may have a considerable
impact on glucose homeostasis [4].

3.3.1. Renal glucose transporters

Glucose is a polar compound with positive and negative charged areas; therefore it is soluble
in water. Its transport into and across cells is dependent on two specialized carrier protein
families: the GLUTs (facilitated glucose transporters) and the SGLTs (sodium-coupled glucose
cotransporters). These transporters are responsible for glucose passage and reabsorption in
several tissue types, including the proximal renal tubule, blood-brain barrier, small intestine
[27]. GLUTs are responsible for the passive transport of glucose across cell membranes, in order
to equilibrate its concentrations across a membrane. SGLTs, on the other hand, are involved
in active transport of glucose against a concentration gradient by means of sodium-glucose
cotransport [27].

There are six members of the SGLT family indicated in Table 1.
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Co-transporter Substrate Tissue distribution

SGLT1 Glucose, galactose Intestine, kidney, heart, trachea, brain, testis,
prostate

SGLT2 Glucose Kidney, brain, liver, muscle, heart

SGLT4 Glucose, mannose Intestine, kidney, uterus, pancreas, liver, brain,
lung, trachea

SGLT5 Unknown Kidney

SGLT6 Glucose, myoinositol Brain, kidney, intestine

SMIT1 Glucose, myoinositol Brain, heart, lung, kidney

Table 1. The sodium glucose co-transporter family (adapted from [27])

SGLT2 is considered the most important because, based on animal studies, it is responsible for
the reabsorption of 90% of the glucose filtered at the glomerulus [24]. The other 10% of glucose
reabsorbed in the proximal tubule is ensured by SGLT1. Of the family of GLUT proteins
expressed in the kidneys, GLUT2 is the major transporter and it releases into circulation the
glucose reabsorbed by SGLTs in the proximal tubular cells [28].

The renal glucose transport was investigated by analyzing the gene mutations within SGLT
family. These can lead to several inherited diseases presenting renal glucosuria that include
familial renal glucosuria (FRG) and glucose-galactose malabsorption (GGM). FRG represents
an autosomal recessive or autosomal dominant disorder caused by several SGLT2 mutations.
Its main characteristic is persistent glucosuria without hyperglycemia or renal tubular
dysfunction. Most of the patients with FRG do not have any clinical manifestations; this is why
FRG is not commonly described as a “disease” but as a condition known as benign glucosuria.
Nevertheless, there is a severe form of FRG, known as type O, where mutations of the SGLT2
gene lead to a complete lack of renal tubular glucose reabsorption. This condition is still
associated with a good prognosis. Due to the fact that FRG is mainly asymptomatic, subjects
with this condition are discovered through routine urinalysis [24].

GGM represents a more serious disease. It is inherited autosomal recessive and is caused by
mutation of the SGLT1 transporter. Its main characteristics are represented by intestinal
symptoms. They appear in the first few days of life and determine glucose and galactose
malabsorption. The consequences are severe; diarrhea and subsequent dehydration may
become fatal unless a special diet (glucose- and galactose-free) is initiated. Some patients with
GGM may present glucosuria but it is typically mild, and some other subjects have no sign of
urinary glucose excretion. This confirms that SGLT1 has a minor role in renal reabsorption of
glucose [24]. The mutations involving the GLUT family are associated with more severe
consequences, because these transporters are more widespread throughout the major organ
systems. SGLT2 and SGLT1 are located mainly in the renal system, but GLUT2 is present
almost everywhere in the organism, having an important role in glucose homeostasis through
its involvement in intestinal glucose uptake, renal reabsorption of glucose, and hepatic uptake
and release of glucose [24].
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Direct in vivo experiments of Vallon et al. on gene targeted mice lacking Sglt2 gene, demon‐
strated that the SGLT2 protein is responsible for all glucose reabsorption in the proximal tubule
and for the bulk of glucose reabsorption in the kidney overall [29]. According to this study, in
wild-type mice, 99.7 ± 0.1% of fractional glucose is reabsorbed and in Sglt2−/− mice (not
expressing SGLT2), only 36 ± 8% is reabsorbed. It was also found that in Sglt2−/− mice, even if
SGLT1 glucose reabsorption is increased (SGLT1 transporters reach their transport maximum),
up regulation of SGLT1 expression does not occur (both SGLT1 mRNA and protein expression
are reduced by ~40%) when the amount of glucose in proximal tubule is increased. The results
of the study of Gorboulev et al. [30] are in correspondence with those of Vallon et al., indicating
that wild-type mice do not use the maximal transport capacity of SGLT1 at normoglycemic
conditions but when glucose load to the SGLT1 is increased (for instance, diabetes and SGLT2
inhibition), SGLT1 may operate at full transport capacity [30].

Molecular structure of SGLTs has been studied thoroughly on SGLT1, which is the first
described member of SGLTs family [31]. SGLT2 is 59% identical to SGLT1 and has almost the
same architecture. Its secondary structure consists of 14-transmembrane helices (TM1–TM13)
with both the NH2 and COOH termini facing the extracellular side of the plasma membrane
[32]. The first kinetic model of Na+/glucose co-transporters was proposed by Parent et al. [33].

4. The kidney in diabetes mellitus

All the metabolic pathways regarding the involvement of the kidney in glucose homeostasis
are modified in subjects with diabetes mellitus. Subjects with type 2 diabetes mellitus (T2DM)

Figure 3. Glucose filtration and reabsorption in the proximal tubule of the kidney (adapted from [28])
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have an increased renal release of glucose into the circulation in the fasting state [34]. Although
one can think that the liver determines increased glucose release into the circulation in diabetes,
the liver and the kidneys have comparable increase in renal glucose release (2.60 and 2.21
µmol ⁄ (kg min). The kidney can increase its glucose production with 300% compared with the
liver that can increase gluconeogenesis only by 30%. Gluconeogenesis, in the kidney, could
explain this glucose increase, in the fasting state [34].

In postprandial state, renal glucose release is greater increased in subjects with T2DM than in
people without glucose metabolism abnormalities [35]. Meyer et al. studied systemic glucose
appearance in subjects with T2DM and individuals with normal glucose tolerance over several
hours following ingestion of 75 g glucose. They found that it was significantly greater in
diabetic patients than in normal subjects (100.0 ± 6.3 vs. 70.0 ± 3.3 g; p < 0.001). The result was
determined by a higher endogenous glucose release because the general appearance of
ingested glucose was only 7 g greater in the subjects with DM. Almost 40% of the increased
endogenous glucose release was caused by increased renal glucose release [35]. This fact was
determined mainly by impaired suppression of endogenous glucose release and secondary by
reduced initial splanchnic sequestration of ingested glucose. This effect is expected in diabetic
patients that have decreased postprandial insulin release and insulin resistance, taking into
account that renal glucose release is regulated by insulin [4].

Both renal glucose uptake and glucose production are increased in both the postprandial and
post-absorptive states in diabetic patients [35].

It is well known that glucosuria in diabetic patients occurs at different plasma glucose levels
compared with the levels where glucosuria can occur in non-diabetic individuals [36]. This is
determined by the increased glucose reabsorbtion in subjects with diabetes mellitus. Therefore,
the Tm for glucose is increased and glucosuria may occur at higher than normal blood glucose
levels. Several studies indicated that the Tm increased from near 350 mg ⁄ min in subjects with
normal glucose tolerance to approximately 420 mg⁄min in subjects with diabetes mellitus [36].

As an evolutionary process, the kidney was able to develop a system in order to reabsorb all
of the filtered glucose in order to conserve energy especially at a time when energy intake was
reduced. Therefore, this may be considered as an adaptive response as the SGLT2 transport
increases in response to hyperglycaemia. But, in subjects with diabetes this adaptive response
is considered maladaptive, and glycosuria occurs only at very high plasma glucose levels.
Thus, instead of allowing the kidneys to excrete excess of glucose, SGLT2 transporters help
maintain a higher plasma glucose concentrations [1].

Human and animal studies of renal cells have demonstrated enhanced expression of SGLT2
transporters [37]. Factors like hyperglycaemia, albumin and angiotensin II have been reported
to increase the expression of SGLT2 in T2DM [37].

It has also been demonstrated that acidosis increases renal gluconeogenesis and impairs
hepatic gluconeogenesis [38]. Therefore one can speculate that the kidney represents an
important factor that accelerates gluconeogenesis in diabetic ketoacidosis. Moreover, the
exaggerated increase in renal glucose release can be the result of the insufficient suppression
of endogenous glucose release postprandial in diabetic patients [39]. These processes can
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explain the quantity of glycogen stored in diabetic kidneys. A major part of the high renal
glucose release found in subjects with diabetes may be determined by increased renal glyco‐
genolysis [6].

5. Diabetic nephropathy

Diabetes represents the most common single cause of end-stage renal disease (ESRD) in the
United States and Europe. There can be several factors responsible for this, including an
increased prevalence of T2DM, longer life spans among patients with diabetes, and better
recognition of kidney disease [40]. Comparing with subjects with type 1 diabetes mellitus, only
a smaller fraction of those with T2DM develop ESRD, but due to the increased prevalence of
T2DM, these individuals represent more than a half of those with diabetes on dialysis. There
are numerous variables in progressing to nephropathy, including racial/ethnic variability
because Native Americans, Hispanics and African Americans are at much greater risk of
developing ESRD than non-Hispanic white subjects with T2DM [40].

The first clinical signs of nephropathy are represented by low, but abnormal, levels (≥30
mg/day or 20µg/min) of albumin in the urine (previously referred to as microalbuminuria).
The detection of albumin in the urine increases the risk of progression to persistent albumi‐
nuria, progressive decline in glomerular filtration rate (GFR), increased blood pressure and
cardiovascular morbid-mortality. But because T2DM may be present for many years before
diagnosis, a higher proportion of individuals with T2DM have microalbuminuria and overt
nephropathy shortly after diagnosis. It is known that without treatment, 20-40% of patients
with T2DM and microalbuminuria progress to overt nephropathy. Nevertheless, after 20 years
from the onset of nephropathy, only 20% will have progressed to ESRD [40]. The explanation
comes from the greater risk among subjects with diabetes and chronic kidney disease of dying
from cardiovascular disease than progressing to ESRD.

Several clinical trials indicate that the onset and development of diabetic nephropathy may be
significantly influenced by numerous interventions including tight glucose control and also
use of angiotensin-converting enzyme inhibitors or angiotensin receptor blockers. This is the
reason why annual screening for microalbuminuria is critical since it can lead to early diagnosis
of nephropathy. Numerous studies, including the well-known Diabetes Control and Compli‐
cations Trial and United Kingdom Prospective Diabetes Study indicated that intensive
glycemic control represent a very important step in reducing the risk of developing microal‐
buminuria and overt nephropathy [40].

New data from the Action in Diabetes and Vascular Disease: Preterax and Diamicron MR
Controlled Evaluation (ADVANCE) trial offers hope regarding the benefic effects of tight
glucose control on decreasing the risk of nephropathy [41]. In the ADVANCE trial, after almost
5 years, subjects that were on intensive glycemic control had a 10% relative reduction in the
combined outcome of major macrovascular and microvascular events. This was happening
mainly because of a 21% relative reduction in the risk of developing nephropathy. The
intensive glucose control is also important because it is associated with a 9% reduction in new
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onset microalbuminuria [41]. Results of this study are of great importance since renal impair‐
ment is strongly associated with future risk of major vascular events, and death in patients
with diabetes. Nevertheless, the role of modified renal glucose reabsorption in the progression
of diabetic nephropathy is not elucidated [4].

6. Therapeutic implications

6.1. SGLT2 inhibitors

SGLT2 is highly specific for (several authors consider that it is found only in) the proximal
tubules of the kidney, as compared to SGLT1 or GLUT2, therefore it is a preferred target for
more specific renal pharmacologic interventions. Thus, the idea of interfering with the activity
of the SGLT2 has gained much attention [2].

Inhibition of SGLT2 transporter ‘resets’ the reabsorption system by lowering the threshold for
glycosuria, resulting the correction of the hyperglycemia [1]. Reduction of the blood glucose
level can improve insulin resistance in muscle by increasing insulin signaling, GLUT4 and
glycogen synthase activity [1].

The history of SGLT2 inhibitors starts in 1835 when phlorizin was found in the root bark of
apple tree [42]. Many years after, it was found to be a non-specific SGLT1 and SGLT2 and it
could increase glucosuria and reduce blood glucose levels and normalize insulin sensitivity
in a pancreatectomized animal model of T2DM [43]. Nevertheless, it could not become a
treatment for diabetes due to numerous side effects. Being non-selective and inhibiting SLGT1
at the intestinal brush border, it can cause serious problems regarding the absorption of dietary
glucose. Inhibition of SGLT1 can result in glucose–galactose malabsorption and cause diarrhea,
events that occur naturally in SGLT1 deficiency [44]. Moreover, in the intestine, phlorizin is
poorly absorbed and is rapidly hydrolyzed to phloretin, a substance that blocks GLUT1,
leading to disturbance in glucose uptake in several tissues [45]. Highly-specific inhibitors of
SGLT2 have subsequently been developed in order to overcome some of these shortcomings.

Ellsworth et al [46] discovered a group of C-aryl glycosides that includes dapagliflozin [47]
and canagliflozin [48]. They are resistant to degradation produced by β-glucosidase enzymes
in the gastrointestinal tract. Moreover, dapagliflozin has a very high sensitivity for SGLT2
compared to SGLT1, blocking renal glucose reabsorption by almost 40–50%. Using this
treatment, they can be excreted up to 80–85 g of glucose per day [47]. Clinical trials evaluating
the treatment with dapagliflozin, either as monotherapy or in association with metformin or
with insulin in subjects with T2DM have demonstrated its efficacy in reducing glucose and
HbA1c levels [3]. Pharmacokinetics and bioavailability of dapagliflozin are not influenced by
a high-fat meal and there are no reports regarding any interactions with several other drugs
used in the treatment of T2DM [3].

Human trials analyzing canagliflozin are more limited than for dapagliflozin. It has been
indicated that both drugs have similar therapeutic characteristics [3]. Canagliflozin could
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induce an important, dose-dependent decrease in the mean renal glucose threshold to
approximately 60 mg/dl (3.33 mmol/l) [49].

There are numerous other SGLT2 inhibitors including sergliflozin, remogliflozin, ipraglifozin
and empagliflozin. Some of them, such as ipraglifozin and empagliflozin, are being tested in
phase III trials and are promising very good results while other compounds have disappointed
in clinical trials due to possible side effects (sergliflozin) or to susceptibility to hydrolysis by
β-glucosidase enzymes (sergliflozin and remogliflozin) [3].

As already mentioned,  patients  diagnosed with  FRG often  gave  higher  urinary  glucose
excretion of almost 120 g per day. It remains unclear why treatment with SGLT2 inhibi‐
tors cannot achieve the same levels of glycosuria even when the maximal doses are used.
Moreover, SGLT2-null mice can only reabsorb up to a third of the filtered glucose [29], but
subjects taking dapagliflozin reabsorb ~50% at the highest doses. Moreover, the nonselec‐
tive inhibitor phlorizin completely blocks reabsorption. One possible explanation may be
that SGLT1 has a greater role in the kidney than it was previously imagined [50]. There
are some theories that include antisense nucleotide technology to knock out SGLT2 in order
to  achieve  a  higher  degree  of  blockade  of  glucose  reabsorption  than  SGLT2  inhibition.
Preliminary  data  in  human subjects  with  T2DM with  moderate  or  severe  renal  impair‐
ment  indicate  that  SGLT2  inhibition  determines  proportionally  less  glycosuria  than  in
subjects  with  preserved  renal  function  [51].  These  findings  confirm  that  a  low  GFR  in
subjects with T2DM is accompanied by a comparable loss of tubular absorptive capacity
that represents the anticipated consequence of nephron loss [3].

The approach of lowering hyperglycaemia in T2DM by blocking glucose reabsorption has
many attractions. One of them is represented by the activity of SGLT2 inhibitors that is not
dependent on pancreatic β-cell function, which deteriorates over time. This is the only class of
drugs that present this mechanism of action. Other drugs such as the insulin secretagogues
[glinides, sulphonylureas, dipeptidyl peptidase-4 (DPP-4) inhibitors and glucagon-like
peptide 1 (GLP-1) agonists] and insulin sensitizers (thiazolidinediones and metformin) depend
on insulin secretion. The insulin independence of their action indicates that the risk of
hypoglycaemia is very low [6].

As a consequence, the liver can react to the induced glycosuria by increasing glucose release.
The mechanism for increased liver glucose excretion is not well understood. The relative small
decrease in plasma glucose but also insulin concentrations after massive glycosuria may
stimulate endogenous glucose release. Other additional mechanisms are not excluded.
Moreover, glucose output is usually not decreased enough to attain and maintain normal
glucose values in patients with T2DM treated with SGLT2 inhibitors [52]. Adaptation of
glucose metabolism to massive glycosuria needs further investigation.

Osmotic diuresis accompanies glycosuria. It is usually detected an increase in urine output
with acute SGLT2 inhibition; while chronic administration of SGLT2 inhibitors is accompanied
by an excess urine volume of 200–600 ml per day. As a consequence, haematocrit increases are
noted but they are moderate and clinical signs of volume depletion, such as tachycardia and
orthostatic hypotension, are rarely met [52].
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SGLT2 inhibitors determine glucose and sodium reabsorption blocking and natriuresis also
occurs. Changes in serum sodium concentration are not frequent with chronic SGLT2 inhibi‐
tion because at the nephron level, reduced sodium reabsorption in the proximal segment
determines the increase of sodium delivery to the juxtaglomerular apparatus, and the inhibi‐
tion of the renin-angiotensin-aldosterone system (RAAS) occurs. In experimental diabetic rats
fed a high-salt diet [53], SGLT2 inhibition could prevent blood pressure increase. This effect
may be countered by an activation of the RAAS if volume depletion appears as a consequence
of excessive diuresis. SGLT2 inhibition in patients with T2DM also determines the reduction
of blood pressure levels (by 2–5 mmHg) [52]. The possible explanations may be the enhanced
natriuresis and RAAS deactivation [3]. Because most of the individuals with T2DM also present
high blood pressure, this effect is of great importance in clinical practice.

Several phase III clinical trials of dapagliflozin reported the decrease of serum uric acid
concentrations [54]. Sodium and urate are handled together in several physiological circum‐
stances, and also in response to several drugs such as diuretics and antihypertensives. Several
sodium-dependent phosphate transporters may also excrete urate into the urine. Therefore,
the excretion of urate determined by SGLT2 inhibitors is explained by this mechanism. GLUT9
might represent an alternate explanation. GLUT9 represents an antiporter that exchanges
glucose for uric acid; his two isoforms act together to reabsorb glucose from the tubule lumen
in exchange for uric acid [55].

Another important effect of SGLT2 inhibition is weight loss. Clinical trials in patients with
T2DM have reported a decrease of 2.5–4.0% of body weight [52]. At first, this weight loss is
predominantly due to fluid depletion, but soon after that appears the loss of subcutaneous and
visceral depots of adipose tissue. This effect is caused by an important caloric loss through the
urine. Nevertheless, body weight loss remains constant after several months of treatment [3].

Clinically, the most frequent and undesired effect of SGLT2 inhibitors is represented by high
incidence of genitourinary infections. These infections were observed more frequent in women
than in men taking SGLT2 inhibitors and tend to occur in susceptible subjects; these include
postmenopausal women, history of urinary tract infections or poor hygiene. Interestingly,
studies with dapagliflozin in addition to metformin reported a not significant difference in
incidence of genitourinary infections between individuals in the placebo and treatment groups
[56], while in subjects receiving dapagliflozin in addition to insulin, the difference was
significant [57]. This might explain a possibly increased risk of this adverse effect in patients
with advanced T2DM (when immune function may be defective) [3].

The incidence of genitourinary infections tends to decrease in time, with long-term treatment,
when the adaptation to the treatment is installed or exclusion of susceptible individuals over
time appears. More important, infections of the upper urinary tract, that tend to be more severe
than those of the lower urinary tract, are not frequent, although the reported patient exposure
is presently too limited to rule out this adverse event [56].

Another reported event was a very small, but consistent, increase in PTH levels (<2.0 ng/l)
together with increased plasma phosphate concentration. The increased PTH might indicate
a mild form of secondary hyperparathyroidism but the available studies so far offer very few
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data regarding the long-term effects of SGLT2 inhibitors on bone metabolism, making room
for other clinical studies on this important issue.

There have been reports regarding several cases of bladder cancer and breast cancer, in subjects
with T2DM receiving treatment with dapagliflozin [58]. Trials with large numbers of patients
with different SGLT2 inhibitors are required to assess any associated increased risks of breast
or bladder cancer [3].

Theoretical safety and tolerability concerns also include impairment in renal function [54].
Although, until now, there are no data indicating that the SLGT2 inhibitors would determine
or be responsible for deterioration of renal function, the few clinical studies investigating these
drugs have relatively short duration (6-12 months). Moreover, several authors are speculating
that SGLT2 inhibitors may play an important role in preventing diabetic nephropathy. First,
improved glycaemic control decreases the risk of diabetic nephropathy and other diabetic
complications [40]. Second, by increasing the quantity of sodium in the juxtaglomerular
apparatus, the use of SGLT2 inhibitors may determine a protective effect on the kidney,
independently of glucose decreased.

In T2DM, the high quantity of glucose and sodium absorbed in the proximal tubule reduces
the quantity of sodium to be delivered to the juxtaglomerular apparatus. Thus, the glomerulo-
tubular feedback reflex is activated; this leads to high renal plasma flow, increased intra-
glomerular pressure and elevated GFR. All these processes can induce normal salt delivery to
the juxtaglomerular apparatus; however this can result in increased intra-glomerular pressure.
All these alterations in renal hemodynamic lead to renal hypertrophy and eventually the result
is represented by diabetic nephropathy [59]. SGLT2 inhibitors may prevent diabetic nephrop‐
athy by inhibiting the glomerulo-tubular feedback reflex and, therefore increasing sodium
delivery to the distal nephron [1]. Nevertheless, this therapy is contraindicated in patients with
estimated GFR (eGFR) <45 mL/min/1.73 m2 and must be used at lower doses at eGFRs of 45-60
mL/min/1.73 m2 [60]. New clinical trials are expected to evaluate the efficacy and safety of
SGLT2 inhibitors.

The pathogenesis of type 2 diabetes combines numerous defects in many tissues. Therefore,
there is no single antidiabetic drug that can compensate all the metabolic disturbances, and a
good treatment for diabetes will require the use of multiple drugs in combination. Having a
unique pharmacokinetic and a special mechanism of action, the SGLT2 inhibitors can be used
not only as monotherapy [61] but also in combination with currently available antidiabetic
agents [62,63].

7. Conclusions

Although not traditionally discussed, the kidneys play a very important role in maintaining
glucose homeostasis by gluconeogenesis and glucose reabsorption, the latter being mediated
by active (SGLT) and passive (GLUT) transporters. Only recently, excessive renal glucose
reabsorption was taken into consideration regarding its importance in the physiopathology of
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Although not traditionally discussed, the kidneys play a very important role in maintaining
glucose homeostasis by gluconeogenesis and glucose reabsorption, the latter being mediated
by active (SGLT) and passive (GLUT) transporters. Only recently, excessive renal glucose
reabsorption was taken into consideration regarding its importance in the physiopathology of
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T2DM. In hyperglycemia, the kidneys may play an exacerbating role by reabsorbing excess
glucose, bringing their contribution to chronic hyperglycemia. Knowing the kidneys’ role in
glucose homeostasis and the effect of glucose dysregulation on the kidneys is very important
for the optimal management of T2DM and prevention of associated renal complications. The
numerous metabolic defects found in T2DM imply the use of several therapies. SGLT2
inhibitors represent a new promising class of drugs for the treatment of T2DM.
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1. Introduction

Cellular survival is dependant upon the energy pathways ingrained within them. Their
comprehension is imperative in understanding the role of their component enzymes in type 2
diabetes treatment and the inextricable linkage of a few of them to thiamine. The Glycolytic
pathway is an ancient metabolic, cytosolic pathway that converts glucose into pyruvate under
anaerobic conditions and further into lactate or ethanol. The free energy released from this
forms high energy compounds ATP and NADH.Under aerobic conditions CO2 and substan‐
tially more ATP is produced [1]. The pathway of glycolysis comprises of 2 clear divisions (Fig
1). After glycolysis, further aerobic processing of glucose is conducted through the Kreb Cycle,
synonymous with tricarboxylic acid or citric acid cycle (Fig 2). Intracellularly the mitochondria
serve as site of citric acid cycle and oxidative phosphorylation activities.

The overall chemical reaction of the tricarboxylic acid cycle is:

®+ + 2
i 2 2 2Acetyl-CoA + 3NAD + FAD + GDP + P + 2H O  2CO + 3NADH + FADH + GTP + 2H + HSCoA (1)

© 2015 The Author(s). Licensee InTech. 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 eproduction in any medium, provided the original work is properly cited.
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None of the currently available therapeutic interventions for type 2 diabetes mellitus address the intracellular 
metabolism of glucose through the main energy pathways of the cell. Thiamine (vitamin B1) is a water-soluble 
vitamin and essential normal dietary component. When modified in the body to the pyrophosphate derivative, it acts 
as a coenzyme for pyruvate dehydrogenase, alpha-ketoglutarate dehydrogenase & transketolase which are required 
for the utilization and consumption of glycolytic and hexose monophosphate pathway intermediates & form an 
integral part of intracellular and glucose metabolism. Thiamine deficiency decreases the activities of these enzymes, 
leading to imbalances in the metabolic pathways. The effects of these imbalances are more pronounced in diabetes 
mellitus where renal dysfunction produces mild thiamine deficiency.This indepth review presents a novel perspective 
on, the cellular energy cycles ,thiamine dependant enzymes,pharmacotherapeutics of type 2 diabetes especially 
thiamine and their impact on type 2 diabetes treatment.Thiamine, with its well established safety record, easy 
accessibility and affordability could be an invaluable adjunct for our type 2 diabetic population and help to improve 
the quality of their lives by giving them some respite from the complications of type 2 diabetes and perhaps reduce 
the need of more expensive oral hypoglycaemic agents required by them. 
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conditions (i.e. it doesn’t require much oxygen) and   further into lactate or ethanol.  The free energy released from this 
forms high energy compounds ATP and NADH.Under aerobic conditions CO2 and substantially more ATP is produced 
1.  The pathway of glycolysis comprises of 2 clear divisions (Fig1). After glycolysis,where glucose is broken down into 
pyruvate only releasing fractional amounts of ATP, further aerobic processing of glucose is conducted through the Kreb 
Cycle, synonymous with tricarboxylic acid or citric acid cycle(Fig 2). Intracellularly the mitochondria serve as site of 
citric acid cycle and oxidative phosphorylation activities.   
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Fig. 1 A) Phase1 (Priming Phase) of Embden Meyerhoff Pathway 
 1B Phase 2 (Energy Yielding Phase) of Embden Meyerhoff Pathway 
 Fig 1 A & B: A Schematic Pathway of glycolysis from glucose to pyruvate.and its connection to the 

reductive pentose pathway and citric acid cycle.  Adapted from Michael W. King, Ph.D / IU School of Medicine / miking at iupui.edu / © 1996–2011.    

C

Adapted from Michael W. King, Ph.D / IU School of Medicine / miking at iupui.edu / © 1996–2011.

Figure 1. (A) Phase1 (Priming Phase) of Embden Meyerhoff Pathway; (B) Phase 2 (Energy Yielding Phase) of Embden
Meyerhoff Pathway; A & B: A Schematic Pathway of glycolysis from glucose to pyruvate.and its connection to the re‐
ductive pentose pathway and citric acid cycle.

Figure 2. Krebs cycle (www. library.thinkquest.org)
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2. The mitochondrial catalytic repertoire

The pyruvate dehydrogenase complex: Both prokaryotic and eukaryotic species carry among
others, conglomeration of proteins into a mega, specifically arranged multienzyme structural
complex termed (a "metabolon").

Figure 3. Protein-protein Interactions in the Native human PDC. Adapted from Brautigham (2006)

a. Close-up view of E3BD (ribbons representation) bound to E3 (surface) (Brautigham 2006).
One monomer of E3 is colored orange, and the other is blue. The approximate position of
the dyad axis of the E3 dimer is shown by the black symbol and arrow. Most of E3BD is
colored green, but those residues with atoms that would clash with a second bound E3BD
are shown in purple.

b. Schematic model of the native human PDC. The dodecahedral 60-meric core of the human
PDC is modeled using the structure of the catalytic domain of B. tearothermophilus E2
(Izard 1999). The E2p polypeptides are colored magenta, with E3BP polypeptides colored
green. The E3 dimers are shown in blueand orange, with a single E3BD bound per dimer
of E3 (Brautigham 2006), as indicated by the data. In this model, it is possible for 20 E3
dimers to bind; only 7 are shown for clarity. A single E1p heterotetramer docked to the
E1pBD of E2p is represented, subunits shown in tan and cyan. The structure of the human
versions of E1p bound to E1pBD is unknown; shown here is the structure from B.
stearothermophilus (Frank 2004). The circled E3 has an LBD of E. coli E2p docked to the
active site. E2p and E3BD are therefore noncovalently cross-linked via their mutual
interaction with E3.
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c. Possible arrangement of E2p and E3BP components in a 40/20 core.Shown is a dodecahe‐
dral arrangement of 20 heterotrimers composed of 2 E2p proteins (purple) and one E3BP
(green)(Brautigham 2008). Of these enzyme complexes of the metabolon, the pyruvate
dehydrogenase complex is highly evolutionarily conserved mitochondrial α-ketoacid
dehydrogenase complex, along with the branched-chain α-ketoacid dehydrogenase
complex (BCKDC), and the α-ketoglutarate dehydrogenase complex (KGDC) [4, 5]. The
complex has 3 main components with multiple subunits and multiple names.(Fig 3)

The heterotetramer PDEI p PYRUVATE DEHYDROGENASE (EC1.2.4.1)  comprises of 2
alpha  and  2  beta  subunits  [6].  Its  alpha  1  subunit  is  designated  as  PDE1A-2,(pyruvate
dehydrogenase (lipoamide) alpha2). Its gene PDHA2 is located on chromosome 4 having
length of  1383 bp/460 aa [7,  8]  Whereas the alpha 2 subunit  is  designated asPDH E1-A
type1 (i.e.) synonym PHE1A. Its gene PDHA1 is located on chromosome X which has length
of  15922  bps  [9]  and a  mol.wt  of  160KDa.  The  Pyruvate  dehydrogenase  E1  component
subunit beta, or pyruvate dehydrogenase (lipoamide) beta mitochondrial, synonym, PDE1-
B, has gene located on chromosome 3 having length of 6198 bp [10-12]. The key function
of the complex E1alpha subunit containing the active site is to be the rate limiting enzyme,
unidirectionally funneling intermediate metabolites from glucose breakdown to either the
oxidative metabolic pathways or fatty acid and cholesterol synthesis [13]. PDE2p contains
dihydrolipoyl transacetylase enzyme activity (EC2.3.1.12) encoded by DLAT Dihydrolipoa‐
mide acetyl tranferase gene, present on human chromosome 11 band q23.1. It has mol wt
200 KDa [14].  Interestingly,  this  long arm region of  chromosome 11 often presents with
translocations  in  cellular  genetic  abnormalities  [15].  PDE3/GCSL/LAD/PHE3 (EC 1.8.1.4)
component contains the dihydrolipoyl dehydrogenase activity.  E3 activity is  encoded by
the DLD located on chromosome 7 and length 28799 [16]. It has a mol.wt of 110 KDa. This
protein has four different sites: the flavin adenine dinucleotide binding site, the nicotina‐
mide adenine dinucleotide binding site, the centre site and the interface site. The protein
forms a homodimer with the FAD and NAD binding regions on one unit and the inter‐
face domain of the other unit forming the active centre [17].

2.1. Structural association of the 3 units

The human pyruvate dehydrogenase multi enzyme complex (PDC) is a nuclear encoded
mitochondrial  matrix  9.5  megadalton  catalytic  organization  of  copies  of  three  catalytic
components i.e.  heterodimeric pyruvate dehydrogenase (E1p 30copies) (thiamine diphos‐
phate  (ThDPdependant),  homodimeric  dihydrolipoyl  transacetylase  (E2p12  copies)  and
dihydrolipoamide  dehydrogenase  dimer  (E3)  (FAD  containing)  residing  in  the  inner
mitochondrial  membrane  [4](Fig.  3).  The  (E1p)  and  E3subunits  surround  a  60-meric
dodecahedral  core  of  40  copies  of  E2p  and  20  copies  of  a  monomeric  non  catalytic
component, E3-binding protein (E3BP), which specifically tethers E3 dimers to the pyru‐
vate dehydrogenase complex [18]. Each E2p subunit contains two consecutive lipoic acid-
bearing domains (LBDs), termed as L1 and L2, one subunit binding domain (SBDp) which
binds E1p and the inner-core/catalytic domain containing the E2 p active site responsible
for the self assembly of the core which connects with the other independent domains by
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unstructured  linkers  [3](Fig.3).  Similarly,  each  E3BP  subunit  consists  of  a  single  LBD
(referred  to  as  L3),  the  E3-binding  domain  (E3BD)  and  the  noncatalytic  inner  core  do‐
main. It is presumed that the lipoyl bearing domains LBDs (L1, L2, and L3) and 60 subunits
of  the transacetylase  seem to form a free  circulation of  lipoyl  groups among which the
acetyl groups are freely exchanged [18] and shuttle between the active sites of the three
catalytic components of the PDC during the oxidative decarboxylation cycle [19]. Unspeci‐
fied copies  of  each PDC regulatory enzyme pyruvate  dehydrogenase kinases  and pyru‐
vate dehydrogenase phosphatases are also strung non-covalently to the core by the LBD2
[5, 20].

The active site synchronization over a distance of 20 Angstroms via proton wire through an
acidic tunnel in the protein, keeps the active sites in an alternating activation state [22].

Phosphorylation of the heterotetrameric (α2 β2) E1p component is essential for the inactivation
of the human PDC which occurs at 3 serine residues of the alpha subunit. Two of these sites
are located in the conserved phosphorylation loop A [6] which forms one wall of the active
site channel and helps to anchor ThDP to its active site.Site 3 is in the phosphorylation loop B
which provides coordination to magnesium is chelated by the ThDP potassium. Phosphory‐
lation of any of the 3 sites inactivates E1p and drastically reduces the affinity for pyruvate [24].
Disordered loops of E1p arise from phosphorylation and result in downregulation of the PDC
activity. Binding of the cofactor ThDP induces ordering of both the loops which then can
mediate decarboxylation and reductive acetylation of the pyruvate. Phosphorylation of PDC
is crucial in regulating carbohydrate and lipid metabolism [14, 25]. Starvation and diabetes
increase phosphorylation that inactivates PDC, leading to impaired glucose oxidation [26, 27].
On the other hand prevention of PDC phosphorylation by specific PDK inhibitor, dichlorace‐
tate increases reactive oxygen species levels in the mitochondria leading to cellular apoptosis
and the inhibition of tumour growth [28, 29]. Therefore the regulation of PDC flux by reversible
phosphorylation is a potential target for obesity and cancer [30, 31].Finally the expression of
PDK2and PDK4 is down regulated by insulin in the long term [32, 33]. In the animal model,
downregulation of skeletal muscle pyruvate dehydrogenase in the rat model before and after
the onset of diabetes mellitus has been observed [34]. Dephosphorylation/activation of the PDC
is ascribed to two Mg and Ca dependant genetically and biochemically distinct isoforms of
pyruvate dehydrogenase phosphatase PDP heterodimeric (PDP1&PDP2), which are impor‐
tant regulators of PDC activity. PDP1 has both a catalytic (PDPc) subunit bound to the inner
mitochondrial membrane and a regulatory (PDPr) subunit [35]. Both PDP1 components are
targeted by insulin which enhances PDPc activity and lessens PDPr negative control resulting
in enhanced overall PDP1 efficiency.These effects are at the core of insulin signaling of PDH
[36]. PDP2, recently discovered in rat tissues consists of a catalytic subunit insensitive to Ca,
10 fold less sensitive to Mg than PDP c is also considered a target in insulin signaling [37, 38].
In humans too, down regulation of PDP in obese subjects is a malfunction that signals insulin
resistance [39].
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2.2. Diseases produced by defective PDC

As the PDC has prime significance in intermediary metabolism, mutations in the genes
encoding for PDCsubunits produce severe clinical phenotypes [40]. Congenital defects in E1p
in the X linked gene lead to lactic acidemias, encephalopathies, neuronal dysfunction in infancy
[40]. Mutations in the E2, E3BP cause primary biliary cirrhosis leading to liver failure [41, 42],
autoimmune hepatitis [43] and neurodegenerative conditions such as Alzheimer's disease.
Combined enzyme deficiencies of α-ketoacid dehydrogenase complexes pyruvate dehydro‐
genase complex, BCKDC and ketoglutarate dehydrogenase complexes have been observed
due to genetic changes in human E3 [44] resulting in lactic acidemias and maple syrup urine
disease [45-47]. Other anamolies of the PDC include autoantibodies leading to paediatric
biliary cirrhosis [47].Additionally, the aberrant down-regulation of pyruvate dehydrogenase
complex activity by reversible phosphorylation has been shown to be contributory to hyper‐
glycemic states observed in type-2 diabetes [25], increasing the chances of pyruvate dehydro‐
genase complex as a therapeutic target for a 150 million people affliction i.e. diabetes). Failure
of functioning of the pyruvate dehydrogenase complex and specially of its E1p subunit due
to lack of thiamine vitamin B1 would therefore inevitably lead to poor handling of glucose and
its substrates and could manifest as deleterious effects in type 2 diabetics. The human 2
ketoglutarate dehydrogenase complex while extensively studied has not yet been reconstruct‐
ed in vitro and reliance on other mammal models persists [5, 48](Fig 4).

Figure 4. Representative Model for Human 2 Ketoglutarate Dehydrogenase Complex: All figures of molecular struc‐
tures were created with the program PyMol (DeLano Scientific, San Carlos, CA). Jun Li. The Journal of Biological
Chemistry, 2007;282, 11904-913.
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2.3. Structure of alphaketoglutarate dehydrogenase complex

This 4 to 10 mega Dalton supramolecular complex is organized around a polyhedral form of
a cubic core of 24/60 lipoate bearing dihydrolipoyl succinyltransferase E2 subunits (8 trimers)
arranged with octahedral (432) symmetry [5] associated with non covalently attached multiple
copies of dihydrolipoamide E1k and dihydrolipoamide E3K individually held via its E1/E3
binding domains which serve as scaffolds for the E2 core. There is also biochemical evidence
of E3 binding to the aminoacid terminal region of E1 terminal allowing for separation of a
stable E1-E3 submolecular complex from the E2 core [49].Also attached are regulatory kinase
and phosphatase units [50]. Further lipoyl bearing domains LBDs of the E2 core are attached
serving as swing arms impart substrate chanelling by sequentially visiting the different active
sites in each of the three E1, E2 and E3 catalytic components [51] to transfer acyl groups to the
active site of E2 leading to oxidative decarboxylation of the alpha ketoacids [51].The complex
has 3 main enzymatic components with multiple subunits & copies and varied names:
oxoglutarate dehydrogenase (lipoamide); EC: 1.2.4.2 (E1k), dihydrolipoamide S-succinyltrans‐
ferase; EC:2.3.1.61 (E2k) and dihydrolipoamide dehydrogenase; EC:1.8.1.4 (E3k) [52].

1. Alpha ketoglutarate dehydrogenase/2 oxoglutarate dehydrogenase E1k heterotetram‐
er (2 alpha and 2 betachains) (53) component has 6 copies (lipoamide) polypeptide enzyme
having mol wt 115.94 kDa (from nucleotide sequence) and sequence length 34160
aminoacids.It is encoded by the OGDHgene localized on chromosome 10, 54290aa & 7 at
p13-p14 [54] containing 22 exons spanning 102483 bpairs [55, 56]. It contains a thiamine
diphosphate cofactor and catalyzes thiamine diphosphate dependant decarboxylation of
2 oxoglutarate and subsequent reductive acylation of the oxidized lipoyl moiety LBD (lip-
LBD-S2) which is covalently bound to the E2 component dihydrolipoamide succinyl
transferase [5]. Thiamine diphosphate is tightly but not covalently bound to the 2-
oxoglutarate dehydrogenase component [57] ThDP remains an essential cofactor and
alphaketoglutarate dehydrogenase complex in the form of homo dimers alpha2, homo
tetramers alpha 4 or heterotetramers alpha 2 beta 2 contain ThDP binding pockets that
constitute two or four active sites for this enzyme which operate independently without
an obligatory alternating mechanism in the E1b component [58] and overall activity is
abolished at 50% phosphorylation (1 of 2 sites) within each active channel similar to PDC
[59].

2. Dihydrolipoamide S-succinyltransferase E2k core has 24 /60 copies containing lipoyl
active site as well as active sites for E1 and E3 subunits based on similar mammalian PDC
structural studies and molecular wt of 64.5 KDa [5]. It is encoded in gene DLST located
on chromosome 14 q24.2-q24.3 with a length of 21815 base pairs [60]. This inner core plays
an essential role in mediating the E1 catalyzed decarboxylation of 2 oxoglutarate and
reductive acylation of the lipoyl moiety and E3 catalyzed reoxidation of the dihydrolipoyl
moiety.

3. Located in the mitochondrial lumen, Dihydrolipoamide dehydrogenase E3k or E3com‐
ponent a flavoprotein (dimer) has 12 copies, a sequence length of 28796 aminoacids and
is 54.15kDa in weight. It is encoded in the DLD gene localized to 7q31-q32 [61], its function
is to catalyze the transfer of electrons from dihydrolipoamide to NAD+and bears close
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structural and functional approximation to the PDE3 component of pyruvate dehydro‐
genase and its full complex contains 6 dimers [5].

The alphaketoglutarate dehydrogenase complex EC 1.2.4.2 also termed as oxoglutarate
dehydrogenase complex, acts on alphaketo-glutarate/2 oxoglutarate a key intermediate in the
krebs cycle converting to succinyl co A, produces NADH and CO2 in an irreversible reaction
[62] KGDHC catalyzes a vital step in the Krebs cycle, which is also a step in the metabolism of
the potentially excitotoxic neurotransmitter glutamate. It allows amino acids to enter the citric
acid cycle and produce energy; this is a reversible reaction in which glucose which enters the
cycle can leave it to make amino acids thus linking amino acid pathways to the citric acid cycle.
It also participates in lysine degredation and tryptophan metabolism. Alpha-KGDH is vital
for maintaining NADH supply to the respiratory chain and is limited only when alpha-KGDH
is also inhibited by ROS. In addition being a key target, it is also able to generate ROS during
its catalytic function which is regulated by the NADH/NAD+ratio [63]. Its cofactors are TPP
bound to E1, lipoic acid covalently bound to lysine on E2 which accepts the hydroxyethyl
carbanion from TPP as an acetyl group, coenzyme A which is substrate for E2 and accepts the
acetyl group from it, FAD bound to the E3 subunit reduced by lipoamide and NAD which is
substrate for E3 and reduced by FADH2 [64]. Basic short term regulation of KGDHC is through
adenosine diphosphate ADP, P (i) and Ca2+; these positive effectors increase manifold the
affinity of ketoglutarate dehydrogenase complex to alpha-ketoglutarate. While KGDHC
inhibitors are NADH, adenosine triphosphate, succinyl-CoA, and thioredoxin protects
KGDHC from self-inactivation during catalysis [65]. Alpha-KGDH is also sensitive to oxidative
stress and a number of metabolites modify the activity of KGDHC, including inactivation by
4-hydroxynonenal. In the human brain, comparison of KGDHC activity to other enzymes of
energy metabolism like aconitase, phospho-fructokinase and the electron transport complexes
shows it to be lower than all of them. Therefore impairment of KGDHC function is likely to
disturb brain energy metabolism and result in brain disease [66]. In Wernickes encephalopathy
there is AKGDH and thiamine deficiency associated with increased oxidative stress markers,
lipid peroxidation resulting in neuronal cell death in pons, thalamus and cerebellum [67, 69].
In general, the clinical manifestations of KGDHC deficiency relate to the severity of the
deficiency. A range of disorders have been recognized: varying from psychomotor retardation
in childhood, to intermittent neuropsychiatric disease with ataxia and other motor disabilities,
such as Friedreich's and other spinocerebellar ataxias [70], as well as neural diseases where
mental deficits are also visible such as Parkinson's disease, and Alzheimer's disease (AD) [70]In
Parkinsons Disease which has been deeply investigated, KGDHC Activity is reduced, coupled
to elevated levels of monoamine oxidase B [71] and cytosolic accumulation of cytochrome c
which inturn activates other pathways, including cell death cascades and enzyme inhibition
which alters Ca2+homeostasis [72] The KGDHC enzyme is further a target for ubiquitination-
dependent degradation in mitochondria by binding of Siah2, the RING finger ubiquitin-
protein isopeptide ligase 2, encoded by gene siah2 [73]. Diabetes mellitus, thiamine dependent
megaloblastic anaemia and sesorineural deafness associated with deficient alpha ketoglutarate
dehydrogenase activity have also been reported [74]. There exist 2 wings,oxidative and
reductive of the pentose phosphate pathway(Fig 5). The oxidation steps, utilizing glucose-6-
phosphate (G6P) as the substrate, occur at the beginning of the pathway and generate 2 moles
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of NADPH. The reactions catalyzed by glucose-6-phosphate dehydrogenase (G6PD) and 6-
phosphogluconate dehydrogenase are essential for the conversion of hexoses to pentoses [75].

6

A) Digrammatic Representation of the Oxidative Stage of Hexose Monophosphate Shunt

B) Reductive or Non Oxidative Stage of the Hexose Monophosphate Shunt 

Fig. 5: (A): Digrammatic Representation of the Oxidative Stage of Hexose Monophosphate Shunt and (B) 
Reductive Stage of the Hexose Monophosphate Shunt 

Functions of the Pentose Phosphate Pathway in Normal and Diseased Conditions: 
 The Pentose phosphate pathway is primarily energy forming, and non mitochondrial with only a cytoplasmic 
enzymatic presence entrusted to utilizing 6 carbon sugars, and producing in turn 5 carbon sugars for the synthesis of 
neucleotides, nucleic acids and reducing equivalents in the form of NADPH. The pentose phosphate pathway is a 
metabolic redox estimator and regulates transcription during the anti-oxidant response, as a shift from primary carbon 
metabolism, is fastest in oxidative stress77. NADPH cofactor serves as reducing equivalent in the endoplasmic reticulum 
lumen for fatty acid  and steroid biosynthesis in hepatic and, adipose tissue, adrenal cortex78.  High levels of PPP 
enzymes are in neutrophils and macrophages as they utilize NADPH to produce ROS to destroy engulfed microbes in a 
process termed as respiratory burst79.  G6PD deficiency effects red blood cell viability  dependent on  PPP generated 
NADPH , a glutathione reducer, the absence of which results in hemolysis seen with  certain drugs and  diseases like 
malaria which cause oxidative stresss80. Cancer cells are known to access successfully the glucose flux in the pentose 
phosphate pathway supporting NADPH and reactive oxygen species production and glutathione reduction81 responding 
to  both incremental and decremental reactive oxygen species82.  Electron leakage from the mitochondrial electron 
transport remains essential (through the action of ribonucleotide reductase) in generating deoxyribonucleiotides from 
nucleotides  as well producing ROS in collusion with oncogenes83 and molecular oxygen84 promoting genetic damage in 
normal cells and therapy resistance in cancerous cells85.Malignant cells also use reduced glutathione81 or NADPH to 
combat oxidative stress and to support the oxidation of fatty acids in detached cells 86. Transketolase is the premier 
cytosolic enzyme of the reductive pentose phosphate pathway. Its 3 genes TKT, Transketolase like TKTLI and 
Transketolase like TKTL2 encode for proteins with transketolase activity.All  of them participate in the reductive 
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Figure 5. (A): Digrammatic Representation of the Oxidative Stage of Hexose Monophosphate Shunt and (B) Reductive
Stage of the Hexose Monophosphate Shunt

The non-oxidative reactions of the pentose phosphate pathway are mainly functioning to
produce ribose 5 phosphate, and equally significantly to convert dietary 5 carbon sugars into
both 6 (fructose-6-phosphate) and 3 (glyceraldehyde-3-phosphate) carbon sugars which can
then be utilized by the pathways of glycolysis [76].

2.4. Functions of the pentose phosphate pathway in normal and diseased conditions

The Pentose phosphate pathway (PPP) is primarily energy forming, and non mitochondrial
with only a cytoplasmic enzymatic presence entrusted to utilizing 6 carbon sugars, and
producing in turn 5 carbon sugars for the synthesis of neucleotides, nucleic acids and reducing
equivalents in the form of NADPH. The pentose phosphate pathway is a metabolic redox
estimator and regulates transcription during the anti-oxidant response, as a shift from primary
carbon metabolism, is fastest in oxidative stress [77]. NADPH cofactor serves as reducing
equivalent in the endoplasmic reticulum lumen for fatty acid and steroid biosynthesis in
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hepatic and, adipose tissue, adrenal cortex [78]. High levels of PPP enzymes are in neutrophils
and macrophages as they utilize NADPH to produce ROS to destroy engulfed microbes in a
process termed as respiratory burst [79]. G6PD deficiency effects red blood cell viability
dependent on PPP generated NADPH, a glutathione reducer, the absence of which results in
hemolysis seen with certain drugs and diseases like malaria which cause oxidative stresss [80].
Cancer cells are known to access successfully the glucose flux in the pentose phosphate
pathway supporting NADPH and reactive oxygen species production and glutathione
reduction [81] responding to both incremental and decremental reactive oxygen species [82].
Electron leakage from the mitochondrial electron transport remains essential (through the
action of ribonucleotide reductase) in generating deoxyribonucleiotides from nucleotides as
well producing ROS in collusion with oncogenes [83] and molecular oxygen [84] promoting
genetic damage in normal cells and therapy resistance in cancerous cells [85].Malignant cells
also use reduced glutathione [81] or NADPH to combat oxidative stress and to support the
oxidation of fatty acids in detached cells [86]. Transketolase is the premier cytosolic enzyme
of the reductive pentose phosphate pathway. Its 3 genes TKT, Transketolase like TKTLI and
Transketolase like TKTL2 encode for proteins with transketolase activity.All of them partici‐
pate in the reductive pentose pathway reactions catalyzing transfer of a 2 carbon fragment
from a ketose donor to an aldose (acceptor substrate) [87].

Adapted from Kochetov2005, Lindquist 1992

Figure 6. Schematic View of Transketolase Dimer Showing its Different Components. The 3 components are colour dif‐
ferentiated: N terminal domain, light blue, middle domain, light brown & C terminal domain yellow.The bound cofac‐
tor ThDP is shown as a CPK model and Ca++ion in green
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Transketolase: synonymous with TKT1 &TK is composed of and encoded by the TKTgene
located on chromosome 3 (30390 bp) [89-91]. Transketolase like protein 1: named as TKT2,
TKR, TK 2, Transketolase 2, Transketolase-related protein has molwt of 60-70 KDaltons
depending on splice variation encoded by the TKTL1 gene located on chromosomeX Length:
25052 bp [92, 93]. Transketolase like protein 2 termed TK is composed of 913 aminoacids
encoded by gene TKTL2 located on chromosome 4 having length of 2742 bp [94].

TKT Structure: Transketolase (TK) is a homodimer [95] (Fig 6) and the least structurally
complicated member of thiamine diphosphate (ThDP)-dependent enzymes group containing
PDHC & OGDHC [96]. Each monomer consists of three distinct regions the N terminal or PP
binding region, the middle or pyrimidine binding region and C terminal region [87]. The first
2 regions are associated with coenzyme binding while the role of the third remains unknown
[85, 97].

Thiamine Binding Site: TKT has two active centres with one THDP molecule attached to a
binding motif [98, 99] and a bivalent cation (Ca affinity more than Mg [100]) tightly bound at
each centre by noncovalent interactions [101]. Thiamine binding site is located within a deep
furrow which allows only the C2 atom of the thiazolium ring to be exposed to the donor
substrate [101]. A highly conserved starter sequence glycine-aspartate-glycine GDG and
concluding sequence asparagine-asparagine (NN) represent this site between residues 154 and
185 [101]. Further the interactions of the non-covalently bound coenzyme ThDP-magnesium
with the protein component are at five critical sites containing arginines (Arg 101, Arg 318,
Arg 395, Arg 401 and Arg 474and Asp155) [101] contribute to dimer formation, stability or
catalytic activity [102, 96]. The dimerization process involves initial binding of magnesium to
the aspartate in the starter sequence which inturn interacts with the pyrophosphate molecule
of the thiamine diphosphate through hydrogen bonding [101], followed by one transketolase
monomer engaging the pyrophosphate moiety and the other with the thiazolium and pyri‐
midine rings of ThDP [88, 97]. The importance of this interaction is reflected in the noticeable
refractoriness in Wernickes encephalopathy to thiamine treatment alone in hypomagnesemic
alcoholics [103]. This enzyme has a 2 stage catalytic cycle central to which is the TPP molecule,
initiated by the deprotonation in its thiazolium ring due to interaction with Glu 418 of
apotransketolase.

2.5. Role of transketolase in disease and therapy

Transketolase enzyme genetic variants and depreciated enzyme activities have been noted in
neurodegenerative diseases like Wernickes Korsakoff syndrome and Alzheimers disease [104].
Upregulation of the TKT L1 gene has been found in a number of malignant disorders resulting
in enhanced total transketolase activity and cellular proliferation in human colon cancer [105],
thyroid [106], cervical [107], ovarian cancer [108], nephroblastoma and adenocarcinoma. Its
increased expression is found to be a potential diagnostic biomarker for breast cancer [109]
and prognostic biomarker for nasopharyngeal [110] and laryngeal squamous cell carcinoma
[111]. The reason may lie in the role of tranketolase in the reductive pentose pathway which
remains a source a carbons such as in ribose required for neucleotide synthesis, NADPH and
reduced glutathione in addition to aromatic acids and fatty acids required for cellular growth
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in general and explosive growth in particular. Transketolase has begun to emerge as a target
in the cellular immune response in multiple sclerosis [112]. Human transketolase can be used
in structure-based drug design as target for inhibition in the treatment of cancer [113] and in
the search for new transketolase inhibitors as non permanently charged thiamine ana‐
logs,which are substrates for the thiamine activator thiamine pyrophosphokinase. These
pyrophosphate analogs antagonize the ability of transketolase in vitro [113]. In diabetes
mellitus type 2 experimental model, the role of transketolase in the reductive pentose pathway
and its activation by administration of lipid soluble thiamine derivative benfotiamine is well
documented and undeniable [114] and further clinical research is ongoing.

2.6. Pharmacotherapeutics of type 2 diabetes

Treatment is done using 4 categories of oral antidiabetic drugs.

1. Insulin secretagogues: Sulfonylureas, meglitinides, D-phenylalanine derivatives

2. Those reducing insulin resistance:

i. Biguanides

ii. Thiazolidinediones (glitazones)

3. Those decreasing carbohydrate absorption from the gut: Alpha Glucosidase inhibitors.

2.7. Insulin secretagogues

i. Sulfonylureas:

These act by stimulating insulin release from pancreatic B cells. Sulfonylureas may also act
by  decreasing  hepatic  insulin  clearance  [115].  They  increase  insulin  concentration  often
failing to improve first phase insulin release in response to a glycemic challenge. There is
secondary failure and tachyphylaxis to sulfonylurea therapy following prolonged use. Their
adverse  effects  are  hypoglycaemia,  GIT disturbances,  cholestatic  jaundice,  agranulocyto‐
sis,  aplastic  and  hemolytic  anemia,  generalized  hypersensitivity  and  dermatological
reactions  [116].  There  is  also  a  debate  on  associated  cardiovascular  mortality  –  due  to
blockage  of  KATP channels  of  the  hearts  and vascular  tissues  [117].  Second generation
sulfonylurea glimepiride is useful as single therapy in previously drug naïve patients and
also in combination with non-secretagogue medication [118]. Glimepiride may be linked to
lower incidence of hypoglycaemia [119] and may improve insulin sensitivity [120]. It also
has an insulin sparing action [121].

ii. Meglitinides:

Like the sulfonylureas, meglitinides also stimulate insulin secretion.

iii. D-phenylalanine derivatives:

Netaglinide is the latest insulin secretagogue to become available. It selectively enhances early
insulin release providing excellent meal time glucose control while reducing total insulin
exposure [122]
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iv. Biguanides:

These agents don’t cause hypoglycemia and are thus called euglycemic agents. Current
proposed mechanisms of biguanides include glycolysis simulation in tissues, reducing glucose
absorption from GIT with increased glucose to lactate conversion, reduced hepatic and renal
gluconeogenesis, in the GI tract and reduction of plasma glucagon levels [123]. Most frequent
toxicity are gastrointestinal (anorexia,nausea,vomiting,abdominal discomfort and diarrhea).
It is contra indicated in patients with hepatic disease or in conditions predisposing to tissue
anoxia because of risk of lactic acidosis [124].

v. Thiazolidinediones (glitazones):

They are also considered to be euglycemic and are effective in 70% users. Three drugs have
been used clinically from this group (Troglitazone, Rosiglitazone and Pioglitazone). Troglita‐
zone a severely hepatotoxic and its removal from public use is well known. These are selective
agonists for nuclear peroxisome proliferator – activated receptor – gamma (PPAR GAMMA)
whose activation enhances insulin responsive genes that regulate carbohydrate and protein
metabolism [125]

vi. Alpha Glucosidase Inhibitors:

Competitive inhibitors of intestinal alpha glucosidases namely acarbose and miglitol decrease
the post meal digestion and assimilation of simple and complex carbohydrates such as starch
and disaccharides [126]. These are effective also in prediabetic individuals and successfully
restored β cells function. Therefore, diabetes prevention may be a further indication for their
usage [127].

3. New drugs for type 2 diabetes

3.1. Currently available

The Incretin hormones released by the gut, gastric inhibitory peptide (GIP) and Glucagon like
peptide1 (GLP-1) (liraglutide) stimulate insulin secretion upon nutrient entry into the gut,
suppression of glucagon release,slow gastric emptying and decrease food intake [128, 129].
Therefore, they have an antidiabetogenic potential. Incretin mimetics e.g. Exenatide LAR from
exendin 4 is currently in use and most resistant to DPP4 degredation. GIP has also been shown
enhancing β cell proliferation and inhibiting apoptosis in islet cell lines [130, 131]. Additionally
functional GIP receptors have been identified on adipocytes and shown to stimulate glucose
transport, accelerating fatty acid synthesis and stimulating lipoprotein lipase activity in animal
models [131, 133, 134]. Several novel GIP analogues have been developed which act as stronger
GIP agonists, showing resistance to degradation by Dipeptidyl Peptidase-4 (DIPP-4) [135] and
demonstrating increased insulinotropic and blood glucose lowering activity [135]. Dipeptidyl
peptidase Inhibitors (vildagliptin & sitagliptin) suppress breakdown of Glucagon like peptide1
(GLP-1) show great potential and are undergoing clinical testing. Antihyperglycemic synthetic
analogs of amylin a hormone which are produced by the pancreas to lower blood sugar levels
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are available in injectable form and require close monitoring. Dapagliflozin a renal glucose
reabsorption inhibitor reduces glycemic reabsorption independent of insulin, promises to be
a new drug for type 2 diabetes treatment [136]. Testosterone replacement therapy in diabetic
hypogonadal men decreases insulin resistance [137] probably by protective effect on pancreatic
beta cells through its action on inflammatory cytokines [138].

3.2. Experimental new drugs

A vanadium and allixin based drug [139] and macrophage migration inhibitory factor MIF
blocking inhibitory synthetic oral drug reducing blood sugar levels was tried in the mouse
model and found to be effective in both the type 1&2 diabetc model [140]. Lisofylline, a fat
metabolism inhibitor which prevents buildup of ceramide a by product of fat metabolism in
mouse skeletal muscle decreased the insulin resistance and thus appears to be a novel new
approach for type 2 diabetes [141]. It also has the ability to protect insulin producing cells by
inhibiting cytokines produced by immune cells leading to apoptosis and cellular dysfunction
and is thus effective in type1 diabetes [142]. LXR agonists have shown potential and require
further testing in human and model systems [143]. Growth factors and protein kinase C
inhibitors may act as innovative therapies for diabetic retinopathy [144].

3.3. Surgical interventions

Recently a type of gastric bypass surgery has been successful in normalizing blood sugar in a
small number of normal to moderately obese type 2 diabetics [145, 146]. This surgery may
possibly reduce death rate by 40% from all causes in morbidly obese people [147].

3.4. Micronutrient approaches to treatment of diabetic complications

People with diabetes have reduced antioxidant capacity which lays the basis for usage of
antioxidant vitamins such as β carotene or vitamin C or E. A reduced level of ascorbic acid
(Vitamin C) leaves the body more at mercy of the detrimental effects of aldose reductase, an
enzyme responsible for many diabetic complications, such as cataracts and peripheral
neuropathy [148]. Quercetin is another powerful aldose reductase inhibitor. It has been shown
to inhibit aldose reductase by upto 50% [149]. Vitamin E is a free radical scavenger. It may play
a preventive role in diabetic retinopathy by decreasing DAG levels, normalizing protein kinase
C activation, normalizing blood flow in retinal and renal microvasculature and restoring NO
mediated endothelium dependent relaxation [150, 151]. Renal and retinal vascular flows and
responses were normalized in individuals who had diabetes of less than 10 years duration
with high dose oral vitamin E therapy given for short periods while unchanged glycaemic
control was observed [152].

Magnesium and chromium deficiency have been associated with poor diabetic control, insulin
resistance, macro vascular disease and hypertension [153] and decreased glucose tolerance
respectively [154]. Reduction of neuronal damage in diabetics by inhibiting glutamate
dehydrogenase via vitamin B6 therapy has also been observed [155].N-Reduced glutathione
precursor NAcetyl Cysteine is a gene expression and cellular metabolism modulating antiox‐
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idant and its role in prevention of β cell oxidatory damage by acting as NFKB (a genetic
regulator) inhibitor and subsequent deintensification of inflammatory responses is well
documented [156]. Trace element vanadyl sulfate that behaves like insulin normalized
hyperglycemic levels in diabetic animals and decreased the insulin need by upto 75% [157]. In
human with Type 2 diabetes, low doses of vanadyl sulfate enhanced insulin responsive glucose
uptake, glycogen production and decreased endogenous glucose formation. This resulted in
reduced lipid oxidation and plasma free fatty acids levels [158]. Alpha lipoic Acid has powerful
antioxidant activity, insulinomimetic action and provides protection from insulin resistance
linked diabetic stress while improving glucose utilization [159]. Hyperglycemia reduction in
diabetic rats was observed along with improvement in GSH levels with selenium therapy
[160].Calcium AEP has benefited both type 1 and type 2 diabetics as it is alpha cell membrane
integrity factor required for cellular membrane function. The hormone dehydroepiandroster‐
one (DHEA) undergoes a decrease in levels with aging that many researchers have linked to
impair glucose metabolism. It was found to be as effective in reducing body fats and main‐
taining insulin responsiveness as exercise [161]. Thiamine is also now showing potential as
therapy for type 2 diabetes.

Figure 7. Structure of thiamine diphosphate molecule.

Thiamine (termed aneurin or antineuritic vitamin initially) was the premier discovery of the
B vitamins and thus ranked vitamin B1(Fig 7). It has relative temperature, acid stability and
water solubility containing a pyrimidine ring and a thiazole nucleus linked with a methylene
bridge. Thiamine is an essential micronutrient with a dietary reference intake (DRI) for normal
healthy subjects of 1.1 mg/day for females and 1.3 mg/day for males [162]. Found in range of
foodstuffs such as cereal grains. Its rich sources are brown rice, bran, oat meal, flax, poultry,
egg yolks, beef, pork, liver, nuts, fruits and vegetables such as oranges, asparagus, kale,
cauliflower, potatoes [163].UK law demands compulsary fortification of flour with thiamin of
not less than 0.24mg/100g flour to replace losses during milling. In Pakistan no compulsory
fortification is done and the general public consumes milled white flour which is easily
available and probably thiamine deficient. Thiamine is naturally found in 4 forms in varying
degrees of phosphorylation in TMP thiamine monophosphate, TPP thiamine pyrophosphate
or diphosphate and TTP=thiamine triphosphate. It is commercially available as salt in its
mononitrate HCl (also natural byproduct) and relatively inaccessible semi lipid soluble form
S-acyl derivative benfotiamine and truly lipid soluble thiamine disulphide derivatives
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sulbutiamine and fursultiamine. Out of these, Thiamine HCl is the water soluble, easily
accessible and commonly used vitamin supplement available with the trade name Benerva.

3.5. Pharmacokinetics

3.5.1. Thiamine absorption in normal conditions

Thiamine is released from its administered form by phosphatase and pyrophosphatase in the
proximal part of the small intestine, following which absorption occurs mainly from this site
with some from the stomach and the colon; thiamine absorbed in the colon may originate from
intestinal microflora. Its absorption is hindered by alcohol consumption and folic acid
deficiency [164].High affinity organic anion transporters THTR1 [165], THR2 for thiamine and
reduced folate transporter RFC-1 transports both folic acid thiamine monophosphate (TMP)
intracellularly [166, 168] at normal physiological concentrations. At high expression levels
RFC1 also transports TPP out of the cells [167]. At higher concentrations thiamine crosses cell
membranes in its open unionized form of the thiazolium ring even by passive diffusion.THTR2
is placed on the luminal surface of the gastrointestinal epithelial cells and THTR1 is on the
basolateral surface mainly but not exclusively [169]. THTRI is expressed widely in human
tisseues with particular high expression in skeletal muscles, placenta, heart liver and kidney
[168, 170].Mutations in the SLC19A2 (D93H, S143F and G172D) cause malfunctioning of the
thiamine transporter THTR1, thiamine deficiency and thiamine responsive megaloblastic
anaemia (TRMA) [171, 172]. THTR2 is widely expressed most abundantly in placenta, kidney
and liver [173]. Also highly expressed RFC-1, is in human tissues including mitochondrial
membranes [168, 174]. It has affinities for TMP and TPP of 26µM and 32µM respectively [167,
168]. Cellular efflux is the probable reason for the presence of thiamine in plasma and cere‐
brospinal fluid [175-177].Thiamine in the glomerular filtrate is reabsorbed by the renal brush
border membrane high affinity transporters where influx is increased by an outward directed
H+gradient [178] RFC-1 is expressed on the apical and basolateral surface of the proximal
tubular epithelial cells [179]; it may mediate the reuptake of TMP and provide a solution to
the normal absence of TMP in the urine. Proton antiport membrane transport may operate in
both intestinal and renal proximal tubular thiamine uptake [180]

3.5.2. Assessment of thiamine status

Erythrocytes contain approximately 90% of total thiamine in the blood and therefore conven‐
tionally their transketolase levels have generally been considered to be the measure of thiamine
status in the body [181].Thiamine deficiency is assessed conventionally by measuring the
percentage below complete saturation of the thiamine dependant enzyme transketolase (TK)
in RBCs-“thiamine effect”. The normal value of the thiamine effect in human subjects is in the
range 0-15%, mild deficiency is 15-25% and severe thiamine deficiency >25% [182]. Latest
research has however questioned its reliability as thiamine transporters THTR1 and RFC1 in
erythrocytes are upregulated in thiamine deficieny and RBC TK levels are not decreased in
tandem [183]. Furthermore it doesn’t account for changes in TK expression in RBC and other
precursor cells. The expression of TK is decreased in thiamine deficiency [184]. Currently
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assessment of mononuclear TK activity and plasma thiamine concentration determination
using HPLC flourimetric determination with respect to normal healthy controls gives greater
insight into thiamine status [185-187]. More recently in capillary enzyme reaction and capillary
electrophoresis methods are emerging as potential alternative monitoring and determining
techniques for thiamine in samples [188].

3.5.3. Thiamine metabolism within the cells

When TMP enters cells by RFC-1 it is hydrolyzed to thiamine by phosphatases [168]. Thiamine
deficiency decreased the activity of TPPK [189] and was implicated in decreased hepatic levels
of TPP with normal levels of thiamine in STZ diabetic rats [190].Within mitochondria TPP is
slowly hydrolyzed to TMP by phosphatases which may leave the mitochondria via the same
transporter. High concentrations of thiamine monophosphate inhibit thiamine pyrophspho‐
kinase activity noncompetitively [191] and inhibit the entry of TPP into the mitochondria
competitively [189]. A small amount of TPP is further phosphorylated to thiamine triphosphate
(TTP) by thiamine pyrophosphate kinase and hydrolyzed to TPP by TPPphosphatase [192]
[168]. Plasma half life is relatively short (2days) [193] but its tissue half life is approximately
9-18 days [194]. Thiamine is stored largely in skeletal muscle and the highly perfused organs
such as heart, brain, liver and kidneys [163]. Subcellularly only 10% of total TPP is available
for binding to transketolase most of it is associated with the mitochondria [185].Thiamine and
its acid metabolites are are excreted primarily in the urine [195].

4. Pharmacodynamics of thiamine

Thiamine diphosphate binds to a evolutionarily highly conserved domain located in a deep
cleft in the active sites of the thiamine dependant enzymes resulting in the activity of these
enzymes [196]. The physiological function of thiamine is mainly fulfilled by TPP (TDP).
Structurally the basis of thiamine action and activation of all ThDP-dependent enzymes lies
in thiamine catalysis and deprotonation of the thiazolium ring and contribution of the
aminopyrimidine side chain in this effect [197-198] while the pyrimidine ring with its dual
proton donor and acceptor capability functioning as a proton transfer system. On the basis of
these chemical alterations TPP functions as coenzyme for mitochondrial enzymes pyruvate
dehydrogenase (PDH [199] and α ketoglutarate dehydrogenase [200] of the citric acid cycle.

4.1. Symtoms of severe thiamine deficiency

Thiamine derivatives and thiamine dependant enzymes are universally present in all cells of
the body thus a thiamine deficiency would seem to affect all organ systems especially the heart
and the nervous system due to their high oxidative metabolism as witnessed in its severest
form as beriberi (dry, wet or infantile) [195]. Symptoms occur rarely include tachycardia,
warmth, flushing, irritability, sweating, nausea, restlessness and allergic reactions. Pharma‐
cokinetic interactions at the level of drug metabolism include microsomal enzyme induction
by prolonged anticonvulsant pheytoin resulting in decreased plasma levels of thiamin in
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patients with seizure disorders such as epilepsy. The water soluble thiamine HCl form is safe
in humans in oral doses less than or equal to several hundred milligrams via oral route. A UK
EVM found that a small clinical trial in Alzheimers patients revealed no adverse effects of
thiamineHCl at daily oral intakes of 6000 to 8000mg for five to six months. A randomized
double blind placebo controlled trial was conducted in India for therapy of primary dysme‐
norrhea, a daily oral dose of 100mg thiamine was given to 556 females for 60-90 days and no
adverse effects were noted.In extremely rare cases of allergic sensitivity were noted solely in
patients using thiamine by the parenteral route and were probably due to the injection vehicle
and it not been reported to be carcinogenic or mutagenic. No known genetic microsomal
variations increase susceptibility to thiamine toxicity [214].

5. Thiamine and diabetes

Experimental evidence suggests that thiamine transport maybe abnormal in diabetes.In
experimental diabetes, these was diminished intestinal absorption of thiamine and TMP. Mild
deficiency of thiamine in diabetes may induce increased expression of THR1 as found in frank
thiamine deficiency. In streptozocin induced diabetic rats with supportive insulin therapy to
regulate hyperglycemia, 54% decreased plasma thiamine concentration was reported in
contrast to normal controls [190]. This was induced in the diabetic state despite high dietary
intake (9 fold) in excess of DRI for rats. The primary cause was marked increased renal
clearance of thiamine which was increased by 8 fold. In streptozotocin-induced diabetic rats,
there was decreased transketolase expression and activity in renal glomeruli, liver, skeletal
muscle and RBCs after 12 weeks of diabetes was found associated with progressive increase
in the renal clearance of thiamine and increased albuminuria with duration of diabetes,
suggesting that abnormal renal handling of thiamine may occur early in the process of
impairment of renal function in diabetes [190]. In experimental diabetes, similar low plasma
thiamine concentration was associated with low TK activity and expression in renal glomer‐
uli.Reduced activity of PDH was also noticed due to thiamine depletion. Similar impairment
of thiamine-related metabolism may occur in the diabetic retina and peripheral nerves pre-
disposing these tissues to the adverse effects of hyperglycaemia.

5.1. Effect of thiamine therapy in diabetes: On glycemic control in experimental and animal
model

Thiamine therapy was found to decrease hyperglycemia in cirrhosis, insulin resistance of
muscle and inadequate insulin secretion by β cells. In thiamine responsive megaloblastic
anaemia too hyperglycemia is linked to impaired insulin secretion due to mutated high affinity
thiamine transporter. Therapeutic intervention by thiamine in both cases is likely to involve
improved β cell metabolism and insulin secretion. This effect was not noticed in permanent
insulin deficiency of the STZ diabetic rat model where most of the pancreatic β cells are
damaged or destroyed and resultantly no improvement in glycemic control is observed. It is
not yet known if thiamine or benfotiamine improve glycemic control in type 2 diabetic animal
model.
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5.2. Mild thiamine deficiency in diabetics and improved post therapy thiamine status in
clinical studies

Mild thiamine deficiency has been observed in diabetics in different international stud‐
ies.There is paucity of data on thiamine and thiamine dependant enzyme status in clinical
diabetes mellitus. In Japan a study of 46 diabetic patients (7 type 1, 39 type 2) with moderate
glycemic control (glycated hemoglobinA1c 9%) found lower diabetic RBC TK activity in 79%
of patients and a concomitant decrease in thiamine level in 76% of diabetics. Oral thiamine
supplementation 3-80mg/day increased thiamine levels (20 patients) and TK activity (15
patients). In a larger Israel study of 100 type 2 diabetic patients (glycated HbAic 9.2%), TK
activity was lower than the minimum normal range in 18% of diabetics. A smaller Italian study
of 10 type 1 diabetic children with normal renal function found plasma thiamine concentration
to be decreased by 34% with respect to normal healthy controls and was normalized in a
placebo controlled intervention with lipophilic thiamine derivative benzoxymethyl thiamine
(50mg/day).

5.3. Intervention of high dose thiamine therapy in biochemical dysfunction in diabetes and
the prevention of microvascular dysfunction, neuropathy, dyslipidemia complications

Microvascular disease (nephropathy, retinopathy and neuropathy) a common debilitating
manifestation of chronic diabetes mellitus, has no effective therapy. Hyperglycaemia in
diabetic subjects is an essential element for development of both microvascular and macro‐
vascular complications risk factor DCCT 2003. High doses of thiamine and its derivative S-
benzoylthiamine monophosphate (Benfotiamine) are proposed as a new therapy to counteract
biochemical dysfunction leading to the development of microvascular complications [114].
High dose thiamine and Benfotiamine may counter the development of microvascular
complications by activation of the reductive pentosephosphate pathway. Interestingly by
activation of the hexosamine pathway the glucose-mediated induction of lipogenic enzymes,
glycerophosphate dehydrogenase (GPDH), fatty acid synthase (FAS) and acetyl-CoA carbox‐
ylase, was stimulated in liver and adipocytes(Fig 8). In turn, this diverts metabolic flux away
from the hexosamine pathway, decreased lipogenesis and correct diabetic dyslipidaemia as
shown below (Fig 8).

Drugs such as cerivastatin decreased total and LDL cholesterol, triglycerides, microalbumi‐
nuria and increased HDL cholesterol in type 2 diabetic patients. However, normal levels of
these metabolite were not achieved. Interestingly pharmacologically combined therapy of vit
B1, B6 and B12 did not augur well in diabetics having diabetic nephropathy and substantial
adverse outcomes associated with high dose vitamin B6, B9 and B12 co-supplementation in
patients with advanced diabetic nephropathy was brought to light Recently concluded
Diabetic Intervention with Vitamins to Improve Nephropathy (DIVINE) study produced an
unexpected accelerated decline in renal function. The reasons could have been multipronged
ranging from toxic accumulation of folate and B12 in patients of diabetic nephropathy with
low GFR or competitive inhibition of TMP and TPP transport at the level of RFC1 transporter
by high dose folate at key sites such as the kidney and vascular cells thus adversely affecting
sharing of thiamine between tissues rich in thiamine and those deficient in it [183].
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6. Summary

Thus final summarization of these studies indicates that high dose thiamine repletion may
decrease the risk of micro and macrovascular disease and counter incipient nephropathy in
diabetes. The effect of thiamine occurred independent of control of hyperglycaemia, blood
pressure and statin/fibrate therapy, suggesting that high dose thiamine therapy may produce
improvements in the prevention of dyslipidaemia and diabetic nephropathy in addition to
those produced by current therapy for control of hyperglycaemia, blood pressure, cholesterol
and lipids. Since dyslipidemia and microalbuminuria are reversible in type 2 diabetic patients,
it is possible that high dose thiamine therapy might improve renal function and metabolic
control through reduction in biochemical dysfunction and improvement in thiamine depend‐
ant enzyme activities in diabetic patients with existing dyslipidaemia and microalbuminuria.
However, it appears that there may be noticeable variations in these parameters on the basis

Figure 8. Metabolic Mechanism for Supression of Hepatic Lipogenesis in Diabetes by Thiamine.Adapted from PJ Thor‐
nalley 2006
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of geographical, racial and pharmacogenetic factors. So the need of the hour was an indepth
study as a double blind placebo controlled clinical trial to study the effect of high dose thiamine
therapy on biochemical profile and activities of thiamine dependant enzymes in type 2 diabetic
patients in our multiracial population in Pakistan.

7. Therapeutic implications

Based on the data above, the first ever randomized, double blinded, placebo controlled clinical
intervention trial registered with the World Health Organization involving high dose B1
therapy was conducted by Dr.Saadia ShahzadAlam of the Pharmacology Deptt (Co-Principal
Investigator 1) of Federal Postgraduate Medical Institute Lahore for a period of 5 months to
study the effect of high dose thiamine therapy on biochemical profile and activities of thiamine
dependant enzymes on type 2 diabetics in the Pakistani population. This trial was also
pioneering internationally on the subject of diabetic nephropathy and the effect of thiamine
supplementation on it. 40 type 2 micoalbuminuric diabetic patients at the Diabetes Clinic of
Shaikh Zayed Hospital Lahore were administered 300mg/day (100mg tablets Administration
of 300mg B1 TDS) / placebo for 3 months followed by a 2 month washout period. The results
of this trial were quite interesting and have been published internationally, plasma thiamine
levels of both thiamine and placebo groups were significantly depleted as compared to normal
controls. There were significant baseline derangements of incipient diabetic nephropathy
(microalbuminuria), glycemic control parameters FBS and glycated hemoglobin, lipid profile
including total cholesterol, HDL, LDL, triglycerides and VLDL in type 2 microalbuminuric
diabetics as compared to healthy individuals. Following 3 months 300 mg/day thiamine
administration there was significant improvement of urinary albumin excretion, and preser‐
vation of glomerular filtration rate suggested that these occurred due to thiamine replenish‐
ment and decreased glycated hemoglobin and LDL cholesterol levels were observed in the
washout period as a delayed effect. Additionally following thiamine therapy significant
reduction in plasma levels of sVCAM-1, noticeable and an inverse linkage between thiamine
therapy and vWF was apparent in this group as compared to placebo, suggested noticeable
benefit with reduction in the risk factors of type 2 diabetes. Significant changes in other serum
and urinary biomarkers profile were also observed in type 2 diabetics following thiamine
therapy in a simultaneously carried out proteomic study. Three thiamine dependant enzymes
PDE3, PDE1β, AKGDHE1 and Transketolase were determined to be dysfunctional at baseline
in type 2 microalbuminuric diabetic patients in comparison to normal healthy controls, and
improved in both activity and gene expression with high dose thiamine therapy While
importantly no hepatic or renal adverse effects were encountered prior, during therapy or as
a residual effect, post washout thus fortifying the previously established human safety track
record of thiamine. [200]. We hope that these findings would contribute to knowledge regarding
the role of thiamine therapy at 300mg/day dosage on biochemical profile and molecular aspects
of those vital thiamine dependant enzymes and help in providing improved, safe and more
effective treatment for type 2 diabetic patients with incipient nephropathy, dyslipidemia with
expected decrease risk of heart disease and kidney failure.
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1. Introduction

The natural history of type 2 diabetes (T2DM) has been well described in multiple populations.
Patients with T2DM have inherited genes from parents that make their tissues resistant to
insulin. Insulin resistance (IR) in muscle and liver and β-cell failure represent the core
pathophysiologic defects in development of T2DM. Age, genes, IR, lipotoxicity, glucotoxicity,
amyloid deposition and abnormal incretin are factors playing a role in progressive β-cells
dysfunction. The progressive decline in insulin secretion, decrease of the pancreatic β- cell
mass and function and the presence of IR will contribute in changing the state of the dysgly‐
cemia from normal to, impaired fasting glucose (IFG), impaired glucose tolerance (IGT) and
end with overt diabetes [1].

2. Glucose metabolism

Excessive hepatic glucose output is an important factor in the fasting hyperglycemia of patients
with T2DM. Following administration of isotope in healthy subjects and in patients with
T2DM, the overall hepatic glucose output was an increase by twofold and the gluconeogenesis
more than threefold in patients compare with the controls. This finding demonstrated the
increased in gluconeogenesis is the predominant mechanism responsible for increased hepatic
glucose output in patients with T2DM and it is correlated with fasting plasma glucose level.
[2]. Insulin controls the hepatic glucose production and promotes glucose utilization by the
skeletal muscle. There is a correlation between the hepatic glucose production and the fasting
glucose, in normal subjects, the postabsorptive hepatic glucose production is increased. But in
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patients with T2DM, the main causes are increased mostly by gluconeogenesis and to less
extent by glycogenolysis by the liver. The Increased production of gluconeogenic precursors
(lactate, alanine, and glycerol) and hyperglucagonemia with increased hepatic FFA acid
oxidation might be responsible for glucogenesis. There is also a reduction in suppression of
hepatic glucose production after carbohydrate ingestion which plays a role in the impairment
in postprandial glucose homeostasis in T2DM [3].

The increased of the glycogenolysis and the decreased in the hepatic glucose uptake by
glucagon will produce hyperglycemic phenotype associated with insulin deficiency and IR.
In the overnight fasted, it is essential in countering the suppressive effects of basal insulin to
maintain appropriate levels of glycogenolysis, fasting hepatic glucose production and blood
glucose. Glycogenolysis is also increased by the counter-regulatory hormones response to
hypoglycemia and in exercise [4]. Insulin and glucagon secretion are determined by plasma
glucose concentration which is widely fluctuated according to the demand such as exercise
and supply as taking high carbohydrate meal. In the resting postabsorptive state, the glyco‐
genolysis and gluconeogenesis are equal or in balance in hepatic glucose release. This is a key
regulated process. In the postprandial state, suppression of liver glucose output and stimula‐
tion of skeletal muscle glucose uptake are the most important factors. Under stressful condi‐
tions, the counter-regulatory hormones of the hypoglycemia secretion are increased with
increased of the sympathetic nervous system activity. Their actions to increase hepatic glucose
output and to suppress tissue glucose uptake are partly mediated by increases in tissue fatty
acid oxidation. In T2DM, the fasting hyperglycaemia resulted from increased gluconeogenesis
while, the postprandial hyperglycemia occurs due to impaired suppression of glycogenolysis
and impaired skeletal muscle glucose uptake [5].

In normal subjects the fasting plasma glucose levels are constant from day to day. This
constancy is due to a close co-ordination between glucose production by the liver and glucose
uptake in peripheral tissues. In T2DM, fasting hyperglycemia to less extent is correlated with
increased hepatic glucose production due to impaired hepatic sensitivity to insulin. But, it is
largely due to reduced insulin secretion and increased glucagon secretion. Though the basal
immunoreactive insulin and glucagon levels in patients with T2DM may appear normal
compared with the normal subjects, the islet function testing at matched glucose levels reveals
impairments of the basal, steady-state, and stimulated insulin and glucagon secretion due to
a reduction in β- cells secretory capacity and a reduced ability of glucose to suppress glucagon
release. Islet α- and β-cells functions are reduced by more than 50% in T2DM by the time that
clinical fasting hyperglycemia develops (140 mg/dL) [6]. The efficiency of glucose uptake by
the peripheral tissues is also impaired due to a combination of decreased insulin secretion and
defective of the cellular insulin action [6, 7]. The defective in first phase glucose induced insulin
secretion is followed by fasting hyperglycemia and the progressive failure in pancreatic β-cells
function is matched by rising glucose levels to maintain basal and second-phase insulin output.
The glucose is not only directly regulated insulin synthesis and secretion. But, moderated all
other islet signals, including other substrates, hormones, and neural factors. In T2DM the
defects are in first-phase insulin secretion and in the deficiency of the ability of glucose to
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potentiate other islet nonglucose β-cell secretagogues. In T2DM patients, the resulting
hyperglycemia does not correct the first phase of insulin secretion defect. However, it com‐
pensates for the defective glucose potentiation, maintains nearly normal basal insulin levels
and insulin responses to nonglucose secretagogues [8].

The major primary reduction of suppression in the output of the endogenous hepatic glucose
release and the minor effect of the splanchnic glucose sequestration in these patients are the
cause of increasing in systemic glucose delivery which subsequently responsible for the
postprandial hyperglycemia [9, 10].

The fasting hyperglycemia is mainly caused by the increased of the released hepatic glucose
production. This mechanism is increased in psotabsorptive state and exhibits a positive
correlation with fasting glucose level [3, 7 11].

The increase of the glucogenesis in the postprandial state represents the primary mechanism
responsible for impaired suppression of hepatic glucose production [3]. The increased in the
rate of glucose release by the liver results in part from impaired hepatic sensitivity to insulin,
but it is largely due to reduced insulin secretion and increased glucagon secretion [6]. The
degree of fasting hyperglycemia in a given patient with T2DM is closely related to the degree
of impaired pancreatic β-cells responsiveness to glucose.

The fasting insulin secretion in normal subject and in patients with T2DM is comparable. But,
there is a marked impairment of insulin secretion in patients with DM in relation to the degree
of hyperglycemia. This is demonstrating the closed feedback loop operating between glucose
levels and pancreatic β-cells which regulates the relationship of insulin secretion and hepatic
glucose production [11]. The glucose uptake by peripheral tissue is impaired due to a combi‐
nation of decreased insulin secretion and defective in cellular insulin action [6, 7].

The amyloid deposition process is associated with disproportionate hyperproinsulinemia. The
amylin in transgenic mice develops islet amyloid deposits and hyperglycemia. This is sug‐
gestive the process of amyloid fibril formation impairs the function of the β-cells and eventual
death. The progressive loss of β-cell function in T2DM, initially reflected by the loss in first-
phase insulin secretion, followed by a decrease in the maximal capacity of glucose to potentiate
all non-glucose signals. Finally, a defective steady-state and basal insulin secretion develops,
leading to complete β-cells failure requiring insulin therapy [12].

The conclusion is, T2DM is characterized by a steady-state re-regulation of plasma glucose
concentration at an elevated level in which islet cells dysfunction play a necessary role [7].

3. Insulin secretion, function and impairment

Insulin is synthesized and produced by β- cells in the pancreas. It is a peptide hormone
regulates the metabolism of fat and carbohydrate in the body. It helps glucose absorption from
the circulation by fat tissue and skeletal muscles. Figures 1 [13] and 2 [14].
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Figure 1. Insulin secretion [13].

Figure 2. Insulin functions [14].

Pancreatic β-cells secrete insulin in two phases, first and second phase (biphasic manner). The
loss of first phase is an independent predictor of T2DM onset. In patients with T2DM, the
restoration of this phase suppresses the hepatic glucose output and improves the blood glucose
concentration [15]. There are many metabolic abnormalities precede the clinical picture of
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T2DM as demonstrated in a study of normal first- degree subjects who had relatives with
T2DM. Following intravenous glucose infusion, these subjects showed a reduced first phase
insulin secretion with decreased ability of the β-cells to respond to successive increase or
decrease in glucose with mild elevation in 2hours post challenge glucose level [16]. In patients
with T2DM, the earliest detectable defect and exhaustion of β- cells function appeared in the
reduction of the first-phase insulin secretion. This phase is brief burst and spike lasting for
about 10 minutes followed by plateau second phase lasted for 2-3 hours. The reductions in
both phases occur equally early and precede development of IR [17]. The fasting plasma insulin
concentration is often a marker of insulin sensitivity (IS) and the changing in acute insulin
secretion following glucose challenge is an early observation of progressive pancreatic defect.
Glucotoxicity and lipototoxicity are contributor factors in progressive and the continuous
decline in pancreatic function [1, 18].

Insulin is secreted from the secretory cells by priming reaction. Each cell contains thousands
of secretory vesicles/granules. Less than <5% of these cells exist to release the readily pool
insulin by exocytosis followed by minimal latency of immediate releasable pool of insulin. The
bulk of granules in the cell (>95%) exist in a non-releasable reserve pool of insulin, which must
undergo a series of ATP-, Ca2+-, and temperature-dependent reactions to release insulin [19].

The prevalence of Gestational diabetes (GDM) is 2-3% of all pregnant women. GDM women
have the same second –phase insulin response as women with normal oral GTT. But, the first
phase-insulin secretion is reduced with intravenous glucose and has a later peak rise with
OGTT. Both groups showed a decreased in IS by 50-70%, this is back to normal in postpartum
period in women with normal OGTT but this is not in women with GDM. In the same period,
the latter group also demonstrated a persistent and excessive proinsulin secretion. Women
with GDM have also a substantial increase in insulin secretion with OGTT or a meal compared
to the same women in postpartum period. But this rise is less in women with GDM compared
with pregnant women who retain normal OGTT [20].

The glycemic progression from normal to IGT mainly due to IR and from this state to overt
DM depends primarily on β-cells failure in addition to progression to severe IR. Two studies,
San Antonio and Hoorn Study showed the high fasting proinsulin reflects the β-cells dysfunc‐
tion and the progression to DM. IR is determined by fasting hyperinsulinemia and lower
glucose removal. Therefore, the 2 hours blood glucose level following oral glucose load is the
most powerful in prediction of development of T2DM. IR and progressive β-cells dysfunction
are the two important defects in development of the disease [21]. IFG and IGT are intermediate
states in glucose metabolism that exist between normal GT and overt diabetes are related to
these defects in addition to the reduction in early-phase insulin secretion. But, subjects with
IGT also have impaired late-phase insulin secretion. The latter group also demonstrated a
significant higher muscle IR and low hepatic IR while subjects with IFG have severe hepatic
IR with normal or near-normal muscle IS [22]. The insulin secretion and glucose homeostasis
in the first phaase insulin secretion is determined by a complex pathawy of multiple signals
including hypoxia inducible factor 1α, von Hippel-Lindau, factor inhibiting HIF, nicotinamide
phospho-ribosyl-transferase, and the sirtuin family in addition to many other novel regulatory
factors are crucial [15].
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4. Insulin resistance

Patients with T2DM have high whole body glucose production and glucogenesis but low
glycogenolysis compared with normal subjects. In patients with IR, there is impairment of
glucose transport and insulin signaling in target tissues with release of inflammatory markers
from the adipose tissue [23, 24]. The glucose, FFA, autonomic nerves, fat-derived hormones
and the gut hormone glucagon-like peptide-1 (GLP-1) are mediators sending signals to the β-
cells to respond to IR. The maintenance of normal glucose and lipid metabolism is by the
reciprocal relation of IR to IS and insulin secretion. Hyperbolic relation is the best description
of the curvilinear relation between IS and secretion. This relation is impaired with failure of
these signals to act on β-cells to secret insulin ends with subsequent development of dysgly‐
cemia (Impaired Fasting glucose- IFG, impaired Glucose tolerance –IGT and DM) [25].

Obesity is the most common cause of IR and T2DM. Simply being overweight (BMI >25) raises
the risk of developing T2DM by a factor of 3 [26].

The main components of IR are dysglycemia, dyslipidemia, obesity, hypertension and
hyperinsulinemia. Therefore, it is the key feature of metabolic syndrome (MS) and vascular
complications (cardiovascular and stroke). IR components once are acquired, those with
genetic predisposition will develop the full picture of the disorder suggesting the final
phenotypic expression involves both genetic and acquired influences. The most important
environmental factor in IR is central obesity which is mainly caused by intake of high fat, and
refined carbohydrate without physical activity. These are exacerbated by genetic predisposi‐
tion but IR could be reduced with minimizing dietary intake and regular exercise [27].

The three potential mechanisms of the controlling glucose metabolism in the skeletal muscles
are the glycogen synthase, the hexokinase and the major insulin-stimulated glucose trans‐
porter GLUT4. Therefore, defects in glycogen synthesis in the skeletal muscles playing a major
role in the pathogenesis of IR [28]. The decrease in the ability of normal responding skeletal
muscles to circulating insulin levels or concentrations is main principle of development of IR
which could precede the overt T2DM by 10 to 20years [28].

T2DM is characterized by increased hepatic glucose output, increased peripheral resistance to
insulin action (due to receptor and postreceptor defects) and impaired insulin secretion.

Two major variants of insulin receptor abnormalities associated with acanthosis nigricans,
hyperinsulinemia and marked hyperandrogenism. The classic type A IR syndrome, which
is  due to  genetic  defect  in  the  insulin-signaling system such as  mutation in  the  insulin
receptor gene [29] and type B IR syndrome, which results from autoantibodies to the insulin
receptor [30].

Many factors could enhance IR include, obesity, inflammation and inflammatory markers,
defects in genes and drugs. These will be demonstrated further in this chapter.
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5. The role of obesity and inflammatory markers in insulin resistance and
T2DM

Obesity has a substantial negative effect on life expectancy and longevity. It reduces the length
of life in severely obese people by an estimation of 5 to 20 years. This negative effect should
be addressed in the health public policy [31]. Obesity, IR, and T2DM are growing health
concerns, and the incidence and the prevalence of these diseases are increasing worldwide [32,
33]. Obesity will cause a decline in life expectancy for the first time in recent history due to
numerous co-morbid disorders [31] and it is a risk factor for many human diseases [34]. Obesity
is associated with an increased risk of developing IR and T2DM [34, 35]. The primary defects
in obese individuals are the dysfunction of adipocyte and adipose tissue [34].

IR in obese subjects is determined by the release of high amounts of non-esterified FA, glycerol,
hormones, pro-inflammatory cytokines and many other factors from adipose or fat tissue. This
is followed by dysfunction of pancreatic β- cells and failure to secret insulin to control blood
glucose levels. These metabolic and inflammatory changes are critical in defining the risk and
the development of T2DM. [35]. There is a clear hyperbolic relationship between IS and insulin
secretion by the β-cells of the pancreas. This demonstrates the concept of a feedback loop
governs the interaction between the β-cells function and IS tissues. This helpful in explain that
patients or subjects with IR have significant increase in insulin response compared with low
responses in IS group [11, 36].

IR is a characteristic feature of T2DM and obesity, and the majority of patients with T2DM are
obese. Obesity has a major impact to cause IR in subjects without DM. IR is the primary defect
in obese elderly and middle aged patients with T2DM despite, adequate circulating insulin.
But, in the second group the impairment of insulin release and the alteration of hepatic glucose
output are other defects contributing to the development of the disease [37, 38, 39]. The intra-
abdominal fat is a major determinant of IR among other distributed fat in the body while the
dysfunction of the β- cells is correlated with reduction of β-cells mass and subsequently
reduction in IS. The genetic and the molecular basis of these pathological abnormalities are
there. But, not fully understood. As mentioned, the progressive declining or failure of the β-
cells function and IS are associated with development of T2DM. Prior to the onset of T2DM,
there are stages from normal glucose concentration to dysglycemia (IFG, IGT) emphasizing in
number of ethnic group the OGTT response is a major determinant of β-cells function [25, 36].
The elevations in plasma FFA concentrations in obese subjects and in patients with T2DM
inhibit insulin stimulated peripheral glucose uptake (fat and skeletal muscle) and glycogen
synthesis [40, 41].

The impairment of adipose tissue functions in obese subjects caused by interaction of genetic
and environmental factors and subsequently leads to obesity medical co-morbidities. How‐
ever, not all obese patients develop the same complications. The adipocyte dysfunctions or
impairment occur in form of ectopic fat deposition, adipocyte hypertrophy, hypoxia, changes
in the cellular composition with a variety of stresses and inflammatory processes in the fat
tissue (release a proinflammatory, atherogenic, and diabetogenic adipokine pattern), increased
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lipid storage and impaired IS [33]. Obese individuals have large or expanded fat mass and
have high or elevated plasma concentration fatty acids [42, 43, 44].

Glucose uptake rather than intracellular glucose metabolism has been implicated as the rate-
limiting step for FA-induced IR [45].

In adipose tissue, the glucocorticoids can be produced locally from inactive 11-keto forms
through the enzyme 11beta hydroxysteroid dehydrogenase type 1 (11beta HSD-1). In obese
human, the glucocorticoids are normal. However, the excess of glucocorticoids produce
visceral obesity, IR and DM. In mice, the transgenic mice overexpressing 11beta HSD-1
selectively in adipose tissue was exaggerated by high fat diet showed an increase in the level
of corticosterone in adipose tissue by increased adipocyte 11beta HSD-1 activity. This could
have the same effect in human[46] suggesting that increases in endogenous 11β-HSD1 in the
adipose tissue of obese humans and rodents [47,48] contribute to obesity-associated IR, in part
due to increased delivery of glucocorticoids to the liver via the portal vein. The c-Jun amino-
terminal kinases (JNKs) interfere with insulin action and it is crucial mediator of obesity and
IR. In obese mouse, the JNK activity is abnormally elevated and the absence of JNK1 results
in decreased adiposity and improved IS. Therefore, it is a potential target for therapeutics [49].

The activation of JNK1 leads to serine phosphorylation of IRS-1 that impairs insulin action [50,
51]. In addition, IKK-β is a mediator of TNF-induced IR [52, 53, 54, 55] demonstrated the TLR4
(Lipopolysaccharide receptor) activation by FFA, plays a critical role in innate immunity and
IR in obese human and animals through activation of inflammatory pathways. In mice the lack
of TLR4 will protect insulin suppression signaling and reduce insulin mediated changes in
systemic glucose metabolism by lipid infusion. This indicates the effect of nutrition as
environmental factor on TLR4 and subsequently on IR. The Apoptosis signal-regulating kinase
1 (ASK1) is an evolutionarily conserved mitogen-activated protein 3-kinase that activates both
Jnk and p38 mitogen-activated protein kinases. The reactive oxygen species-dependent
TRAF6-ASK1-p38 axis is crucial for TLR4-mediated mammalian innate immunity [53, 54]. This
finding may provide an additional link between innate immunity, cellular stress, and IR. The
protein tyrosine phosphatase receptor T (PTPRT) knockout mice are resistant to high-fat diet-
induced obesity. The PTPRT-modulated STAT3 signaling in the regulation of high-fat diet-
induced obesity [34]. Figures 3 and 4 with Table 1.

Adipokine Distribution Function Effect in obesity

Leptin

Secreted predominantly by
WAT, to lesser degree, in
ypothalamus, gastric epithelium,
placenta & gonads.

Regulates energy intake,
expenditure & feeding
behavior.
Also regulates storage of fat &
insulin signaling.

↑  in mouse models of obesity.
↑  in human obesity & correlated
with BMI & ↓  in weight loss.

Adiponektin
Secreted exclusively by
adipocytes. mRNA & protein in
Sc AT > Omental AT.

Improves energy homeostasis,
IS & Glucose uptake.
Anti-Inflammatory properties.

↓  in mouse models of obesity and
IR (ob/ob and db/db).
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Adipokine Distribution Function Effect in obesity

2–3 times greater secretion in
females.

↓  in human obesity & T2DM
patients.
↑  after weight loss

Resistin

In rodents, secreted by
adipocytes.
In humans, secreted
predominantly by circulating
macrophages & monocytes, to a
lesser degree, by WAT.

Implicated in glucose
metabolism, in the regulation
of gluconeogenesis & IR in
rodents.
More roinflammatory role in
humans.

↑  circulating concentrations in
mouse models of obesity.
↑  in human obesity & correlated
with IR in T2DM patients.

TNF-α
Expressed by macrophages &
adipocytes (visceral WAT >
subcutaneous WAT).

Affects insulin & glucose
metabolism. Provokes IR &
stimulates lipolysis.

↑  in mouse models of obesity.
↑  in human obesity & correlated
with BMI

IL-6

One-third of total circulating
levels are expressed
predominantly by adipocytes.
Also expressed in macrophages,
skeletal muscle, endothelial cells
& fibroblasts.

Controversial role in the
development of IR.
Affects glucose metabolism

↑  circulating levels in human obese
subjects & correlated with
adiposity& reduced with weight
loss.
↑  in plasma of T2DM patients.

IL-7
Secreted by stromal & vascular
endothelial cells.

Homeostatic immune
cytokine. Also regulates body
weight, AT mass & function,
and insulin signaling.

↑  in morbidly obese subjects.

IL-8
Secreted by adipocytes (visceral
WAT > SC WAT) &
macrophages.

Neutrophil chemotaxis.
↑  in obese subjects & related to fat
mass & TNF-α levels.

IL-1
Secreted mainly by adipocytes &
macrophages.

Role in macrophages
chemotaxis & thermogenesis

↑  in obese mice.
↑  in human obesity & predictive of
T2DM.

IL-10
Secreted by monocytes,
macrophages, dendritic cells, B
& T cells.

Improves IS & glucose
transport.

Attenuated in T2DM patients & ↑
with weight loss

RBP4
Secreted by adipocytes,
macrophages & hepatocytes.

Affects IS, hepatic glucose
output & muscle insulin
signaling.

↑  circulating levels in obese
subjects & correlated with BMI &
IR.

MCP-1 Secreted by AT.
Affects IS & ↑  macrophage
recruitment in AT and
inflammation.

↑  in mouse models of obesity.
↑  in T2DM subjects.

PAI-1 Expressed by WAT.
Potent inhibitor of fibrinolytic
pathway.

↑  in human obesity and T2DM
subjects.
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Adipokine Distribution Function Effect in obesity

CXCL5
Secreted by macrophages within
the stromal vascular fraction.

Interferes with insulin
signaling in muscle.

Circulating levels are higher in
obese IR individuals than in obese
IS & ↓  after a 4-weeks period on
low-calorie diet.

Visfatin
Expressed in liver, muscle,
WAT, bone marrow &
lymphocytes

Role in IS, insulin secretion &
inflammatory properties.

↑  in obesity & correlates with
visceral adiposity in humans.

Chemerin
In rodents & humans, expressed
in placenta & WAT.

Regulates adipocyte
development & metabolic
function.

↑  circulating levels in obese &
T2DM patients and correlated with
body fat, glucose & lipid
metabolism.

Vaspin
Secreted by WAT,
hypothalamus, pancreatic islets
& skin.

Improves IS. ↑  in obesity & T2DM patients

Omentin Secreted by omental AT. ↑  IS ↓  in obesity.

Apelin
Produced in a wide range of
tissues.

Improves IS mainly acting in
skeletal muscle
& adipocytes in mice.

↑  in obesity, IGT & T2DM patients.
↓  after weight loss following diet &
bariatric surgery.

Nesfatin
Secreted in brain tissue, Β cells
and AT.

Central action to
↓  Appetite.

↓  in obesity.

TGFβ
Multifunctional, produced
By variety of cells. Inhibitor of
differentiation.

Varied role in proliferation,
differentiation, apoptosis and
development.

↑  ob/ob and db/db mice.
↑  preadipocyte cell proliferation as
with TNFα. ↑  in obesity, T2DM
patients & CVD.

Rantes
Pro -inflammatory secreted by T
cells, monocytes & to lesser
degree in WAT.

↑  gene expression in AT.
No correlation of serum level with
obesity.

Preptin
It is a novel hormone that is co-
secreted with insulin and amylin
from pancreatic β-cells [60].

Synthetic prepin ↑  insulin
secretion from glucose
stimulated β TC6-F7 in a
concentration- dependent and
saturable manner [61].

Plasma preptin level ↑  with higher
BMI [62].
It is ↑  in patients with T2DM
compared with patients with IGT
and normal subjects [61].

Uncoupling
protein 2

It is expressed in AT, skeletal
muscle and tissue of immune
system [63].

It protects cell function from
damage and it impairs insulin
secretion from β-cells [64].

Anti-oxidant in pancreatic β-cells
[65].
The level and activity has impact
on glucose stimulated insulin
secretion [66].

Table 1. Adipokines increased in obesity and/or diabetes [58, 59].
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bariatric surgery.

Nesfatin
Secreted in brain tissue, Β cells
and AT.

Central action to
↓  Appetite.

↓  in obesity.

TGFβ
Multifunctional, produced
By variety of cells. Inhibitor of
differentiation.

Varied role in proliferation,
differentiation, apoptosis and
development.

↑  ob/ob and db/db mice.
↑  preadipocyte cell proliferation as
with TNFα. ↑  in obesity, T2DM
patients & CVD.

Rantes
Pro -inflammatory secreted by T
cells, monocytes & to lesser
degree in WAT.

↑  gene expression in AT.
No correlation of serum level with
obesity.

Preptin
It is a novel hormone that is co-
secreted with insulin and amylin
from pancreatic β-cells [60].

Synthetic prepin ↑  insulin
secretion from glucose
stimulated β TC6-F7 in a
concentration- dependent and
saturable manner [61].

Plasma preptin level ↑  with higher
BMI [62].
It is ↑  in patients with T2DM
compared with patients with IGT
and normal subjects [61].

Uncoupling
protein 2

It is expressed in AT, skeletal
muscle and tissue of immune
system [63].

It protects cell function from
damage and it impairs insulin
secretion from β-cells [64].

Anti-oxidant in pancreatic β-cells
[65].
The level and activity has impact
on glucose stimulated insulin
secretion [66].

Table 1. Adipokines increased in obesity and/or diabetes [58, 59].
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Figure 3. The molecular linked pathway between obesity and IR. (A) IR triggered by the increase in FAs through intra‐
cellular metabolites that activate PKC, leading to inhibit insulin signaling by activation of serine/threonine kinases. (B)
Insulin signaling modulated by changes in adipokines secretion. (C) In the adipose tissue; the increased in the ATMs
mediated the increase of the inflammatory cytokines that inhibit insulin signaling. (D) Insulin signaling inhibited by
mediators (Endocrine and Inflammatory) converging on serine/threonine kinases. (E) IR exacerbated by activation of
NF-κB heightens inflammatory responses. (F) Adipokines induced SOCS family proteins interfering with IRS-1 and
IRS-2 tyrosine phosphorylation or by targeting IRS-1 and IRS-2 for proteosomal degradation inducing IR. (G) IR trig‐
gered by activation TLR4 and innate immune response by FAs. (H) Alteration in peripheral IS is related to the central
response to hormonal and nutrient signals [57].

Figure 4. There are several cell-intrinsic mediators and pathways dysregulation in obesity with negative impact on IR.
(A) Activation of PKC in the liver and muscles inhibits insulin signaling by increasing FA from ectopic adipose tissue.
(B) Direct inhibition of insulin signaling through IRS-1 or IRS-2 serine phosphorylation or indirectly through a series of
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transcriptional events mediated by NF-κB. Inhibition occurs due to activation of several serine/threoning kinases (JNK,
IKK, and p38 MAPK) by excess in ROS. The later generation increased by mitochondrial β- oxidation triggered by ex‐
cess fat accumulation. (C) IR exacerbated by mitochondrial dysfunction through increasing intracellular lipid accumu‐
lation. (D) Insulin signaling suppressed by activation of JNK or through a potential increase in ROS production and
both activated by cellular ER stresses responses. (E) The cell-extrinsic modulators such as endocrine and inflammatory
signals can intensified IR [57].

WAT: White adipose tissue, AT: adipose tissue, T2DM: type 2 diabetes mellitus, IR: insulin
resistance, IS: insulin sensitivity, IGT: impaired glucose tolerance, TNF-α: tumor necrosis
alpha, IL: interleukin, RBP4: Retinol binding protein, SC: subcutaneous, MCP-1: monocyte
chemotactic protein 1, PAI: plasminogen activator inhibitor, CXCL5: chemokines molecules
(CXCL5 ligand 5), TGFβ: transforming growth factor β.

6. Others

6.1. Glucose transporters

Glucose transporters (GLUT) are integral membrane proteins that mediate the transport of
glucose and structurally-related substances across the cellular membranes [67].

Sugar transport catalyzed by 11 out of 14 members of the human GLUT family. There are
specific characteristics of each isotypes. They are different in expression profile, substrate
specificity and kinetic characteristics. Therefore, the tissue adaptation of the glucose uptake
will be determined and regulated by specific tissue gene expression. GLUT4 malfunction in
expression or regulation contributes to IR while GLU2 plays a role in hormonal and neuronal
control by acting a glucose sensor in β-cells of the pancreas and neuronal cells [68]. GLUT1 is
ubiquitously expressed with particularly high levels in human erythrocytes and in the
endothelial cells lining the blood vessels of the brain. GLUT3 is expressed primarily in neurons
and, together, GLUT1 and GLUT3 allow glucose to cross the blood-brain barrier and enter
neurons [69].

The GLUTI, GLUT2, and GLUU3 are the major glucose transporters isoforms present in these
cells and they are constitutively localized to the plasma membrane. The glucose flux across
the membrane is largely dependent upon the circulating blood glucose level or concentration.
In acute state, the glucose regulated the transport system in the muscles and fat cells responded
within minutes to insulin [70].

GLUT4 is the primary hormonally-responsive transporter and it is the major insulin-respon‐
sive transporter [69]. GLUT4 expression is also reduced by low insulin states, such as in muscle
during fasting, and in IR adipose tissue [71]. The malfunction of glucose transporter expression
or regulation (GLUT4) appears to contribute to the IR syndrome [68].

7. Genes in type 2 Diabetes Mellitus

T2DM is a complex diseases arise from interactions of multiple genes with environmental
factors. These genes are variables in strength, site of interaction and are different in general
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population according to race and ethnicity. The diabetes genes are involved in insulin
signaling, insulin secretion, IR, glucose metabolism and obesity. In addition, T2DM could be
a component of many syndromes of identified inherited genes [72]. The genetic risk for T2DM
changes as humans first began migrating around the world, implying a strong environmental
component has affected the genetic-basis of the disease [73, 74]. Immigrants to Western
developed countries, for instance, may be more prone to diabetes as compared to its lower
incidence in their countries of origins [75]. In meta-analysis of different ethnicities was
included in a cross –sectional data from 16 cohorts from the DECODA (Diabetes Epidemiology:
Collaborative Analysis of Diagnostic Criteria in Asia) demonstrated; the waist-to-stature ratio
in Asian was stronger than BMI is associated with DM in adjusted age group in both genders
[76]. In Japanese-American the prevalence of DM was reduced among the men who had
retained a more Japanese lifestyle through higher levels of physical activity and consumed
more carbohydrates with less fat and animal protein in their diet. An inverse association
between DM and being bom in Japan was observed independent of age, body mass index,
physical activity, and percentages of calories from fat or carbohydrates [77]. In Fiji population
the disease pattern is determined by the modern lifestyle as in many industrial counties. The
increase in mortality in this population was contributing to 6% and 30% due to DM and CVD
respectively [78]. In USA, the large burden of T2DM in relative to non-Latino Whites, Latinos
—those of Mexican origin in particular is related to mixed acculturation to US lifestyles and
with greater time living in the States [79]. This was supported by other two studies. The first
showed IR, hyperinsulineamia and T2DM with secondary lipid disturbances are the possible
mechanism of higher morbidity and mortality from CHD in UK immigrants from the Indian
subcontinent (South Asian) than other general population independently of the dietary fat
intakes, smoking, blood pressure, or plasma lipids [80]. The second study also observed IR is
the common pathogenic mechanism and is a risk factor of increasing the prevalence of CHD,
T2DM, low HDL and hypertriglyceridemia in first generation immigrant Asian Indian to the
USA compared with native Caucasian population [81]. The two major environmental risk
factors for T2DM are obesity (≥ 120% ideal body weight or a body mass index > 30 k/m2) and
the sedentary lifestyle [82, 83]. Thus, the tremendous increase in the rates of T2DM in recent
years has been attributed, primarily, to the dramatic rise in obesity worldwide [84]. Obesity is
a progressive disease and up to 80% of patients with T2DM and PCOS patients can be
attributed to obesity. It is a progressive condition leads to medical co-morbidities which are
more prevalent with age and higher BMI, particularly in those with a central obesity [85]. In
Pima Indians adolescents, the prevalence of T2DM was 50.9 per 1000 in 1967-1976 increased
to 6 folds in 1987-1996. In American Indian and first nation youth, T2DM was more prevalent
in 10-19 years old young group. Mainly in obese subjects with acanthosis nigiricans and had
family history of the disease [86]. Sinha R, reported 25% of obese children (4 to 10 years of age)
and 21%t of obese adolescents (11 to 18 years of age) had IGT and 4% of the obese adolescent
has silent T2DM [87]. The increase in physical activity plays an important role in reducing risk
of obesity and T2DM. The prolonged TV watching is associated with a significantly increased
risk of obesity and T2DM, independent of diet and exercise. Men watching TV more than 40
hours per week have threefold of increase risk of developing T2DM compared with those less
than I hour TV watching. Therefore, the public health campaign of decrease sedentary life
should accompany the increase in physical activity [88].
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Physical activity has also been inversely related to body mass index and IGT. Interventional
studies in China, Finland and the US demonstrated the decrease in the risk of incidence and
in the progression from pre-diabetes stage (IGT) to T2DM by intensive lifestyle interventions
targeting diet and exercise. The Finnish Diabetes Prevention Study showed a reduction by 58%
and in the china study was 31% with diet and 42% with diet and exercise. This was supported
by USA study showed the same risk reduction with intensive lifestyle as in the Finnish study
and also a reduction of 31% with metformin indicating that lifestyle intervention is better than
drugs in T2DM prevention [89, 90, 91].

Xue Sun [92] reviewed a large-scale of association studies, and the genome-wide association
studies (GWAS). Both have successfully identified multiple genes that contribute to T2DM
susceptibility. Linkage analysis, candidate gene approach, large-scale association studies, and
GWAS have identified approximately 70 loci conferring susceptibility to T2DM. Among them,
45 loci were identified in European populations, and the other 29 loci were identified in Asian
populations, especially in East and South Asians. The immediate benefit derived from these
findings was the better understanding of the pathophysiology of T2DM. A great number of
studies have suggested that genetic variants in or near KCNJ11, TCF7L2, WFS1, HNF1B,
IGF2BP2, CDKN2ACDKN2B, CDKAL1, SLC30A8, HHEX/IDE, KCNQ1, THADA, TSPAN8/
LGR5, DC123/CAMK1D, JAZF1, MTNR1B, DGKB/TMEM195, GCK, PROX1, ADCY5, SRR,
CENTD2, ST6GAL1, HNF4A, KCNK16, FITM2-R3HDML-HNF4A, GLIS3, GRB14, ANK1,
BCAR1, RASGRP1, and TMEM163 may confer T2DM risk through impaired -β-cell function
[93-97] whereas PPARγ, ADAMTS9, IRS1, GCKR, RBMS1/ITGB6, PTPRD, DUSP9, HMGA2,
KLF14, GRB14, ANKRD55, and GRK5 have an impact on insulin action [94,98-100]. FTO and
MC4R, previously identified genes associated with obesity, appear to confer T2DM risk
through their primary effects on BMI, but recent GWAS have shown that their effects on T2DM
were independent of BMI, though FTO may have a small but detectable influence on T2DM
risk through insulin action [101,102].

Barnet AH; concluded the higher concordance rate in identical twins than in non-identical
twins regardless the age of the onset of the disease and in identical twins, the concordant for
DM is usually in older age group compared with the younger [103]. In Japan, The Concordance
between monozygotic twins was 83% for T2DM and was 40% between dizygotic twins for
T2DM. This concordance was significantly greater in monozygotic than in dizygotic twins and
among twins with later onset of DM (after the age of 20) than early onset. It was also observed,
the loss of the early-phase insulin response for OGTT in T2DM co-twins [104]. The role of
obesity or BMI in twins as a risk of DM varies in heterogeneous genetic background. The index
twins of concordant pairs had been less obese than discordant pairs. This is suggestive obesity
has a role in pathogenesis of DM in those with weaker genetic susceptibility for the disease [5].

Nonetheless, non diabetes first-degree relatives of T2DM patients have an almost three fold
increased lifetime risk of T2DM in comparison to the background population [106]. In other
study 40% of first-degree relatives of T2DM patients develop diabetes as compared to 6% in the
general population [106]. IR is an early metabolic feature of nondiabetic first-degree relatives
of T2DM patients [107,108] and also shows familial clustering in keeping with an underlying
genetic predisposition [109,110]. The defects of insulin action are retained in cultured skeletal

Treatment of Type 2 Diabetes74



Physical activity has also been inversely related to body mass index and IGT. Interventional
studies in China, Finland and the US demonstrated the decrease in the risk of incidence and
in the progression from pre-diabetes stage (IGT) to T2DM by intensive lifestyle interventions
targeting diet and exercise. The Finnish Diabetes Prevention Study showed a reduction by 58%
and in the china study was 31% with diet and 42% with diet and exercise. This was supported
by USA study showed the same risk reduction with intensive lifestyle as in the Finnish study
and also a reduction of 31% with metformin indicating that lifestyle intervention is better than
drugs in T2DM prevention [89, 90, 91].

Xue Sun [92] reviewed a large-scale of association studies, and the genome-wide association
studies (GWAS). Both have successfully identified multiple genes that contribute to T2DM
susceptibility. Linkage analysis, candidate gene approach, large-scale association studies, and
GWAS have identified approximately 70 loci conferring susceptibility to T2DM. Among them,
45 loci were identified in European populations, and the other 29 loci were identified in Asian
populations, especially in East and South Asians. The immediate benefit derived from these
findings was the better understanding of the pathophysiology of T2DM. A great number of
studies have suggested that genetic variants in or near KCNJ11, TCF7L2, WFS1, HNF1B,
IGF2BP2, CDKN2ACDKN2B, CDKAL1, SLC30A8, HHEX/IDE, KCNQ1, THADA, TSPAN8/
LGR5, DC123/CAMK1D, JAZF1, MTNR1B, DGKB/TMEM195, GCK, PROX1, ADCY5, SRR,
CENTD2, ST6GAL1, HNF4A, KCNK16, FITM2-R3HDML-HNF4A, GLIS3, GRB14, ANK1,
BCAR1, RASGRP1, and TMEM163 may confer T2DM risk through impaired -β-cell function
[93-97] whereas PPARγ, ADAMTS9, IRS1, GCKR, RBMS1/ITGB6, PTPRD, DUSP9, HMGA2,
KLF14, GRB14, ANKRD55, and GRK5 have an impact on insulin action [94,98-100]. FTO and
MC4R, previously identified genes associated with obesity, appear to confer T2DM risk
through their primary effects on BMI, but recent GWAS have shown that their effects on T2DM
were independent of BMI, though FTO may have a small but detectable influence on T2DM
risk through insulin action [101,102].

Barnet AH; concluded the higher concordance rate in identical twins than in non-identical
twins regardless the age of the onset of the disease and in identical twins, the concordant for
DM is usually in older age group compared with the younger [103]. In Japan, The Concordance
between monozygotic twins was 83% for T2DM and was 40% between dizygotic twins for
T2DM. This concordance was significantly greater in monozygotic than in dizygotic twins and
among twins with later onset of DM (after the age of 20) than early onset. It was also observed,
the loss of the early-phase insulin response for OGTT in T2DM co-twins [104]. The role of
obesity or BMI in twins as a risk of DM varies in heterogeneous genetic background. The index
twins of concordant pairs had been less obese than discordant pairs. This is suggestive obesity
has a role in pathogenesis of DM in those with weaker genetic susceptibility for the disease [5].

Nonetheless, non diabetes first-degree relatives of T2DM patients have an almost three fold
increased lifetime risk of T2DM in comparison to the background population [106]. In other
study 40% of first-degree relatives of T2DM patients develop diabetes as compared to 6% in the
general population [106]. IR is an early metabolic feature of nondiabetic first-degree relatives
of T2DM patients [107,108] and also shows familial clustering in keeping with an underlying
genetic predisposition [109,110]. The defects of insulin action are retained in cultured skeletal

Treatment of Type 2 Diabetes74

muscle cells from IR subjects and T2DM patients [111,112] suggesting that genetic variation
contributes to decreased insulin action. While IR is a common feature of T2DM, the severity
and clinical importance varies considerably across the T2DM population [113].

7.1. Inherited DM: Maturity onset diabetes of the young or MODY

The transcription factor genes play a crucial role in the normal development and function of
the β-cell. MODY is a distinct type of heterogeneous group of disorders caused by mutations
in β-cell transcription factors. MODY is an autosomal dominant mode of inheritance β- cell
dysfunction in young age group (usually before 25 years). It is difficult to distinguish between
MODY and other forms of DM because of primary defect is pancreatic β-cell dysfunction in
patients with MODY. There are at least nine mutations of different gens that result in MODY
phenotypes which account in about 1-2% or 2-5% of patients diagnosed with DM (approxi‐
mately 20000 in UK). The transcription factors hepatocyte nuclear factor HNF - α1, HNF-4α,
insulin promoter factor (IPF)-1, HNF-1β, and NeuroD1 are the main identified genes in MODY.
The Glucokinase (GCK) is an enzyme responsible for glucose phosphorylation, whereas
HNF-1α, HNF-4α, IPF1, HNF-1β, and NEUROD1 are all transcription factors that modulate
the expression of several genes involved in differentiation and function of β-cells. This enzyme
is a key in blood glucose homeostasis and the defective in kinase gene metabolism implicated
in the pathogenesis of DM. There is a linkage between the GCK locus on chromosome 7p and
diabetes in 16 French families with MODY and the same linkage was demonstrated in a large
5-generation pedigree (BX) with 15 members with DM. Mutations in the GCK gene cause a
mild, asymptomatic and non-progressive fasting hyperglycaemia from birth usually requiring
no treatment. The gene on chromosome 7 (MODY2) encodes the glycolytic enzyme glucoki‐
nases plays a key role in generating the metabolic signal for insulin secretion and in integrating
hepatic glucose uptake. Other linkage studies have localized other genes mutation in MODY
on human chromosomes 20 (MODY1) and 12 (MODY3), with MODY2 and MODY3 being
allelic with the genes encoding glucokinase. MODY1 is an encoding (hepatocyte nuclear factor)
HNF-4α (gene symbol, TCF14), a member of the steroid/thyroid hormone receptor superfamily
and an upstream regulator of HNF-1 α expression. This is a transcription factor involved in
tissue-specific regulation of liver genes but also expressed in pancreatic islets, insulinoma cells
and other tissues. Mutations in the GCK and HNF1- α/4-α genes account for up to 80% of all
MODY cases, these mutations appear in different transcription factor genes result in different
clinical presentations. Mutations in the genes encoding the transcription factors HNF-1α and
HNF-4α cause a progressive insulin secretory defect and hyperglycemia while mutations in
the GCK gene cause a mild and non-progressive disease. MODY3 form has also mutations in
the gene encoding hepatocyte nuclear factor-1 α (HNF-1α, which is encoded by the gene TCF1).
Mutations in HNF-1α are highly penetrant with 63%of mutation carriers having diabetes by
the age of 25 years, 78.6% by 35 years, and 95.5% by 55 years resulted in progressive β- cell
dysfunction with increasing treatment requirements, greater risk of complications with age
and appear to be renal dysfunction, which is often diagnosed before diabetes. Mutations in
HNF-4α result in same mode of β- cell deterioration in β-cells function but the diagnosis in the
later age. Mutations in IPF-1 (PDX-1) are not a common cause of MODY. MODY1 form has
mutations in the gene encoding hepatonuclear factor HNF-4 α (gene symbol, TCF14) is a
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member of the steroid/thyroid hormone receptor superfamily and an upstream regulator of
HNF-1α expression. The deficient binding of NEUROD1 or binding of a transcriptionally
inactive NEUROD1 polypeptide to target promoters in pancreatic islets leads to the develop‐
ment of T2DM in humans. In mice, two mutations in NEUROD1 in the heterozygous state
were described in development of T2DM. The truncated polypeptide lacking the carboxy-
terminal trans-activation domain, a region that associates with the co-activators CBP and p300
is more severe clinically than mutation at Arg 111 in the DNA-binding domain, abolishes E-
box binding activity of NEUROD1 [114-125]. Other rare forms of MODY are CEL-MODY,
ABCC8, KCNJ11 and UPD6 [126]. There are many factors determined the clinical presentation
of various subtype of MODY including, the severity, the course of insulin secretion defect, the
risk of microvascular complications and the presence of other abnormalities or defects in
diabetes patients [127].

7.2. Mitochondrial diabetes: A monogenic Diabetes Mellitus

Maternally inherited diabetes and deafness (MIDD) is a new sub-type of diabetes with mutation
in mitochondrial DNA. The mitochondrial genome is passed and inherited exclusively by
maternal line. In patients with T2DM there could be increase in transmission of inherited diseases
by maternal line more than paternal. However, only 0.5-2.8% of patients with DM demonstrat‐
ed the frequency of adenine to guanine mutation. The adenine to guanine transition mutation
at position 3243 in the dihydrouridine loop of mitochondrial tRNALeu(UUR) gene is specific to
patients with a neurological syndrome MELAS (myopathy, encephalopathy, lactic acidosis and
stroke like disease). There is also 3243 mutation is associated with the phenotypical distinct of
MIDD sub-type. In a study of the genotype of patients with T2DM of North European extrac‐
tion with one or more features of MIDD and/or MELAS, Two patients were identified with the
mutation giving a prevalence rate of 0.13% for the whole study population, and 0.45% for the
sample with phenotypic features of MIDD. Other mitochondrial gene defects and mutation of
3234 are linked to the development of T2DM [128-133].

8. The monogenic forms of Insulin Resistance (IR)

A clear genotype-phenotype association is emerging following description of more than 60
mutations in insulin receptor gene which subsequently causing IR and tend to genera extreme
and severe forms of IR patients. The most abundant mutations are heterozygous leading to
decreased tyrosine phosphorylation of the β-subunit of the insulin receptor.

• Type A insulin resistance syndrome, it is a heterozygous mutations in the tyrosine kinase
domain of the insulin receptor gene and it is the most common phenotype. It is characterized
by acanthosis nigricans and hyperandrogenism without obesity or lipoatrophy.

• Homozygous or compound heterozygous mutations lead to the Rabson–Mendelhall
syndrome with severe impairment of insulin receptor function.
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• Donohue syndrome (Leprechaunism) is the most extreme form of IR in humans in whom
mutations resulting in complete or near-complete absence of functional insulin receptors.
[134,135,136]

• Dunnigan-type familial partial lipodystrophy (FPLD) is a rare autosomal dominant form of
monogenic IR. FPLD patients are born with normal fat distribution but after the onset of
puberty, they lose fat from their extremities and gluteal region. The mutation of LMNA,
which encodes nuclear lamin A and C on chromosome 1q21, underlies FPLD. These patients
have low leptin levels and FPDL is linked to early coronary heart disease. The LMNA codon
482 missense mutation was observed to strongly associated with hyperinsulinemia,
dyslipidemia, hypertension, and T2DM [137,138,139].

• The PPARγ gene, encoding the receptor through which the insulin-sensitizing drugs, the
thiazolidinediones, mediate their effects the peroxisome proliferator-activated receptor
gamma (PPARγ) has become a prime candidate in the search for mutations causing IR [140].
The new missense mutations in the ligand-binding domain of PPARγ were found in family
(mother and her son) was heterozygous for a single nucleotide substitution with mutation
at codon P467L. The mother had history of irregular period, infertility disorder, Gestational
DM followed by frank DM requiring high doses of insulin (severe IR). Her son had history
of early onset T2DM and hypertension. The third subject was a young female from another
family presented with primary amenorrhoea, hirsutism, acanthosis nigricans and hyper‐
tension. She was heterozygous from different mutation at codon V290 of a single nucleotide
substitution. These new subtypes of dominantly inherited T2DM due to defective tran‐
scription factor function resulting in impaired insulin action rather than secretion [141].
Studies to determine if mutations in the PPARγ gene predispose to diabetes in the general
population show a complex relationship.

8.1. Insulin gene

Several phenotypes, including T2DM, polycystic ovary syndrome, and birth weight are
associated with tandem repeat (VNTR) minisatellite 5' of the insulin gene (INS). A study
analyzed this insulin gene class III VNTR minisatellite in 155 European T2DM parent-offspring
trios from the British Diabetes Association demonstrated that variation within the TH-INS-
IGF2 locus, most plausibly at the VNTR itself at this regulatory element is a significant
determinant of T2DM susceptibility. This susceptibility is exclusively mediated by paternally
derived alleles [142].

8.1.1. SUR-1gene

In Dutch population, the exon 16-3t allele of the single nucleotide polymorphisms in the
sulphonylurea receptor gene (SUR1) has been reported to be associated with T2DM patients
compared with the control group. But there was no association between T2DM patients and
the variant in exon 18 or the combination of both variants. Other studies in Caucasian popu‐
lation, strong linkage disequilibrium between the exon 16 and exon 18 variants was demon‐
strated in patients with T2DM but was not shown in the control group [143].
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8.1.2. IRS-1gene

The utilization of insulin receptor substrate (IRS)-proteins (IRS-1 and IRS-2) emerged many
interactive proteins in the insulin signaling system. This  can be amplified or  attenuated
independently  insulin  binding  and  tyrosine  kinase  activity,  providing  an  extensible
mechanism  for  signal  transmission  in  multiple  cellular  backgrounds  [144].  Patient  with
T2DM with  IRS-1  variants  did  not  differ  in  their  degree  of  IR  compared  with  patients
without  known  IRS-1  polymorphisms.  However,  carriers  of  the  codon  972  variant  had
significantly lower plasma levels of fasting insulin and C-peptide [145, 146]. Many other
studies demonstrated several polymorphisms in the IRS-1 gene variant, a Gly-->Arg change
at  the  codon  972  may  contribute  in  impairment  of  insulin  secretion  and  increased  in
prevalence among patients with T2DM [146].

8.1.3. PC-1gene

In Swedish and Finnish people, the Q allele of the human glycoprotein PC-1 gene is associated
with surrogate measures of IR, but it may not be enough to increase the susceptibility to T2DM.
An observation showed there was no difference in the Q allele frequency between the patients
with T2DM and control group. There were higher fasting plasma glucose and 2 hours in QK
genotype siblings with diabetes compared with carrier of KK genotype. While in sibling with
QK genotype and without diabetes have higher fasting plasma glucose and insulin than KK
genotype carrier [147].

8.2. Glycogen synthase gene

An Xbal polymorphism has been described in the glycogen synthase gene associated with IR
[148]. More features of metabolic syndrome and increased susceptibility to T2DM were
described in sibling with rare A2 allele of discordant sib-pair analysis [149]. A set of polymor‐
phic microsatellite markers that span the genome was implemented in genotyping of families
with this condition to essence this approach [150].

8.2.1. Calpain 10 (CAPN10) gene

Calpain gene is cytoplasmic cystiene protease requiring calcium ions for activity. CAPN10
gene was proposed as susceptibility locus of T2DM based on the initial report of association
between the T2DM and CAPN10 gene [151]. It has been reported of association with T2DM in
Pima Indians [152], in African Americans [153] in Mexican Americans [154], in the Botnia area
of Finland, German patients [155] and in South Indians [156].

8.2.2. Foxo 1 gene

Insulin signalling downstream of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway is at
least in part controls glucose on β-cells mass and function. The activation of Akt is negatively
affected the proliferation and metabolism of Foxo transcription factors. The changes in Foxo
1 transcriptional activity are associated with nutritional alteration of β-cells. Glucose-stimu‐
lated insulin secretion acts through its own receptor as the predominant mediator of these
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changes in β-cells [157]. Ghrelin increases pancreatic β-cell proliferation and survival via
sequential activation of phosphatidylinositol-3 kinase (PI3K) and Akt ghrelin. It protects
pancreatic β-cells from lipotoxicity by inhibiting the nuclear translocation of Foxo1 [158].

8.3. Beta 3-adrenergic receptor gene

The energy balance by increasing in lipolysis and thermogenesis could be regulated by the
beta 3-adrenergic receptor (beta 3-AR) gene. The ability to gain weight and the early onset of
T2DM are associated with mutation in the beta 3-AR gene (Trp64Arg). But this is not in Dutch
population [159]. Many studies in different ethnic groups showed an association of beta3-AR
gene polymorphism with IR, obesity and its metabolic disorders such as T2DM, coronary heart
disease and hypertension [160].

8.3.1. TCF7L2

The risk alleles of TCF7L2 were associated with enhanced expression of this gene in human
islets as well as impaired insulin secretion both in vitro and in vivo. TCF7L2 has also been
linked to altered pancreatic islet morphology as exemplified by increased individual islet size
and altered α and β cell ratio/distribution within human islets [161]. TCF7L2 encodes the
transcription factor TCF4 which is related to Wnt signaling pathway and which plays a critical
role in the pathogenesis of T2DM. The risks of alleles in TCF7L2 were associated with hepatic
but not peripheral IR and enhanced the rate of hepatic glucose production in human [162].
This is indirectly disturbing beta cells function of the pancreas.

8.3.2. SCL30A8

SCL30A8 encodes the islet specific zinc transporter ZnT-8, which delivers zinc ions from
cytoplasm into intracellular insulin-containing granules and is implicated in insulin matura‐
tion and/or storage processes in β-cells [163]. The expression level of ZnT-8 was remarkably
down regulated in the pancreas of db/db and Akitamice in the early stage of diabetes. Global
SCL30A8 knockout mice demonstrated reduced plasma insulin, impaired glucose –stimulated
insulin secretion, and markedly reduced islet zinc content [164].

8.4. Others genetic syndromes associated with diabetes

Down syndrome, Klinefelter syndrome, Turner syndrome, Wolfram syndrome, Friedreicha‐
taxia, Huntington chorea, Laurence-Moon-Biedlsyndrome, Myotonicdystrophy, Porphyria
and Prader-Willi syndrome.

9. Drugs induced hyperglycemia and DM

Many pharmacologic and chemical agents can predispose, induce or precipitate hyperglyce‐
mia in normal subjects with high risk of T2DM or patients with IGT and DM. The individual
effect of each agent could be weak or strong and subsequently the new glycemic state will be
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variable from transient to permanent. There are many mechanisms to induce diabetes by
interfere with insulin production or secretion (e.g. Beta- Blockers), block insulin action (e.g.
Steroids), interfere with both insulin secretion and action (e.g. Thiazides), and finally increase
blood glucose using mechanisms independent of insulin’s actions (e.g. Nicotinic acid) [165].

Table 2 shows the most common drugs that used in clinical practice with the mechanism of
each drug or group.

Drugs Mechanisms Notes

Thiazide and thiazide like
drugs. Chlorothiazide
Chlorothalidone
Hydrocholorthiazide
Idapamide
Methyclothiazide
Metolazone

Decreases insulin release by hypokalemia
[167,168] and down regulation of PPARγ
Receptor.

Avoided in patients with DM and patients
at risk of hyperglycemia. Use small dose if
requires [167, 168].

*Spironolactone does not
cause IGT even at high
dosage [167].

In hypertensive elderly on Thiazide but
without DM, each 0.5meq/L reduction in
serum potassium was associated with 45%
higher risk of new DM [169].

Indapamide does not interfere with blood
sugar control in T2DM but higher doses
that cause potassium loss may cause
deterioration.

Increases aldosterone release and IR
[170,171].

Loop diuretics have been reported to
reduce glucose control to a lesser extent
than Thiazides [168].

Atypical antipsychotics
High risk

Clozapine
Olanzapine

Wight gain [172, 173] and adiposity [174]

Risk of hyperglycemia is more in patients
with obesity, age, ethnic status, and certain
neuropsychiatric conditions [173].

Intermediate risk
Paliperidone
Quietiapine
Resperidone

Sympathetic stimulation [175].

Low risk
Aripiprazole Ziprasidone

Decrease insulin action [173] and increase IR
[176].

Unknown
Iloperidone

Potential Individual Polymorphisms in the
leptin gene and leptin receptor gene to
antipsychotic induced obesity [177].

Β- blockers
Atenolol
Metoprolol
Propranolol

Increase fasting glucose [178].
The risk of hyperglycemia is increased in
patient on B-blocker and thiazide diuretics
[180].
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Drugs Mechanisms Notes

*Carvidolol and nebivolol are
not associated with
hyperglycemia.

Impair insulin secretion [179]

Corticosteroids
Betamethasone acetate
Cortisone
Methylprednisolone
Hydrocortisone
Fludrocortisone
Hydrocortisone
Triamcinolone
Prednisolone
Dexamethasone

Decrease in both hepatic and extrahepatic
sensitivity to insulin [182].

Identify high risk patient of hyperglycemia.

Oral contraceptive pills Increase IR [182,183].
Risk of hyperglycemia is increased with
higher doses and longer duration therapy.

Megasterol acetate [181].

Monitor the blood glucose to optimize the
diabetes therapy by tablets or insulin to
avoid short and long term complications of
hyperglycemia.

Growth Hormone

Accelerated lipolysis resulting in increased
circulating non-esterified fatty acids levels
[184,185]. This may contribute to IR,
hyperinsulinemia and defective glycogen
synthesis [186].

Used as replacement therapy in patients
with GH deficiency.

Protease inhibitors
Atazanavir, Darunavir
Fosamprenavir
Indinavir
Nelfinavir
Ritonivir
Saquinavir
Tipranivir.
Etravirine
Maraviroc
Raltegravir

Inhibition of GLUT4
Transporter contributes to decrease
peripheral insulin sensitivity and induce IR.
[187].

Lipodystrophy and
Dyslipidaemia are major side effects of this
group [188].

Didanosine
Nucleoside reverse
transcriptase inhibitor

Causes β-cell injury by pancreatitis [189].
Used in treatment of HIV infection. The
risk is increased with high dose and in
combination with tenofovir [190].

Antibiotics
(Quinolone group)
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Drugs Mechanisms Notes

Gatifloxacin
Temafloxacin
Levofloxacin

Stimulation of insulin secretion by inhibition
of pancreatic beta-cell K(ATP) channels
causes hypoglycemia [192].
It may also cause hyperglycemia. [193].

Gatifloxacin was withdrawn from the
market because of this effect [193].
Levofloxacin has a small effect. [192].

Rifampicin
[191].

Possibly by augmenting intestinal
absorption of glucose.

It is an early phase of hyperglycemia and
disappeared after few days of treatment.
This effect in rat [194].

Tetracyclines
Tetracycline
chlortetracycline

Causes hyperglycemia.

\Calcineurin inhibitors
Cyclosporine

Impair the function β-cells by impairing
insulin gene expression [195-197].

The incidence of new onset DM was 14 to
16% augmented in the first post-
transplantation year, declining thereafter to
an annual incidence of 4 to 6%, similar to
the pre-transplantation baseline rate [205,
206].

Sirolimus
Tacrolimus
Cyclosporine

Direct β-cells toxicity [198-200].
Decreases in IS [201].

The cumulative incidence of new onset DM
was 24% at 3 yr after transplantation [205].

Impair insulin-mediated suppression of
hepatic glucose production [202].
May cause ectopic triglyceride deposition,
leading to IR [203, 204].

There is a synergetic effect of cyclosporine
to induce DM if given with other
diabetogenic drug [207].

The above aggravated by many modifiable
and non-modifiable risk factors [201].

Thalidomide
[208].

Decreases insulin-stimulated peripheral
glucose uptake by 31% (increased insulin
resistance)

Thalidomide, withdrawn for teratogenicity
and was reintroduced in 1997 as an
immunomodulator to treat erythema
nodosum leprosum.

Decreases glycogen synthesis by 48%.

Fish oil
or Omega -3 polyunsaturated
fatty acids (PUFAs).

PUFAs may affect glucose metabolism
through increased IS, but studies to date
have been inconclusive [209].

Among all adults who use natural
products, more than 37% report taking fish
oil or omega-3s.
[210].

Interferon α
[211].

Risk of hyperglycemia only in patient with
chronic hepatitis C infection.

Sustained virological responses reduce the
risk of developing glucose abnormalities,
especially in patients with normal glucose
baseline.
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Drugs Mechanisms Notes

Ritodrine [212]. Ritodrine induced hypokalemia.
It is selective β2- adrenergic agonist used
for premature labour.

Pentamidine
[213].

Inappropriate insulin release and toxicity to
the islet β-cells.
It may cause hypoglycemia, IGT and DM.

It is anti-protozoa agent.
These effects worsening with higher doses
prolong course and renal impairment.

Statins [214].
Impairing β-cell function and decreasing
peripheral insulin sensitivity.

Elderly women and Asians are at particular
risk.

Nicotinamide
[215].

Enhanced gluconeogenesis.
Hyperglycemia may occur in both normal
subjects and in patients with DM.

Diazoxide [216]. Inhibits insulin secretion Used in treatment of insulinoma.

Inhibiting apoptosis, increases islet insulin
content, accompanied with ameliorated
glucose tolerance.

It may be useful in treatment and
prevention of DM.

diphenylhydantoin
[217].

Inhibits insulin secretion.
Hyperglycemia is more likely to develop in
subjects with other risk factors for DM.

L-Asparaginase

Non injury to β-cells [218].
In Rabbits, the anti-tumor enzyme, L-
asparaginase, is produced at least in part by
the suppression of insulin release [219].

It is transient hyperglycemia that ends
following stop the drug.

Vacor
Rodenticide poisoning
[220].

It has antineoplastic activity and cause
pancreatic β-cell damage.

Accidental ingestion by subjects causes
severe form of diabetes Ketoacidosis.

Total Parenteral Nutrition
These patients are often critically ill and are
administered preparations with high
glucose content [221].

It is associated with poor outcome in
severely ill patients [221,222].

Table 2. A modified and updated table of mechanisms of drugs induced hyperglycemia [166].

10. Gestational Diabetes Mellitus

Gestational diabetes mellitus (GDM) is a heterogeneous pathogenic condition affecting 2-5%
of all pregnant women during pregnancy [223, 224] in other data is 5-6% [225]. GDM and T2DM
share a common pathophysiological background, including β-cell dysfunction and IR [226,
227]. In addition, women with GDM are at increased risk of developing T2DM later in life
[226]. The pancreatic β- cells failure and impairment is the primary characteristic of GDM. In
this group of patients with diabetes, there is a genetic predisposition triggered by increased
IR during pregnancy leading to malfunction of the pancreatic β-cells [224]. The clustering of
the GDM within family members suggestive of genetic predisposition to the development of
this disease. Furthermore, women with MODY gene mutations are reported to have GDM
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more often [223,224]. In addition, the mutations in other genes include glucokinase (GCK),
HLA antigens, insulin receptor (INSR), insulin-like growth factor-2 (IGF2), HNF4A, insulin
gene (INS-VNTR), plasminogen activator inhibitor 1 (PAI-1), potassium inwardly rectifying
channel subfamily J, member 11 (KCNJ11), hepatocyte nuclear factor-4a (HNF4A) and 1α
(HNF1A) [224] suggest the susceptibility to increase the risk of GDM in certain patients.

The stimulators or the inducers of IR and phosphorylate insulin receptor substrate (IRS)
proteins are activated in uncontrollable method several kinases, including inhibitor of nuclear
factor ĸB kinase β (IKK β), c-Jun N-terminal kinase (JNK), mammalian target of rapamycin
(mTOR), protein kinase C (PKC) and ribosomal S6 protein kinase (S6K). Substance P is a potent
cytokine and is considered one of the crucial activators that contribute in the development of
IR by impairment of insulin signaling [225]. The genetic variants in TCF7L2 is the strongest
gene associated with GDM risk among other minor alleles of rs7903146 (TCF7L2), rs1225 5372
(TCF7L2), rs1799884 (-30G/A, GCK), rs5219 (E23K, KCNJ11), rs7754840 (CDKAL1), rs4402960
(IGF2BP2), rs10830963 (MTNR1B), rs1387153 (MTNR1B) and rs1801278 (Gly972Arg, IRS1)
significantly associated with a higher risk of GDM. There are 12 SNPs from 10 genes are
associated GDM [228].

The E23K polymorphism of KCNJ11 seems to predispose to GDM in Scandinavian women
[226] and the polymorphism of TCF7L2 (rs7903146 C/T) gene, and the G972R polymorphism
of the IRS1 gene, seems to predispose to GDM in Greek women [227]. In women of Han
nationality in north China, The defect in sulfonylurea receptor-1 (SUR1) gene (cc and AA) may
contribute to insulin hypersecretion, which might be the cause of increased body weight and
decreased IS and genotype cc of SUR1 is connected with severe type of GDM [229].

In animals but not in human, Galanin inhibits glucose-stimulated insulin release [230]. In the
human, the initial postprandial rise of glucose and insulin are suppressed by galanin admin‐
istration [231]. Galanin and IL-6 were found to be significantly associated with IR markers in
GDM, thus may play important roles in the regulation of glucose hemostasis [232].The higher
level of plasma galanin is a novel biomarker for the prediction of GDM [233].

In late pregnancy the relative proinsulin secretion is mainly related to IR and does not
necessarily reflect β-cell function. T2DM is not independently associated with hyperproinsu‐
linemia as measured by the proinsulin-to-C-peptide ratio. While, in pregnant women, the
increased in IR is associated with decreased proinsulin to C-peptide ratio, independently of
glucose tolerance status [234].

The islet amyloid pancreatic polypeptid hypersecretion is characteristic for pregnancy and
might partially decrease hyperinsulinemia in pregnancy by inhibiting insulin secretion [235].

The β- cells dysfunction and IR are the core in the pathogenesis of T2DM and both are mediated
by Adiponectin. Therefore, in late pregnancy the Adiponectin is an independent factor
correlated with β- cells dysfunction [236].

In pregnancy IR and GDM caused by the placental hormones and cytokines such as tumor
necrosis factor alpha (TNFα), resisten and leptin. All of these are secreted by placenta inde‐
pendently. The human chorionic somatomammotropin (HCS), cortisol, estrogen, progester‐
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one, and human placental growth hormone (hPGH) are important placental hormones. Severe
IR produced by overexpression of hPGH and the increase of the HCS throughout pregnancy
stimulates maternal pancreatic insulin release [237].

The fall of IS during pregnancy is counteracted by increase maternal insulin secretion to
maintain glucose control [238]. The insufficient insulin secretion to counteract the pregnancy-
related decrease in IS is contributing in development of DM [239]. Women at high risk of GDM
should have a prior conception plan to prevent DM by normalize body weight, regular physical
exercise, reducing excess intake of animal protein and soft drinks, planning of pregnancy in
younger ages, avoiding pollutant exposition and smoking cessation [240].

11. Uncommon diseases cause hyperglycemia and DM

11.1. Endocrine diseases

Acromegaly and hypercortisolism are frequently associated with IGT and T2DM. It is a
recognized finding of occurrence of secondary T2DM with many hormonal diseases (pituitary,
adrenal/or thyroid disease). Patients with Acromegaly have IR, both in the liver and in the
periphery displaying hyperinsulinemia and increased glucose turnover in the basal post-
absorptive states. There is increase in blood glucose level and free fatty acids due to stimulation
of gluconeogenesis and lipolysis. Although, insulin growth factor-1(IGF-1) level is increased
but it is unable to counteract IR induced by abnormal excess GH level. On the other hand, IS
primarily enhanced in the skeletal muscles by increased IGF-1. The excess of the GH and IGF-1
in patients with Acromegaly could be controlled by somatostatin analogues (SSAs) therapy in
most of the patients. On the contrast, the overall glucose tolerance might be complicated by
the inhibitory effect of SSAs on pancreatic insulin secretion.

The visceral obesity and IR are induced by hypercortisolemia. It also leads to hyperglycemia
and reduced glucose tolerance, determines IR and stimulates hepatic gluconeogenesis and
glycogenolysis. The hyperglycemia is due to decreased insulin secretion in patients with
neuroendocrine tumors (NETs), patients with pancreatic surgery and in those with pheochro‐
mocytoma. While in somatostatinoma or gluconoma the hyperglycemia is related to alteration
in the counterbalance between these hormones. In the symptomatic treatment of NETs, the
SSAs represent a valid therapeutic choice and it may have a significant impact on the preva‐
lence of glucose metabolism imbalance.

Hyperthyroidism is the principally cause of hyperglycemia among thyroid disorders [241]. IR
is associated positively with abnormal increase in the thyroid hormone levels [242]. The
uncontrolled diabetes in patient with diabetes developing thyrotoxicosis is related to the
stimulation of hepatic glucose production by thyroid hormones acting via a sympathetic
pathway from the hypothalamus and FT3 influenced the transcriptional regulators of meta‐
bolic and mitochondrial genes may contribute to the development of IR. In contrast, hypo‐
thyroidism is linked to decreased IS. The thyroid hormones have insulin antagonistic effects
at the liver that lead to an increase in glucose hepatic output, via an enhanced rate of gluco‐
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neogenesis and glycogenolysis. Lipid metabolism (lipogenesis and lipolysis) are stimulated
by FT3 further aggravating the dysregulation of liver glucose and lipid metabolism predispose
to IR There are several genes are involved in gluconeogenesis, glycogen metabolism, insulin
signaling and many hepatic glucogenic enzymes are regulated by thyroid hormones. The
thyroid hormones also could cause an increase in hepatic glucose output, through increased
hepatic expression of the glucose transporter GLUT2 [243].

11.2. Polycystic ovary syndrome

The features of PCOS are hyperinsulinemia, IR and hyperandrogenesim. The later present‐
ed in  those  patients  with  hirsutism,  acne,  irregular  periods  and reproductive  disorders.
These features are more marked and severe in obese females and the combination of both
(these features with obesity) have a synergistic effect on increased insulin secretion by β-
cells and development of compensatory hyperinsulinemia. Subsequently, with the decline
of the β-cell  compensatory response a relative or absolute insulin secretion and produc‐
tion insufficiency develops which may lead to dysglycemia (IFG, IGT and T2DM). There‐
fore, it is well-known that PCOS and IR are considered risk factors for GDM [244]. This
risk is increased in obese females, presence of family history of T2DM and to the severity
of high androgenic activity. Therefore, the dysglycemia could occur in earlier age group
than normal population. It could be in the 3rd or 4th decade of life and it is approximately
5 to 10 folds higher than normal population. No doubt, it is higher compared with age and
weight matched control age group [245].

11.3. Pancreatic damage or β-cell damage of the pancreas

Chronic alcoholism and tropical calcified pancreatitis are most commonly associated with
diabetes [247]. Pancreatic exocrine disease associated with hyperglycemia or DM has a unique
clinical and metabolic form. It is painless occasionally and malabsorption occurs after clinical
hyperglycemia or DM following failure or impairment of endocrine and exocrine pancreatic
function of both α and β cells [246]

11.4. Hereditary hemochromatosis

Iron overload and excessive tissues deposition of iron including the pancreas. It is an autosomal
recessive genetic disorder caused by a mutation in the HFE gene located on the short arm of
chromosome 6. Approximately 50% of patients diagnosed with hemochromatosis will have
either type 1 or T2DM [248].

11.5. Cystic fibrosis

Diabetes Mellitus is the most common morbidity in patients with cystic fibrosis (CF). It occurs
in about 20% of adolescent and 40-50% of adults with this disease. CF primarily caused by
insulin insufficiency. However, there is a role for IR in acute and chronic stages of this disease
due to fluctuation level of insulin. DM has a unique distinct entity in patient with CF because
it has mixed features of TIDM and T2DM [249].
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Other causes of damage of the pancreas are toxins like alcohol, surgical resection of the
pancreas and pancreatic cancer.

11.6. Smoking

There are several studies suggestive of smoking is a risk factor for T2DM, it is an independent
and modifiable risk. The early weight gain following smoking cessation is far more beneficial
compared with the long term effect of smoking. This weight gain could increase the risk of
diabetes [250-252]. Smoking deteriorates glucose metabolism and it is considered a possible a
risk factor for development of IR and subsequently T2DM [253]. Smoking is also through a
body mass index independent mechanism increasing the risk of T2DM [254, 255]. Pancreatic
damage by toxic agents cause insufficient insulin secretion and development of the disease.
Tobacco is one of the toxic agent to the human body and organ damage; on the pancreas it is
also considered a risk factor of pancreatic cancer and chronic pancreatitis [256].

11.7. Prematurity and birth weight

Hofman PL in 2004 reported an association between low birth weight, commonly a reflection
of an adverse in utero environment, and the subsequent development of diseases such as
T2DM and hypertension in later life is now generally accepted as is an association between an
adverse perinatal environment and a permanent reduction in IS [257, 258].This concept was
changed in other report by the evidence has accumulated that small for gestational age children
have long-term adult health consequences including obesity, T2DM, hypertension, coronary
artery disease and stroke. This increased risk of later adult disease is likely a consequence of
an early, persistent reduction in IS [259]. Reduced fetal growth is associated with increased
risk of diabetes and suggested a specific association with thinness at birth [260]. Prevalence of
T2DM and IGT depended on the synergic effect of thin body size at birth and obesity during
adulthood [261]. IGT and T2DM are early signs and indications of growth retardation in early
life. The raise in plasma levels of 32-33 split proinsulin is closely related to growth retardation
and reflects the β-cells dysfunction [262]. A review and analysis of 14 studies low birth weight
(<2,500 g), as compared with a birth weight of >/=2,500 g, was associated with increased risk
of T2DM. The risk is the same in high birth weight (>4,000 g), as compared with a birth weight
of (</=4,000 g) [263]. The two strongest predictor factors for development of T2DM in adult life
are low birth weight and abdominal obesity. The risk of T2DM in Chinese adults is inversely
correlated to birth weight. Subjects with high risk of developing hypertension and abdominal
obesity are those with the lowest or highest birth weight [264].

12. Conclusion

The evolution of T2DM requires the presence of defects in both insulin secretion and insulin
action, and both of these defects can have a genetic and an acquired component. There are
many discovered complex alterations in adipose tissue secretion of cytokines, adipokines, and
chemokines and immune cell composition observed in adipose tissue-related pathologies such
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as obesity and IR. The later is a nearly universal finding in patients with established disease.
There are many recognized genes involved in β-cell development, function and regulation.
These could lead to disorders in insulin secretion, IR and glucose sensing. Physicians should
be aware about the potential drugs contribute to the development of hyperglycemia and
diabetes. Ladies at high risk of GDM should be identified and screened for diabetes before
conception and to be followed after delivery. Early identification and diagnosis of many
medical conditions and other risk factors could induce hyperglycemia or precipitate a pre-
existing condition of DM.

The above demonstrated a wide range of research in this area that should be encouraged to
improve our understanding of the disease. T2DM is a complex interaction between genetics,
cytokines, immune cells and tissues during inflammatory responses with obesity, insulin
function, IR and β-cells failure. Subsequently this could help in discovery new drugs to treat
T2DM that could interfere or stop any stage of these mechanisms at molecular or genetic level.
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Chapter 4

Can Adiponectin be a biomarker for Ethnic
heterogeneity in Diabetes Mellitus?

Fatum Elshaari, F.A. Elshaari, D.S. Sheriff,
A.A. Alshaari and S. Omer Sheriff

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59119

1. Introduction

There is considerable body of evidence to suggest that the effect of obesity as a major risk factor
of chronic diseases differ due to variation in genetic predisposition and ethnic differences. This
is due probably to the difference in body habitus and the distribution of adipose tissue. It is
shown that Asians have a higher proportion of abdominal obesity compared to other ethnic
groups and carry greater risk for diabetes, hypertension and coronary vascular diseases at a
lower level of body mass index(BMI) compared to other populations. [1-3]. Japanese are
reported to carry twice the risk of developing diabetes at all levels of BMI compared to
Caucasians [4]. Therefore with a wide variety of studies reporting the importance of ethnicity
playing an important role in the distribution of total body fat has created a need to identify a
biomarker(s) or risk marker for ethnic heterogeneity in the development of chronic diseases.

In this regard adipocytokines adiponectin, leptin and resistin are considered as potential
candidates to delineate the mechanisms involved in such ethnic differences related to chronic
diseases. Adiponectin and leptin are reported to show reciprocal relationship with increasing
adiposity. It is demonstrated that adiponectin levels reflect visceral adiposity and leptin the
subcutaneous one. It is also reported that serum adiponectin levels are lower in Chinese,
Malay, Japanese, Koreans, south Asians compared to Caucasians. [5]There is another adipo‐
cytokine which is related to adiposity. This adipocytokine was reported to resist the action of
insulin and so it is named as Resistin. It is shown that Resistin is present more in visceral
adipose tissue compared to other fat depots and a diet rich in fat induces greater secretion of
resistin.[6] The adiponectin, leptin and resistin trio could be the biomarkers of ethnic hetero‐
geneity.

© 2015 The Author(s). Licensee InTech. 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 eproduction in any medium, provided the original work is properly cited.



Obesity is a major public health concern of Libya with higher prevalence of obesity related
diseases hypertension, type 2 diabetes (T2DM) and coronary vascular disease.[7] Therefore,
the present preliminary study was undertaken in Libyan subjects with their unique ethnicity,
life style and cultural habits to demonstrate whether such differences occur in serum adipo‐
nectin, leptin and resistin levels in relation to adiposity particularly visceral adiposity. It was
shown that BMI and Waist circumference could be taken as markers of subcutaneous obesity
and abdominal obesity respectively. Along with these anthropometric measurements glycemic
status, lipid profile were studied and correlated with adiponectin, leptin and resistin levels in
obese and type 2 diabetes (T2DM) subjects.

2. Subjects taken for the study

The subjects included in the study were local Libyan subjects, Benghazi. Informed consent was
taken from each participant and approval for the study taken from Institute Ethics Review
Board(Faculty of Medicine, Benghazi University, Benghazi).

3. Anthropometric measurements

Height, weight, waist circumference, were measured. Their age, duration of diabetes and
medicine usage as well as personal and family history were noted.The measurements and
examinations were carried out by the same physician.

BMI was calculated by the formula: Weight (kg)/Height2 (m2). Normal BMI was taken as 18-25
kg/m2. Patients with BMI values of 25-30 kg/m2 were classified as overweight; and those with
BMI ≥30 kg/m2 were considered obese.

Waist circumference (cm) was measured parallel to the midpoint between the lower limit of
the 12th costa and the ischial spine. The limits were accepted as >102 cm in men, and >88 cm in
women (ATP: adult treatment panel III criteria).

4. Sample collection

Among the 1500 patients visiting the Department of Medicine, Faculty of Medicine, Benghazi
University hospital for medical check up, 650 subjects were taken for the study. 200 subjects
taken as controls(100 –males; 100-females) and 250 (100-males; 150-females) subjects formed
the obese group and 200 formed the diabetes group(100 males and 100 females).Fasting blood
samples were collected in vacutainer tubes with a gel separator and in heparinized tubes for
HbA1C measurements and were centrifugated at 2000 rpm for 15 min at 4°C after an incubation
period of 30 min. All biochemical variables were measured on the same day of the blood
collection. Remaining serum specimens were stored at −20°C until analysis of adiponectin,
leptin and resistin levels.
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5. Biochemical methods

Serum glucose, total cholesterol (TC), HDL-cholesterol (HDL-C), triglyceride (TG) were
measured by an enzymatic colorimetric method.Serum adiponectin levels were measured by
enzyme linked immunosorbent assay (ELISA) with a sensitivity of 3 ng/ml. Serum leptin levels
were measured by an active human leptin ELISA (DSL, Diagnostic System Laboratories, USA)
with a sensitivity of 0.05 ng/ml. Serum resistin levels were measured by ELISA (Linco Research,
USA) with a sensitivity of 0.16 ng/ml.

6. Calculations

Low-density lipoprotein-cholesterol (LDL-C) was calculated using the Friedewald formula.
Standing height and body weight were measured with the subjects dressed in light indoor
clothing without shoes. Body mass index (BMI) was calculated as weight divided by the square
of the height (kg/m2).

7. Statistical analyses

Statistical analysis was performed using SPSS for Windows (Statistical Package for the Social
Sciences, version 20.0; SSPS Inc. Chicago, IL, USA). The normal distribution of the variables
was evaluated using the Shapiro-Wilk test. The Mann-Whitney U test was used for the
comparison of variables which were not normally distributed, and the independent Student’s
t-test for the comparison of variables which were normally distributed. The Pearson and
Spearman tests were used for the evaluation of correlations among the variables according to
the distribution of variables. P<0.05 was accepted as indicative of statistical significance. The
results of variables with a normal distribution were expressed as mean ± SD and those with a
non-Gaussian distribution were expressed as median (25th–75th percentile).

8. Ethical considerations

The study was carried out in accordance with the Declaration of Helsinki. Informed consent
was obtained from all the patients for the initial study. The protocol was approved by the
Medical Ethics Committee of the Faculty of Medicine, Benghazi University, Benghazi,Libya.
Additional informed consent was obtained for the present study.

Results: Table.1. shows the differences in waist circumferences reported for various ethnic
groups
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Country or Ethnic group Sex Waist Circumference(cm)

*South Asian
Men
women

>94
>80

*Chinese
Men
Women

>90
>80

*Japanese
Men
Women

>90
>80

*Europid
*Men
Women

>94
>80

**Libyan
Men
Women

>93
>90

Source *Adapted from Zimmet and Alberti [2006] [8]; ** present study

Table 1. Ethnic differences in Waist circumferences

Indicator Cut off Points Risk of Metabolic complications

Waist circumference >94cm(M), >80cm(W) Increased

Waist circumference >102cm(M), >88cm(W) Substantially increased

W/H ratio >0.90(M), >0.85(w) Substantially increased

M: men; W: women

Table 2. World Health Organization (WHO) cut off points and risk of Metabolic complications[9]

The mean BMI in Libyan adults is reported to be 27.7 kg/m2 (26.4 kg/m2 in men and 29 kg/m2
in women), and the mean waist circumference is 93.3 cm. [10] In the present study compared
to other ethnic groups Libyan Men and women have higher BMI and Waist circumference
carrying higher risk for metabolic complications as well as for chronic diseases. (BMI 25-30;
(29.5) and 30 to 35 (34.5)respectively in normal as well as obese controls). Waist circumference
104cm; 114 cm for normal and obese subjects respectively; Waist circumference to Hip
circumference; 0.97 for both men and women subjects.(W/H ratio). The normal control group
had higher BMI as well as higher waist circumference indicating both subcutaneous fat and
visceral fat are increased in the subjects studied.

*Chinese *Malay *Asian Indian *Libyan P Anova
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Females(Total Adiponectin(µg/ml) 4.60±2.50 4.28±2.52 3.83±1.95 2.45±1.10 0.001

*Adapted from Chin Meng Khoo et al.[11] ** present study
*P value for comparison between the ethnic groups in men; †P value for comparison between the ethnic groups in
women. The values for adiponectin for both Libyan men and women were comparatively lower than the values report‐
ed for other ethnic groups like Chinese, Malay, Asian Indian groups.

Table 3. Ethnic variation in Serum Adiponectin levels
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Country or Ethnic group Sex Waist Circumference(cm)
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Men
women
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Men
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Men
Women
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>80
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Women
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>80

**Libyan
Men
Women

>93
>90

Source *Adapted from Zimmet and Alberti [2006] [8]; ** present study
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Control-normal Obese controls Diabetes P-value Adjusted P-value

Leptin, ng/mL 13.90 ± 3.16 *28.10 ± 5.00 **32.25±6.50
*0.000
**0.000

P<0.001

Adiponectin, µg/mL 2.01± 1.05 1.90± 0.75 *5.45±1.05 **0.009 P<0.01

Resistin, ng/mL 6.80 ± 3.70 *18.46 ± 8.80 **24.45±9.50
*0.0039
**0.000

P<0.01
P<0.001

Table 4. Serum Adiponectin, Leptin and Resistin levels in normal, obese and Diabetic Libyan patients

The serum levels of adiponectin did not show significant difference in their values between
controls and obese subjects.The adiponectin level in diabetic subjects is significantly higher
than the control subjects. The serum levels of leptin and resistin were significantly higher for
obese and T2DM compared to normal controls.

Control Obese Diabetes p.value

Body mass index(kg/m2)
29.5

(25.5-30.0)
*34.5

(30 – 35)
**36.5

(35-37.5)
*<0.001
**<0.001

Waist circumference(cm) 104 * 112 **120
*<0.001
**<0.001

FastingBlood glucose(mg/dL) 89.50±15.50 105.50±20.50 *155.50±24.50 *<0.001

Glycated hemoglobin(%) 5.50±1.05 6.45±1.25 *8.90±1.50 *<0.001

Total Cholesterol (mg/dL) 128.45±18.40 148.20±24.50 *175.50±25.50 *<0.001

HDL-cholesterol(mg/dL 37.45±4.50 35.50±5.50 *32.50±6.50 <0.05

LDL cholesterol (mg/dL) 95.45±12.50 105.5±14.00 *125.00±7.50 *<0.05

Non-HDL cholesterol(mg/dL) 91.00±7.50 *112.70±8.00 *143.00±12.50 <0.05

Triglycerides(mg/dL) 99.50±10.50 105.50±12.00 *145.00±25.50 <0.01

Table 5. Serum glucose, glycated hemoglobin (HbA1c) and Lipid Profile in the Libyan Subjects

There was no marked differences between the control group and obese group with respect to
the serum levels of glucose, HbA1c, total cholesterol, HDL-cholesterol, LDL-cholesterol and
triglycerides. There were marked increases in total cholesterol, LDL cholesterol, triglycerides
with a marked fall in HDL cholesterol in diabetec subjects (dyslipidemia)

A marked increase was observed in non-HDL cholesterol in obese and diabetics compared to
the control group.

The levels of serum total cholesterol and HDL cholesterol are comparatively lower for local
Libyan subjects when compared to South Asians and Non South Asians.
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9. Discussion

Of the anthropometric measures Body mass index (BMI), waist circumference and waist-hip
ratio, waist circumference were reported to be more closely related to abdominal obesity and
T2DM. Majority of the studies supported the view that there is no optimal cut-off point that
can be universally applied. It was suggested that country or region-specific cut off points may
be used. [13-14]

Data available in the literature suggest that lower waist circumference and waist-hip ratio cut
off point for Asians-85cm and 80 cm, W/H ratio 0.9 and 0.8 for men and women, respectively.
[15-17] A study from Tunisia provided a cut‐off point for waist circumference (for obesity,
diabetes,and CVD) of 85 cm for both men and women, based on sensitivity being equal to
specificity.[18]. The values for BMI and WC for Arab Nations are reported to be similar to
European population.[19]

Obesity is a major public health concern for Libya. It is reported that about 30% of Libyan
adults are obese. About 64% of Libyan adults are either overweight or obese. In the present
study BMI values for control subjects were 29.5, 34.5 for obese subjects and 36.50 for T2DM
subjects. WC values for control was 104cm,114 cm for obese subjects and 120 for T2DM subjects.
These values clearly indicate that majority of the population are either over-weight or obese.
This is supported by data that obesity related diseases like type 2 diabetes (T2DM), hyperten‐
sion, poly cystic ovarian disease (PCOD) are on the rise in Libya. [7, 20-22]. There is a dire need
for finding risk markers for obesity and obesity related disorders.

There is a shift in focus to find out whether ethnic diversity could be a factor in the distribution
pattern of adiposity variation in different populations. Few studies have stated that adipocy‐
tokines particularly adiponectin values differ for different population indicating that adipo‐
nectin could be taken as a biomarker of ethnic heterogeneity. When compared to other
population serum adiponectin values were comparatively lower for Libyan subjects. Serum
leptin and resistin levels were higher for obese and T2DM subjects compared to control
ones.Paradoxically the serum levels of adiponectin were higher for T2DM subjects contrary to
reports that there is hypoadiponectinemia in T2DM. Hyperadiponectinemia reported quite

*Non-south Asians *South Asians **Libyan P value

Total cholesterol
(mg/dL)

207.60±30.45 199.88±28.45 *128.45±18.40
0.0028
<0.01

HDL cholesterol
(mg/dL)

47.55±6.50 41.45±8.50 *37.5.±5.50
0.033
<0.05

Triglcyerides(mg/dL) 145.12±24.50 140.6±25.50 145.5±12.20 0.45

*France et al [12] ** present study

Table 6. Serum lipid profile in different ethnic groups

Treatment of Type 2 Diabetes110



9. Discussion

Of the anthropometric measures Body mass index (BMI), waist circumference and waist-hip
ratio, waist circumference were reported to be more closely related to abdominal obesity and
T2DM. Majority of the studies supported the view that there is no optimal cut-off point that
can be universally applied. It was suggested that country or region-specific cut off points may
be used. [13-14]

Data available in the literature suggest that lower waist circumference and waist-hip ratio cut
off point for Asians-85cm and 80 cm, W/H ratio 0.9 and 0.8 for men and women, respectively.
[15-17] A study from Tunisia provided a cut‐off point for waist circumference (for obesity,
diabetes,and CVD) of 85 cm for both men and women, based on sensitivity being equal to
specificity.[18]. The values for BMI and WC for Arab Nations are reported to be similar to
European population.[19]

Obesity is a major public health concern for Libya. It is reported that about 30% of Libyan
adults are obese. About 64% of Libyan adults are either overweight or obese. In the present
study BMI values for control subjects were 29.5, 34.5 for obese subjects and 36.50 for T2DM
subjects. WC values for control was 104cm,114 cm for obese subjects and 120 for T2DM subjects.
These values clearly indicate that majority of the population are either over-weight or obese.
This is supported by data that obesity related diseases like type 2 diabetes (T2DM), hyperten‐
sion, poly cystic ovarian disease (PCOD) are on the rise in Libya. [7, 20-22]. There is a dire need
for finding risk markers for obesity and obesity related disorders.

There is a shift in focus to find out whether ethnic diversity could be a factor in the distribution
pattern of adiposity variation in different populations. Few studies have stated that adipocy‐
tokines particularly adiponectin values differ for different population indicating that adipo‐
nectin could be taken as a biomarker of ethnic heterogeneity. When compared to other
population serum adiponectin values were comparatively lower for Libyan subjects. Serum
leptin and resistin levels were higher for obese and T2DM subjects compared to control
ones.Paradoxically the serum levels of adiponectin were higher for T2DM subjects contrary to
reports that there is hypoadiponectinemia in T2DM. Hyperadiponectinemia reported quite

*Non-south Asians *South Asians **Libyan P value

Total cholesterol
(mg/dL)

207.60±30.45 199.88±28.45 *128.45±18.40
0.0028
<0.01

HDL cholesterol
(mg/dL)

47.55±6.50 41.45±8.50 *37.5.±5.50
0.033
<0.05

Triglcyerides(mg/dL) 145.12±24.50 140.6±25.50 145.5±12.20 0.45

*France et al [12] ** present study

Table 6. Serum lipid profile in different ethnic groups

Treatment of Type 2 Diabetes110

contrary to the earlier observations is suggested to be due to the presence of severe insulin
resistance possibly to genetically defective insulin receptors. [23]

This finding emphasizes that insulin receptor has a critical role regulating adiponectin
synthesis as well as clearance. Patients who have anti-insulin receptor antibodies may be
responsible for severe insulin resistance (Type B IR) who show a significant increase in serum
adiponectin levels. Such a finding brings out considerable focus on the adiponectin –insulin
sensitivity concept. Rather it opens up for more avenues of research to exactly elicit the
adiponectin’s role in insulin sensitivity and suggests that insulin effect on adiponectin
metabolism is undermined.[23]

In the present study T2DM Libyan patients showed marked increase in serum adiponectin
levels compared to the control subjects. These subjects had higher insulin levels and insulin
resistance shown by HOMA index. The duration of diabetes in these patients is 10 years or
more.The results are not shown here.

This finding appears unique to Libyan diabetic subjects. It is reported earlier that adiponectin
levels in Libyan subjects are comparatively lower when compared to European or western
population in general. Therefore serum adiponectin levels seem to be determined by ethnic
heterogeneity reflected by the distribution of adipose tissue and its genetic regulation of
adiponectin’s synthesis, secretion and degradation. Possibly the reportedly higher BMI in the
population with a higher basal insulin levels (accompanied by insulin resistance) might have
an suppressive effect on adiponectin formation or clearance.

Insulin resistance(IR) is now generally accepted to be the primary metabolic defect of T2DM
[24]. IR is defined as a state that requires more insulin to obtain the biological effects achieved
by a lower amount of insulin in the normal state [25].

In contrast to other adipokines, circulating levels of adiponectin correlate inversely with body
fat and IR in humans [26] and rodent models [25].). It circulates at high levels in human plasma
accounting for approximately 0.01% (0.5-30 µg/mL) of all plasma protein in normal individuals
[27], 1000-fold higher than other hormones such as leptin and insulin. Gender has an effect on
concentrations of adiponectin, with females having higher levels than males [28]. It is also well
known that adiponectin levels increase with age, however the cause for this increase is still
unknown [29]

The molecule adiponectin is a 244-amino-acid long adipokine secreted from adipocytes. The
gene product is a 30kD protein [30], however this is not found in circulation. Adiponectin
automatically self-binds to form larger structures and there are different multimeric forms
including low molecular weight (LMW) trimers, middle molecular weight (MMW) hexamers,
high molecular weight (HMW) oligomeric structures and finally globular adiponectin (gC1q
domain)[27]. It has been proposed that this globular fragment is generated by proteolytic
cleavage of adiponectin multimers by leukocyte elastase secreted from activated monocytes
and/or neutrophils [24]; however the pathophysiological importance of this cleavage remains
to be determined. Structurally, the globular form of adiponectin lacks the collagenous domain
necessary for multimerization. Adipocytes secrete both the low-molecular weight and high-
molecular weight forms of adiponectin in vivo and in vitro. Thus, the low-molecular weight
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and high-molecular weight forms of adiponectin are the predominant forms in serum whilst
smaller complexes such as the trimer are virtually undetectable. [31].

10. Monomeric structure

There are four distinct regions of adiponectin. The protein starts with a short signal sequence
which acts to target the hormone for secretion outside the cell, then it leads into a short region
that is variable between species, followed by an amino-acid region that shows similarity with
collagenous protein, and finally ending with a globular domain. The three dimensional
structure of its C-terminal globular domain is similar to that of tumor necrosis factor–alpha
(TNF-α), even though there is no sequence homology at the primary structure level. [32].

11. Higher order structures

Initially, three adiponectin molecules associate through disulphide bonds within the collage‐
nous domains of each monomer to form bouquet-like higher order structure, a homotrimer.
The trimers continue to self-associate and form hexamers [33].

The levels of the higher order structures are sexually dimorphic [34], where females have
increased proportions of the high-molecular weight forms. The varying forms have altered
biological activity and therefore may also have separate functions. The gC1q domain and the
trimeric forms of adiponectin activate AMP Kinase in skeletal muscle and lead to increased
fatty acid oxidation and reduction in glucose concentrations, whereas the hexameric and full
length HMW forms are thought to activate nuclear factor kappa B (NF-κB) pathways [35]. The
proportion of HMW adiponectin within adipose tissue is higher than in blood plasma,
suggesting regulation at the level of secretion and is a mechanism of adiponectin complex
distribution. All isoforms of the molecule are stable in circulation having a relatively longer
half life (half-life of ~15hrs) [24].

12. Receptors and signaling

Two receptors have been identified that bind adiponectin: Adipo R1 and Adipo R2. AdipoR1
was first identified when encoding cDNA was isolated from human skeletal cDNA library by
screening for adiponectin binding [36]. The AdipoR2 was identified later due to its striking
homology to AdipoR1. Both are surface membrane proteins [36] and have homology to G
protein-coupled receptors.. These receptors contain seven transmembrane domains, but are
structurally and functionally distinct from other known GPCRs (G-protein-coupled recep‐
tors[37]. The receptors have different affinities to the various molecular forms of adiponectin.
AdipoR1 and AdipoR2 are found in liver, muscle and adipose tissue in humans; however
AdipoR1 is predominantly expressed in skeletal muscle whereas AdipoR2 is more predomi‐
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nant in the liver [36]. AdipoR1 is a high-affinity receptor for globular adiponectin as well as
having a lower affinity for full length adiponectin. In contrast the AdipoR2 receptor has an
equal intermediate affinity for globular and full length HMW adiponectin [36]. The receptors
affect a very important cellular metabolic rate control point, by targeting AMP-activated
protein Kinase (AMPK), downstream. AMPK is a stress induced kinase that is activated in
response to depleting Adenosine triphosphate (ATP) or increasing Adenosine monophosphate
(AMP) levels. AMPK activates ATP and generates catabolic processes such as fatty acid
breakdown and glycolysis and shuts down ATP-consuming processes such as lipogenesis [37].
Expression of these receptors is correlated with insulin levels [24]. A review of studies
involving the adiponectin receptors suggests that they may have an important role in adipo‐
nectin physiology. Key findings suggest that changes in expression of AdipoR isoforms in
skeletal muscle (rather than total circulating adiponectin concentrations) may be of physio‐
logical importance [38]. More recently, by means of expression cloning, T-cadherin has been
recognized as an adiponectin receptor on vascular endothelial cells and smooth muscle [36].
The expression of this cadherin molecule is known to be correlated with atherosclerosis [33].By
genomic sequence analysis, Saito et al. determined that the ADIPOQ gene spans 16 kb,contains
3 exons and 2 introns and the promoter lacks a TATA box(a sequence involved in the process
of transcription). The exon-intron organization of this gene was very similar to that of obese
gene,encoding leptin. Saito et al. reported that the ADIPOQ gene was located on human
chromosome band 3q27using chromosome mapping of this gene by fluorescence in situ
hybridization (FISH) taking genomic DNA fragment as a probe [39]. It is reported that a
mutation in this gene is associated with low serum adiponectin levels and T2DM[41].

It has been reported that blood concentrations of adiponectin fall from 20-50% in humans and
mice respectively with the administration of insulin, thus implying that the effect of insulin to
lower adiponectin levels may involve inhibition of adipocyte secretion. Plasma adiponectin
levels have also been shown to be decreased in an obese rhesus monkey model that frequently
develops Type 2 Diabetes [42] Many prospective studies [43-45] have shown that lower
adiponectin levels are associated with a higher incidence of diabetes in humans and more
importantly the decrease in plasma adiponectin levels was in parallel with the decrease in
insulin sensitivity [25]. This finding is further supported by a recent analysis of 13 prospective
studies, which found that higher adiponectin levels were associated with a lower risk of Type
2 Diabetes across diverse populations [45-46].

The levels of serum total cholesterol and triglycerides are comparatively lower for local Libyan
subjects when compared to South Asians and Non South Asians.[47] The serum level of total
HDL cholesterol is also low in Libyan subjects probably due to the lowered levels of total
cholesterol and triglycerides.[47].

A marked increase was observed in non-HDL cholesterol in obese individuals compared to
the control group.[48] and there was a marked fall in HDL cholesterol indicating that dyslipi‐
demia is prevalent in local Libyan subjects

This preliminary study indicates that the distribution of fat in Libyan population varies from
other populations. There is a marked increase in total as well as abdominal adiposity indicated
by anthropometric measurements. The serum level of adiponectin is low in this population
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along with comparatively HDL cholesterol with a marked increase in non-HDL cholesterol.
Therefore further studies are being carried out to bring out the nature unique ethnic diversity
in the population as well as to recommend that an overall reduction of body weight in the
population need to be considered to lower risk of metabolic disorders.

Apart from these observations the serum levels of adiponectin were found to be lower for the
Libyan subjects and its level was increased in T2DM subjects.

This observation seems to suggest whether serum adiponectin level in Libyan subjects can be
taken as a biomarker of ethinic heterogeneity.
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1. Introduction

Today in the clinical practice Diabetes Mellitus (DM) has supplanted syphilis and tuberculosis
as the big masquerade. Now, from the professional view, many physicians are involved in
hard challenges, controversies concerning diabetic patients: insulin resistance, management
of the disease, diabetic pregnant women, carbohydrate disorders, diabetic foot, diabetes and
surgery, pharmacological aspects, psychological and sociological problems, new modalities of
treatment and many others and important clinical questions. Diabetes mellitus, the most
common endocrine disorder, is characterized by several metabolic abnormalities and numer‐
ous long-term complications affecting mostly the kidneys, peripheral nerves, blood vessels,
organ vision, and central nervous system; also, we must not forget that it is the main cause of
morbidity and mortality in the Western and developed countries.

Since the discovery of insulin in 1921 by Banting and Best, and McLeod, it has been employed
in the treatment of DM [1]. By the time, the manufacturing process of insulin has improved
becoming free of impurities or associated to hormonal products (glucagon, polypeptide
pancreatic, proinsulin) until obtaining purified insulin.

Insulin was obtained from a bovine source; and particularly porcine insulin differs only from
the human insulin in one aminoacid. Later in the clinical practice, biosynthetic and semi-
synthetic human insulin were introduced, having a structure identical to the native human
insulin, and, for that circumstance without antigenic power. The semi-synthetic insulin comes
from laboratory transpeptidation of porcine insulin (exchange of alanine by threonine of
aminoacid B30), while biosynthetic insulin is obtained by means of genetic recombination
process from bacterias (Escherichia coli) or yeasts. Today, biosynthetic insulin is the most
frequently used in some countries.

© 2015 The Author(s). Licensee InTech. 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 eproduction in any medium, provided the original work is properly cited.



On the other hand, insulin is a polypeptide hormone synthesized in the beta cells of the islets
of Langerhans of the endocrine pancreas, and it is necessary for normal metabolization of
glucose by most cells of the body. In diabetic persons the capacity of body cells to use glucose
is inhibited, thereby increasing blood sugar levels (hyperglycemia). When high levels of
glucose are present in the blood, the excess must be excreted in the urine (glycosuria). The
symptoms derived from the disease are increased urinary volume, thirst, itching, hunger,
weight loss, and weakness; in medical expression the classical findings are well known:
polyuria, polydipsia, polyphagia, slimming, and asthenia [2, 3].

Diabetes affects an estimate of 366 million people worldwide, with type 2 diabetes mellitus
(T2DM) accounting for more than 90% of the cases. Renal insufficiency is a common comor‐
bidity condition in T2DM patients with chronic kidney disease (CKD,) defined as kidney
damage or an estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73m2 for > 3 months.
The kidney is both the origin and victim of elevated blood pressure. Hypertension is a
pathogenic factor that contributes to the deterioration of kidney function. Therefore, manage‐
ment of hypertension (salt reduction intake adequate diet, exercise and antihypertensive
drugs) has become the most important intervention control all modalities of chronic kidney
disease (CKD). The role of hypertension in renal disease is crucial. The aged world population
is increasing. The ageing is the most common risk factor for the development of hypertension
and diabetes, as well as CKD [4].

2. Historical evocation

Diabetes was known some millenniums before the Christian era, and it was in India where the
disease was more deeply studied during the ancient age. The first data come from the Ayurveda,
texts concerning medicine writings (sankrit texts). The word Ayurveda means knowledge or
“science life”; it has profound roots on the philosophy and Hinduistic spirituality; it was
developed between years 3000 and 500 b.C. on the valley rivers of the Indian civilization. Its
knowledge was transmitted orally from generation to generation through the verses known
as vedas. At that time some documents showed detailed information about unquenchable thirst
–polydipsia-in the diabetic patients, increased urine –polyuria-, and sugar in urine –glycosu‐
ria-. Instead of sweetened and viscous consistency of the urine, they described other symptoms
such as halitosis, digestive and respiratory disorders, somnolence, tuberculosis, and foruncu‐
losis. The autochthonous black ants indirectly helped to detect this pathology. The physicians
observed how ants and flies congregated around the urine being attracted by its taste. Based
on that circumstance, it was called honey urine. Also, they pointed out that diabetes were more
frequent in obese people, usually taking rice and sweeten food.

The majority of historians accept the papyrus form of 1862 close to the ruins of Luxor, the
ancient sacred city of Thebes. The well-known document, a roll of papyrus by two meters long
and thirty centimeters large, is a vast compendium with the totality of knowledge at the
pharaohs era like at current texts of medicine. The physician-priest recommended, as treat‐
ment, fatty of calf, beer, leaf of mint, hippopotamus’s blood and offering sacrifice to gods. The
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antiquity of this document is about 3500 years; it was acquired and analyzed by the German
Egyptologist George M. Ebers (1837-1898). It is currently kept in good conditions at the library
of the University of Leipzig. The first description of diabetes appeared in this papyrus where
polyuria was described. Celsus in the 1st century of our era established from his personal
experience the “painless polyuria with dangerous emaciation”. Areteus of Capadocia (century
II), a Greek physician named the disease diabetes; in greek, diabainein means “to pass through”,
or “running throw” which is in relation to severe diuresis favourable to final outcome; and
from Latin, mellitus (sweetened with honey). Claudius Galenus (3rdcentury) considered diabetes
as a kidney disease. Thomas Willis (1621-1675) in 1675 found in the patients the sweetness of
the urine, and William Cullen (1710-1790) proposed the term mellitus. The hereditary character
of the disease was postulated by R. Morton in his text Phthisiologia (1689). Another historical
event was made by P. Langerhans (1847-1888) when he described the pancreatic islets. Allen
(1914) with an uniqueness criteria considered diabetes as a hereditary disorder of carbohydrate
metabolism resulting in insufficient production of insulin. Since the discovery of insulin by
Frederick Grant Banting, Charles Herbert Best and John Richard MacLeod, Nobel Prizes of
Medicine in 1923, the prognosis of the disease is improving, although the prevalence still rises
progressively from 5 % at age 20 to older people > 75 years.

The Canadian physiologist Frederick Grant Banting (1891-1941) and the medical student
Charles Herbert Best (1899-1978) isolated insulin in Toronto in 1922. At that point, the new era
on the treatment of diabetes was started. The results of the work by the German internist Oskar
Minkowski (1858-1931) and Joseph von Mering (1894-1908) of removing the pancreas, led to
the conclusion that the cause of diabetes resides in the lack of internal secretion of the Lan‐
gerhans’s islets placed in the pancreas.

Many researchers have dedicated their efforts to obtain the hormone against diabetes. In 1909,
the Belgian Jean de Meyer named insulin the substance produced by the islets of Langerhans.
Particularly, the internist Georg Ludwig Zülzer (1870-1949) was able to isolate after 1903 an
effective compound. Nevertheless, two circumstances led him to abandon his work: a)
uncontrollable toxic allergic reactions; and, b) overdose impossible to recognize for the absence
of method of blood glucose determination. On July, 1921, the director of the Physiology
Institute of Toronto, John James Richard MacLeod (1876-1935) provided to the young physician
Frederick Grant Banting with a laboratory and ten dogs, and 21-year-old student Charles
Herbert Best as his assistant. Banting and Best had been working to obtain insulin from a saline
solution of triturated islets of pancreas. The extract was administered to diabetic dogs, by
intravenous injection; simultaneously Best carried out continuous determinations of sugar in
blood. This work made possible the new measuring methods that need only 0.2 ml of blood
instead of 25 ml. After this finding Banting and Best studied better and easier procedures to
obtain the hormone from cow fetus of four months. They discovered that the active substance
was better extracted with acetone instead of acidulous alcohol. The decisive experiments were
carried out between the 7 and 14th August of 1921.

After the first and successful achievements, MacLeod decided to interrupt any other investi‐
gation and focus on the insulin project: purification, control and manufacturing. The chemist
James Bertram Collip (1892-1965) was able to obtain huge amounts of insulin and to success
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to its standardization. The latter is of capital importance because overdose can produce muscle
spasm due to hypoglycemia.

Since the end of the 19thcentury, researchers have found the relationship between the pancreas
and the metabolic disease –diabetes-. Some of them pointed out that the clinical problems are
produced by the lack of a hormonal substance secreted by the endocrine pancreas or Langer‐
han’s islets, although the German Oskar Minkowski (1858-1931) and others investigators failed
to isolate this hormone. Edward Albert Sharpey-Schafer (1850-1935) coined the word “insulin”;
he considered that insulin controls the hydrocarbonate metabolism and that the absence of
insulin will be followed by hyperglycemia and an increase of glucose in urine. After that
conclusion, pancreatic extract was given to diabetic patients; but unfortunately, this attempt
was unsuccessful because the hormone was destroyed by the proteolytic enzymes. Also, the
technical procedures for blood and urine glucose determinations available were rudimentary
and with little accuracy. After numerous attempts, researchers obtained more purified insulin
to be used in the clinical practice. Insulin was used for the first time in 1922 in a 14-year-old
diabetic boy, who presented good results; it was the first publication concerning the efficacy
of insulin in humans and was published in the prestigious journal Canadian Medical Association
Journal.

One year later, in 1923, the Medicine Nobel Prize was awarded to Banting and MacLeod for
his crucial medical milestone. In 1926, Jakob Abel found the synthesis of insulin; this finding
was published in the Proceedings of the National Academy of Sciences, Washington, with the article
entitled Crystalline insulin. After that, the era of insulin was started.

As it is well known, there are two modalities of the disease: insulin dependent diabetes mellitus
or IDDM (type I) found in young people requiring daily insulin injection; although most cases
of IDDM appear before age 20, the disease can develop late in life. In these patients, the
necessary insulin is not secreted by the pancreas and hence must be managed by parenteral
way. On the other hand, Type II, non-insulin dependent diabetes mellitus (NIDDM), adult
onset diabetes, can be controlled by strict dietary restriction of carbohydrates, oral hypogly‐
cemic agents (blood-sugar-lowering) and also insulin in some particular patients. The situation
coming from sluggish pancreatic insulin secretion and concomitant tissue resistance to
secreted insulin worsens insulin secretion by the beta cells. Anyway, despite the previous
classification as juvenile or adult diabetes, either type can be observed at any age; however,
NIDDM is the most common clinical presentation found in up to 90 percent of all forms of
diabetes. The risk factors predisponing to type 2 diabetes are pointed out in table 1.

From the clinical point of view, to get a suitable control of the disease (blood glucose, glycated
hemoglobin, lipids profile, body weight, and quality of life) it is crucial to ensure successful
outcomes [table 2]. We must realize that subjects with asymptomatic, undiagnosed diabetes
not unusually develop serious complications. Despite the absence of fasting hyperglycemia
large-scale screening with glucose tolerance test should be established in many cases. Nowa‐
days, the goals of therapy with insulin or oral agents for varied circumstances is frequently
hazardous [5]. This particular point explains the urgent necessity to find better drugs (more
effective and well tolerated). The way to reach this goal is, undoubtedly, the clinical investiga‐
tion; in others words, clinical trials [6].
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Family antecedents of diabetes (parents)

Obesity (Body Mass Index BMI >25 kg/m2

Sedentarism

Race/ethnicity

Previously identified impaired fasting glucose (IFG), or impaired glucose tolerance (IGT)

Gravid diabetes mellitus (GDM)

HDL cholesterol < 35 mg/dl and/or triglyceride level > 250 mg/dl

Previous vascular disease

Acanthosis nigricans or polycistic ovary syndrome

Table 1. Risk factors predisposing to type 2 diabetes mellitus.

1. Symptoms of diabetes –polyuria, polyphagia, polydipsia, slimming or asthenia- plus random blood glucose level
200 mg/dl. Or

2. Fasting plasma glucose > 126 mg/ dl. Or

3. Two-hour plasma glucose (200 mg/dl) during an oral glucose tolerance test.

1) Random is considered at any time since the last meal

2) Fasting is defined as no food intake for previous 12 hours

3) Two-hours plasma glucose > 200 mg/dl during glucose tolerance test

Table 2. Clinical and laboratory criteria for diagnosis of diabetes mellitus

In 1912, two Boston researchers, F. G Benedict and Elliot P. Joslin, founder of the Joslin Diabetes
Center –Boston-iniciated extensive metabolic balance studies in diabetic patients whose
circulating blood glucose levels were high; they intended to control the disease by an strict
dietary restriction of carbohydrates. And now, more than a century after the creation of the
former institution, it continues the tradition of excellence recognized everywhere as a diabetes
research, treatment, and teaching center. It is focused to improve the lives of persons with
diabetes today and in the future. We now know that the excreted sugar coming from exogenous
and endogenous proteins is converted in our body by the liver into glucose. But, in spite of the
hard investigations, nowadays diabetes remains a difficult clinical problem mostly in the
Western and developed countries.

3. Personal overview

Based on this controversial clinical status and related to our conventional duty since March
1990, our group in Granada (Spain) has created a Hypertension and Lipid Unit, and during the
large interim period (twenty four years) until now, we have carried out a huge work by
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participating in several international clinical studies –more than one hundred fifty-focused
mostly on hypertension and diabetes, but also on lipid disorders and ischemic heart disease;
many of them are well recognized everywhere by prestigious publications using acronyms
titles for an easier identification of them: SYST-EUR, HYVET, CONVINCE, VALUE, ONTAR‐
GET, TRANSCEND, TECOS, STABILITY, SAVOR, ODISSEY, OMNEON, LIXILAN, as well
as other works in process and others scheduled to start in the near future.

Our participation in clinical trials about diabetes represents a big and continual effort in the
most relevant clinical research of this important and crucial area. We believe and hope that the
abstract’s information (clinical and pedagogical) contained in this article will be suitable to
many physicians (practitioners, internists, cardiologists, endocrinologists), chemists, nurses
and others health professionals. Unfortunately, nowadays the knowledge concerning clinical
trials and it relevance for research and health is very poor not only for physicians but also for
the general population. We would like that the present book and particularly this chapter will
offer some attractive and available information for a better knowledge of diabetes mellitus and
current medical challenges.

From this particular contribution we present to the reader a conventional design of clinical
trials commonly used everywhere. Sensu lato, the primary objective is to provide better benefits
to diabetic patients by the new non commercialized drugs (phases II, III of clinical trials)
matched to ordinary ones or placebo. To reach the aim of this research it is mandatory to have
a huge financial support coming from pharmaceutical companies, with the indispensable
contribution of investigators, patients, data managers, physicians, auxiliary staff, technical
support, computer experts, nurses, etc. In summary, the following twenty items represents a
schematic example common in many clinical trials in which we participated.

4. Conventional clinical trial design

A clinical trial is intended to produce credible results answering the questions raised about a
drug or treatment without exposing patients to unnecessary risks.

It thus requires rigorous scientific methodology:

• In choosing the options in the methodology (study design, protocol, development, calcula‐
tion of sample size, statistical analysis) which are the subject of another work in this
collection.

• In conducting the trial: this is the objective of the rules of Good Clinical Practice (in research):
use of procedures that leave little room for improvisation, validated techniques, suitable
working methods, qualified staff, a paper trail documenting all steps, data that can be
verified post hoc, which are the subject of this book.

A clinical trial is a project which involves different tasks and the final quality of its conclusions
depends on the wakest link in the chain of events. Therefore, it is important to make a major
effort in ensuring the quality of each area of interest involved, i.e. quality of documents,
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medical products, monitoring, follow-up of adverse events, and the computerized data
processing. In addition, the quality of trial should be “auditable” at all times, and hence the
need for quality in archieving all documents [table3].

Screening Run-in Randomization Randomized Post-trial

V1 V2 V3 Treatment

W-3 W-2 Day 1 Phase

V4….

Day 6

Screening period

Single-blind placebo run-in X X

Double-blind Treatment
period

X X

TRIAL PROCEDURES

XObtain informed consent.
Inclusion/exclusion criteria

Medical history X

Weight X X X X

Physical examination

12-lead electrocardiogram
(ECG)

X X

Adverse event monitoring X X X

Vital signs (pulse, rate and
blood pressure (measured
duplicate)

X X X X

INSTRUCTIONS/
COUNSELING

Diet and exercise

Dispense glucose meter

Introduction on dose
recording

OTHER MONITORING
TEST

CENTRAL LABORATORY
TESTS

Hematology X X X X
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Screening Run-in Randomization Randomized Post-trial

V1 V2 V3 Treatment

W-3 W-2 Day 1 Phase

V4….

Day 6

Chemistry panel X X X

Lipid Panel

X X X XFasting plasma Glucose
(FPG)

Hemoglobin A1c (A1c) X X X

Urinalysis X

STUDY MEDICATION

Dispense single-blind X X

Placebo medication X

Medication compliance X X X

V1: visit 1; V2: visit 2, W-3: week 3; W-2: week 2; FPG: fasting plasma glucose.

Table 3. Conventional Model of Trial Flowchart

1. PRINCIPLES

1.1. Declaration of principle

1.2. Organization charts

1.3. Definitions of function

1.4. Writing, management and revising procedures

1.5. Principles of planning studies

2. DOCUMENTS

2.1. Investigator’s brochure

2.2. Protocol* (standard plan, approved cycle, amendments)

2.3. Case report forms* (standard pages, approval channel)

2.4. Operations manual

2.5. Study report

3. PROTECTION OF PERSONS*

3.1. Submission of project to a committee

3.2. Writing the documents to obtain consent
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4. MONITORING*

4.1. Initial visit(s)

4.2. Meeting to set up project

4.3. Intermediate visits

4.4. Final visit

4.5. Phone contacts

5. SERIOUS ADVERSE EVENTS

5.1. Definition of serious adverse events*

5.2. Collection, documentation of cases and follow-up

5.3. Reporting*

5.4. Causal relationship

5.5. Corrective measures

5.6. Crisis management

6. THE STUDY DRUG

6.1. Obtaining a standard drug (reference therapy)

6.2. Double-blind methodology

6.3. Jury of resemblance

6.4. Packaging*

6.5. Randomization list*

6.6. Labelling*

6.7. Release of finished product (pharmaceutical and for use)*

6.8. Dispatch – Reception*

6.9. Expiry date*

6.10. Drug accountability

6.11. Dispensing

6.12. Destruction

7. DATA

7.1. Progression cycle of CRFs

7.2. Deferred correction of data*

7.3. Coding

7.4. Computer entry of data

7.5. Test to validate data

7.6. Comprising a data base

7.7. Safeguards and protection
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7.8. Computer systems (validation, documentation, use, security)

7.9. Statistical analysis

8. AUDIT AND INSPECTION

8.1. Audit of a study site

8.2. Audit of a study file

8.3. Systems audit

8.4. Preparation for inspection

9. LABORATORY VALUES

9.1. List of compulsory test

9.2. Quality control of assays

9.3. Centralized laboratory

10. DEVELOMENT

10.1. Designing a development plan

10.2. Monitoring a development plan

10.3. Coordination of a multicenter trial

10.4. Termination of a study center’s participation

10.5. Termination of a trial

10.6. Termination of a product development

11. REGULATORY AFFAIRS

11.1. Declaration or request for authorization of a trial*

11.2. Relations with the competent authorities

11.3. Submission for registration

11.4. Insurance*

11.5. Import / export of drugs for clinical trials

11.6. Periodic reports

12. MISCELLANEOUS

12.1. Monitoring training programs

12.2. Trial with no direct individual benefit

12.3. Relations with sub-contractors

12.4. Corrective measures in case a document is lost

12.5. Publication

12.6. Abbreviations

12.7. Definitions

12.8. Archieving*
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The procedures for the most part can be written by referring to the following plan.

1. Introduction

‒ Title of procedure and name of company

‒ Objetive (summary in a few lines)

‒ Other procedures simultaneously involved

‒ Personnel involved

‒ Date and number of ongoing version with the wording: “replaces previous version of…”

‒ Date of application

‒ Name of person responsible who approved this version.

2. Responsibilities: “Who?”

‒
Status of persons(s) responsible for carrying out each task stipulated in the procedure (by job title and not by
name)

‒ Status of person responsible for seeing that a procedure was carried out.

3. Operations

‒ What?

Definition of the task

Where does the operation begin and end?

‒ Where?

In-house or on-site; parent company or subsidiary?

‒ When?

Start: “as soon as…” (receipt of a document…)

End: minimum, maximum duration

Chronological flow-chart of events

‒ How?

Systematic description of steps and methods to be used (equipment, personnel, documents)

Options, or variations planned (specify circumstances)

Unplanned: How and whom to refer to?

4. Verification of tasks performed

‒ One or more checklist (dated and signed)

‒ Model and circulation of report or written note

‒ Distribution list

‒ Measures to be taken when a check reveals non-compliance

5. History

‒
Dates of validity of different versions and a very succinct presentation of the reasons for the revision (one or
two lines per version)

CORE PROTOCOL

1. Objectives and hypotheses

‒ Primary

‒ Secondary
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2. Study Endpoints: Primary, Key secondary endpoints.

3. Evidence of a personally signed and dated informed consent document indicating that the patient has been
well informed about all aspects of the study.

4. Subject/patients:

4.1. Inclusion Criteria. Subject eligibility should be reviewed and documented by an appropriate qualified
scientific study team before inclusion in the trial.

4.2. Exclusion Criteria.

5. Trial Design and Duration

6. Pre-randomization visit.

6.1. Randomization visit. Following completion of the run-in period, subjects will be randomized for active
drug and in some cases for placebo. The goal for blood glucose, glycated
6.2. hemoglobin or other biological parameters has been established by any protocol submitted for
investigation. For example, group 1 (drugs), group 2 (drugs or placebo).

7. Trial Visits. General information. Informed Consent

8. Follow-up of subjects.

9. Drug supplies.

These items include formulation and packaging, preparation and dispensing, administration, doses
adjustments, drug storage, and accountability.

10. Study Procedures.

The specific procedures, including laboratory test to be performed at all study visits. Blood draw must be
taken in the morning before 12.00 p.m.; ECG, and others parameters, and, in some cases, X-Ray, or other
diagnostic imaging procedures. It must be taken in the same day in order to offer more facilities to patients.

11. Data Collection.

The case report forms to be used are designed to collect an appropriate amount of data necessary for the
study.

12. Administrative and Regulatory Details.

13. Analysis of the End-point.

14. Quality Control.

15. Committees.

The Coordinating Office and investigators will follow the principles of Good Clinical Practice. According
with law, the trial information will be recorded in all electronic or papers forms and keep it during 10-15
years after the end of the study.

. The Committee structure is very similar from one trial to another. The members of the committees will be
detailed at the end of the publication, and also an appendix for acknowledgments will be provided

On the other side, the members of the Data Monitoring Committee are not investigators of the trial. A
National Coordinator for each country is desirable. The Steering Committee is responsible for agreeing the
protocol, any change to the protocol and for the general running of the trial. The monitoring and statistical
Committee (Data Monitoring Committee) will be responsible for quality control of the data, monitoring
recruitment and other important aspects of the investigation.

16. Data analysis / Statistical Methods. Steering Committee, Scientific Committee.

17. Ethical aspects.

Ethical conduct of the study.
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Subject information and consent.

Subject recruitment.

18. Definition of the end of trial.

19. Periodical audit.

During the study frequent external audit to the data and investigators will be done.

5. Diabetes mellitus a medical challenge

Type 2 Diabetes Mellitus (DM) accounts for more than 90% of all diabetes. This disorder is a
worldwide epidemic affecting an estimate of 366 million adults aged 20-79 years, according to
data from 2011. The prevalence of this metabolic disorder in adult population is expected to
go from 8.3% to an estimate of 9.9% by 2030, resulting in an increase in the number of people
with diabetes worldwide up to 552 million.

Unfortunately, many people are unaware that they have diabetes. The figures reveal that over
six million Americans are undiagnosed. The proportion is very similar in other Western
countries. The disease is commonly discovered when the typical symptoms, previously
mentioned, are developed and high blood sugar levels are found, defined as a daytime level
greater than 200 milligrams per deciliter or a fasting level greater than 120 milligrams per
deciliter. In some cases oral glucose tolerance test is required for undiagnosed people.

The relationship between glycemia and the risk of microvascular disease has been well-
established. The results of the Diabetes Control and Complications Trial (DCCT), the United
Kingdom Prospective Diabetes Study (UKPDS) [7], and the Action in Diabetes and Vascular Disease:
Preterax and Diamicron Modified-Release Controlled Evaluation (ADVANCE) Trial [8], demon‐
strated that patients with DM treated to lower glycemic targets have reduced rates of micro‐
vascular complications (e.g., retinopathy and nephropathy). However, results of more recent
trials including ADVANCE, the Action to Control Cardiovascular Risk in Diabetes (ACCORD),
and Veterans Affairs Diabetes Trial (VADT) [9] aimed for an A1c <6.0, and ADVANCE aimed
for an A1c<6.5%. These and other data have more recently led to a movement away from
blanket prescriptive targets for A1C (e.g. <6.5% or <7%) and to the growing consensus among
diabetes experts that glycemic targets and glucose-lowering therapies should be individual‐
ized. Age, weight, and comorbidities such as established cardiovascular disease, and kidney
or liver disease are among the patient’s factors that should be considered by physicians, nurses,
family, and others. Diet, exercise, and education remain the main stay of treatment for diabetic
patients in order to avoid serious complications [10]. In addition, there are several classes of
oral antihyperglycemic agents (AHA) available for use as monotherapy or as combination
therapy, including the dipeptidylpeptidase (DPP-4) inhibitor class, which is administered
either once or twice daily [11, 12, 13].

In general, medication adherence in chronic diseases, such as diabetes may be low, ranging
from 36% to 93%. Side effects associated with oral antihyperglycemic agents therapies,
including hypoglycemia, (sulfonylureas, meglitinides, insulin), weight gain, (sulfonylureas,
meglitinides, insulin, hypersensitivity reactions, thiazolidinediones) and gastrointestinal

Clinical Trials on Diabetes Mellitus
http://dx.doi.org/10.5772/59130

131



intolerance, nausea, vomiting (metformin, alpha-glucosidase inhibitors) are common patient-
reported reasons for poor medication adherence. Many studies have demonstrated that
adherence to antihyperglycemic agents therapy is related to the number of pills prescribed:
several studies have reported that, when patients were prescribed multiple drugs to treat
diabetes, adherence significantly decreased, with reductions ranging from 15% to 54%. A
prospective study showed a mean adherence of 79% for a triple-daily regimen, 65% for a twice-
daily regimen, and 38% for a thrice-daily regimen. Some data from osteoporosis therapies
indicate that, compared to a once-daily regimen, a once-weekly treatment can increase
medication adherence and compliance. Therefore, a once-weekly oral AHA therapy might
improve treatment adherence in many patients with these metabolic disorders.

6. Epidemiology and social relevance of diabetes

It’s well established that diabetes mellitus is a serious health problem in the worldwide
population and the most frequent metabolic disease, but, it is hard to know the real incidence
in the general population. There are several causes to hold up the adequate epidemiological
knowledge: a) the number of studies is limited and difficult to compare among them; b) in
many patients diagnosis of DM is not established mostly in older people with very poor
symptoms because of the absence of the conventional common disorders: polyuria, polydipsia,
polyphagia, weight loss, and asthenia; c) unfortunately, in several cases the diagnosis of
diabetes is not reported in the death certificate.

The prevalence in the European countries varies between 2% and 19.5% per 100.000 inhabi‐
tants/year; but the incidence of diabetes increases with age and other factors such as more
expectancy life, obesity, increase of glucose intake, and a better and early detection of the
disease. Another important feature of the disease is it chronic and progressive character that
need treatment for life, acute and chronic complications, and high morbidity and mortality
rate. Unfortunately, the current trend towards the increasing incidence worldwide is a reality;
with this preface diabetes will be a leading cause of clinical problems for the foreseeable future.

We must not forget that DM includes a group of common metabolic disorders characterized
by the presence of hyperglycemia usually followed by glycosuria. There is a number of types
of diabetes related to a complex interaction between genetic factors, environmental influence,
and lifestyle of patients. The consequences of the metabolic dysregulation secondary to this
disorder lead to changes in different organ systems and affect the health and future of many
patients. For example, this disease is the leading cause of end-stage renal disease, lower
extremity amputations, adult blindness, and chronic heart failure. The therapeutic procedures
are aimed at controlling diabetes; in other words, glycemic < 100 mg/dl, negative glycosuria
and glycated hemoglobin < 6%.

All patients must be put on an appropriate diet personally designed to help them to reach and
maintain normal body weight and to restrict their intake of carbohydrates and fats. They must
be encouraged to exercise daily (at least 30 minutes walking), which improves the movement
of glucose into muscle cells and blunts the rise in blood glucose that follows carbohydrate
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ingestion. In all cases, the objective of diabetes treatment is to keep the level of blood sugar
within normal values (90-100 mg/dl) as well as to reduce metabolic complications, such as
diabetic ketoacidosis, hypoglycemia, hyperosmolar coma, or lactic acidosis, and late compli‐
cations such as circulatory abnormalities, nephropathy, neuropathy, foot ulcers, frequent
infections, and retinopathy (retinal changes leading to blindness).

Recent researches into the area of treatment include pancreas transplantation and implantable
mechanical insulin infusion system, new medication, as oral hypoglycemic agents, different
modalities of insulin, and recent monoclonal antibodies given by intradermal injection way.

From another point of view, it’s well known that some clinical trials have demonstrated how
angiotensin – converting enzyme (ACE) inhibitors decrease mortality for stroke, myocardial
infarction, and other heart problems in patients with cardiovascular disease or high risk
diabetes. Nevertheless, up to 20% of patients –mostly women-are unable to tolerate captopril,
enalapril, ramipril or others ACE drugs mainly due to persistent and improductive cough, or
even other side effects such as hypotension, renal dysfunction or angioneurotic edema,
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for now and the future, some international guidelines recommend early treatment with agents
that have complementary mechanism of action. These combinations have benefits related to
compliance, efficacy and safety for the patients.

The difficulty in getting good metabolic and clinical control of BP in many patients, may result
in the development of acute clinical disorders or chronic complications. Physicians must keep
in mind when the patient develops acute confusional states or coma; these events could be due
to DM per se, or other pathologies developed in those patients, such as hepatic failure, renal
disease, stroke, respiratory distress, poisoning or drug overdose; the distinction between coma
secondary to inadequate level of insulin, and non diabetic disease is crucial for the prognosis
of the patients.

7. Acute metabolic complications

Patients with diabetes are susceptible to four acute metabolic complications: hypoglycemia,
ketoacidosis, hyperosmolar and lactic acidosis. All of them can result in coma. The two first
are complications of IDDM, while the other two are usually developed in the setting of
NIDDM. These clinical situations must be considered completely different from severe
disorders that occur not related to DM per se such as stroke, acute heart failure, hepatic
dysfunction, in others words: coma in diabetic patients is completely different for diabetic coma.

Unfortunately, a lot of patients developed coma situations despite the treatments available,
generally caused by incorrect dose, or medication missed dose. This is the relevant point to
consider other possibilities, and the way is clinical trial.

Diabetic ketoacidosis. It is often caused by cessation of insulin administration but it may result
from physical (infection, surgery, traumatism) or emotional stress despite continued insulin
therapy. Several complications can be present in diabetic ketoacidosis: erosive gastritis or acute
gastric dilatation manifested by pain, vomiting of blood, or weight lost, cerebral edema with
or without neurological signs or coma, increased potassium serum (cardiac arrest); myocardial
infarction, respiratory distress syndrome, or thrombosis events.

Hyperosmolar coma. This modality of acute diabetes complication is usually due to NIDDM. It
is characterized by a profound dehydration resulting from a sustained hyperglycemic diuresis
by situations in which the patient is unable to drink enough water to keep up normal urinary
excretion of detritus. This situation commonly occurs in elderly patients often living alone or
in a nursing home. They develop stroke or bacterial infection that worsens adequate water
intake. Hyperosmolar coma can also be caused by peritoneal dialysis or hemodialysis, the use
of osmotic agents such as manitol and urea. Clinically, patients show extreme hyperglycemia,
hyperosmolality and central nervous system disorders (seizure activity, transient stroke,
hemiplegia or clouded sensorium and coma). Pneumonia, gram-negative sepsis or others
infections are also very common. Bleeding probably caused by disseminated intravascular
coagulation, acute pancreatitis and widespread thrombosis is usually found at necropsy.
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Lactic acidosis. It is a serious clinical finding that can occur because of an increase in endogenous
lactic acid, the final step of the carbohydrate metabolism. That causes profound effects on the
respiratory, cardiac and nervous systems. The blood pH drop suddenly and is accompanied
by an increase in respiratory ventilation (Adolph Kussmaul, 1822-1902), depression of cardiac
contractility, pulmonary edema and altered central nervous system function manifested with
headache, lethargy, stupor, or in such patients even coma. The prognosis is very bad and most
of the patients die soon.

8. Late complications

Diabetic patients are susceptible to developing several complications responsible for morbidity
and early mortality; some of them do not present problems, whereas in others, complications
appear early, usually after the appearance of the hyperglycemic symptoms developed between
15 and 20 years after the onset of the disease [table 4]. The clinical findings showed the
following circulatory abnormalities: atherosclerosis, coronary artery disease, stroke, heart
failure, peripheral vascular disease and left ventricular failure.

Microvascular Complications

Ocular disease

Retinopathy

Proliferative

Nonproliferative

Neuropathy

Mono-and polyneuropathy

Nephropathy

Macrovascular complications

Coronary artery disease

Peripheral vascular disease

Stroke

Others

Infections

Dermatology problems

Genitourinary (sexual dysfunction)

Cataracts

Psychological disorders

Glaucoma

Table 4. Late complications developed in diabetic patients
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8.1. Diabetic retinopathy

Is a relevant cause of blindness; however a high number of diabetic patients never lose the
vision. When the occlusion of retinal capillaries occurs, it results in a subsequent formation of
saccular and fusiform aneurysm and arteriovenous shunt. Hemorrhages into the inner retinal
surface are dot-shaped; conversely, bleeding into the superficial larger nerve fiber produces
flame-shaped, blot-shaped or linear lesions. Cotton-wool spots can be observed by angiogra‐
phy, and sudden increase of the number of these lesions has an ominous prognostic sign and
is the beginning of rapid progress of retinopathy. Hard exudates are common findings and are
probably related to leakage of protein and lipids from damaged capillaries. The lesions must
be summarized into two categories: simple (microaneurysms, dilated veins, hard exudates,
arteriovenous shunts, hemorrhage, cotton-wool spots, increased capillary permeability and
capillary closure, and dilation) and proliferative: new vessels, vitreous hemorrhage, retinitis
proliferans (scar) and retinal detachment.

8.2. Renal disease

Despite the worldwide importance of diabetic nephropathy as a cause of mortality and
morbidity, many questions still remain about treatment aimed at delaying its harmful effects
[22, 23]. So far, there is little scientific evidence to support strict glycemic control at this stage,
although common sense dictates that wild swings of control should be avoided. Protein
restriction may have a role but the studies to support this have not been forthcoming.

9. Circulatory changes

We recognize hypertension and DM as common disorders, but there is much evidence to
suggest that the two occur together more frequently than by chance. Development of hyper‐
tension greatly worsens the prognosis of diabetic patients. Raised BP accelerates the progress
of diabetic nephropathy, and possibly retinopathy, while the harmful cardiovascular effects
of the two disorders are at least additional. There are a number of reasons why hypertension
and diabetes may be associated, and these are discussed in this contribution.

Life expectancy is reduced in diabetic patients, both insulin-dependent (IDDM) and non-
insulin dependent (NIDDM), and the leading causes of death are cardiovascular complica‐
tions. The excess mortality cannot be explained by the diabetic state per se. Based on the
Whitehall study of more than 17.000 civil servants followed for 15 years, Jarrett and Shipley
suggested that diabetes and cardiovascular disease may not be causally linked at all but might
rather share a common, possibly genetic antecedent. Among the known risk factors for
cardiovascular disease in diabetes, hypertension has attracted much interest. The prevalence
of hypertension is increased in diabetic patients, IDDM and NIDDM, and hypertension is
known to be a powerful risk factor for cardiovascular disease in diabetes, insulin treated or
not.

It’s well known that hypertension has also a consistent relation to coronary heart disease and
other risk factors which are not only found by the presence of proteinuria. Furthermore, the
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clinical significance of hypertension as an important risk factor was recently strongly sup‐
ported by two independent studies on IDDM patients, demonstrating an improved survival
rate in the decade following the introduction of efficient antihypertensive drugs.

Hypertension is a community problem everywhere with hazardous solution. It is the major
risk factor for development and progression of the disease in non-diabetic and diabetic chronic
kidney disease. About one billion people worldwide have high BP (defined as > 140/90 mmHg),
but the number is higher considering the present criteria of >130/80 mmHg, and it is expected
to increase up to 1.56 billion patients by 2025. The predicted prevalence of hypertension will
increase by 24 per cent in developed countries.

Hypertension control rate, defined as BP level < 130/80 mmHg, is substantially lower in
patients with CKD, particularly in those with diabetes and chronic renal failure. This is
illustrated by the National Kidney Foundation’s (USA) Kidney Early Evaluation Program
(KEEP), a US-based health screening program for individuals at a high risk for kidney disease.

Hypertension is the most prevalent cardiovascular disease in the world and a major public
health issue. Cardiovascular disease is the leading cause of mortality worldwide and is
expected to increase with the general ageing of the world’s population. The goal of anti-
hypertensive therapy is to reduce the incidence of blood pressure-related morbid events and
cardiovascular mortality.

It is well established that heart is an important target organ in hypertension. Continuous high
BP level is associated with myocardial problems, such as left ventricular hypertrophy and
increases the burden of coronary artery disease (CAD). These forms of damage may result in
congestive heart failure, CAD manifestations, arrhythmias and sudden cardiac death. The
event rates of cardiovascular disease in Japan, for example, differ from those in Europe and
the United States. Mortality from CAD in the Japanese country is one-third that of the United
States, and mortality from cerebrovascular disease is 1.5 times higher in Japan than that
reported in the United States. Hypertension is the most common cause of disease and is even
more prevalent in the Japanese population than in the Western countries. The percentage of
cerebral bleeding is two or three times greater than in Caucasian people from Europe and the
United States, and cerebral infarction is mostly caused by lacunar type ischemic stroke owing
to hypertensive small vessel disease. The incidence of athero-thrombotic infarction or cardio-
embolic infarction is currently increasing in Japan, and the dominant pathogenetic factor for
stroke is changing from small arterial disease to large arterial disease in Japanese hypertensive
patients. These differences may be partly explained by differences in the lifestyle of Japanese
and Western populations, which are reflected in body mass index (mean BMI: 23.25 and 28-30
kg/m2, respectively). However, most of mortality-morbidity trials have been carried out in the
Western countries, in which none or only a minority of East Asian patients were included.
Owing to the scarcity of large-scale trials in East Asian people, it remains to be determined
whether the results from similar clinical trials in Western societies are internationally appli‐
cable to East Asian races or the Japanese population, or whether genetic background can cause
different pharmacokinetic and pharmacodynamic responses to the same drug.
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There is a clear and substantial evidence in juvenile onset IDDM that strict BP control by
reducing and maintaining levels under 130/80 mmHg or a mean arterial pressure of 105 mmHg
remains the only effective treatment for the physician to try to slow the development of end
stage renal failure and the need for renal support. In practical terms, the use of a combination
of drugs including diuretics will be often required. The newer classes of drugs such as ACE
inhibitor or calcium channel blockers have a clear advantage in their side-effect profile over
betablockers in diabetics, because they are safer and better tolerated. The primary goal remains
effective in BP control and often beta-blockers may need to be added to the regime to achieve
this.

In patients with IDDM aged older than sixty and in diabetics with nephropathy who are non-
insulin dependent, there is no definitive scientific evidence that prognosis is improved and
that the progression to end stage disease is slowed after antihypertensive treatment. It is
reasonable for the physician to assume that aggressive treatment of BP in this group is justified
from data of several studies in younger patients. A crucial question remains about the degree
of BP reduction required and in particular whether it is necessary or indeed harmful to
aggressively reduce systolic BP in this group. Accurate long-term clinical trials with measure‐
ment of cardiovascular end points as well as the slowing of GFR decline and reduction of
proteinuria need to be carried out. Indeed, it is important to reach normal BP levels especially
on the stage of incipient nephropathy in order to obtain better therapeutic results in patients.

Large scale, long-term multicenter studies in both IDDM and NIDDM patients with protei‐
nuria will be required to give a clear answer to the question of whether there is a selective
benefit of the ACE inhibitor group over a suitable hypotensive agent such as a calcium channel
blockers. So far, there is some evidence that ACE inhibitors used in the evolution of nephrop‐
athy or when employed later in combination with diuretics are effective in reducing protein
excretion which may be separate from their BP lowering capacities. These data, make them a
reasonable choice in the antihypertensive regime of diabetics with nephropathy. This property
to reduce proteinuria without reducing BP has not been shown with any other antihyperten‐
sive agents and until and unless such evidence is forthcoming, the careful use of ACE inhibitors
in combination with diuretics can be recommended in diabetic nephropathy. As many of these
patients will have occult or manifest cardiovascular dysfunction, this approach may be
beneficial also in improving cardiac performance. Future studies, especially in non insulin-
dependent patients should evaluate the potential benefit of reducing morbidity and mortality
from cardiovascular disease with the newer antihypertensive drugs, such as ARA II.

Coexisting hypertension and diabetes act as additive risk factors to accelerate vascular
complications. The incidence of coronary and cerebral vascular diseases is much higher in
hypertensive than in normotensive diabetic patients. Mortality rates in diabetic patients with
systolic BP exceeding 160 mmHg is four times higher than that of other diabetic individuals.
Whereas antihypertensive therapy has been clearly shown to retard deterioration of renal
function and urinary albumin excretion, evidence that pharmacological control of BP reduces
overall mortality in the diabetic population without overt nephropathy is strikingly lacking.
Thus, current recommendations for drug intervention in diabetics with hypertension rely on
data derived from the general hypertensive population. Specific adjustments in drug selection
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and dosage need to be made for drug effects which might be of particular significance in the
diabetic patient. Nevertheless, a recent alarming retrospective study from the Joslin Clinic
demonstrated that antihypertensive treatment is associated with a marked increase in
cardiovascular mortality in diabetic hypertensive patients. The most obvious implication of
this finding is the need for large scale prospective studies in diabetic hypertensive individuals
to assess the risks and benefits in treating hypertension in this population. Some of the newest
strategies for BP control must be examined and compared with these retrospective findings.
Until further information becomes available, much attention should be given to careful drug
selection, therapy monitoring, and judicious and continuous assessment of coexisting risk
factors in the course of treatment of high BP in diabetes.

10. Etiology of chronic diabetes complications

The cause of diabetic complications is still unknown and probably multifactorial. Chronic
complications of DM affect many organ systems and are responsible for the majority of
morbidity and mortality. Special attention must be given to the metabolic conversion of glucose
to sorbitol. This one is implicated in the pathogenesis of neuropathy, retinopathy, aortic
disease, nephropathy and lens damage (cataracts). Another mechanism of possible pathoge‐
netic relevance is glycation of proteins. The effect of glycation on hemoglobin is well known;
in addition, other proteins are altered by the same mechanism such as plasma albumin, fibrin,
collagen, lipoproteins, and low protein. Retinopathy, nephropathy and neuropathy are
considered common disorders of microvascular complications; and stroke, gangrene, and
myocardial infarction for macrovascular complications [table 4].

11. Can diabetic complications be prevented?

This is an important and fascinating question strongly related with the patient prognosis.
Hyperglycemia or other aspects of the abnormal metabolism of diabetes are responsible for
the development of complications; additional factors, which maybe genetic, have also a
pathogenic influence. The clinical practice shows the mistery; how diabetic patients suffering
for decades from poor control are free of late complications; however typical complications
can be found at the time of diabetes diagnosis, even in the absence of fasting hyperglycemia.
Intensive therapy for all diabetic patients with strict dietary control is essential. The role of the
family doctor, specialist and other professionals –nurses, nutritionists, auxiliary persons, etc-,
are very important for these particular patients.

12. Miscellaneous findings on diabetes

Because diabetes affects almost every body systems, the patients can develop several symp‐
toms and complications. The chapter of Infections is large. In some cases this finding may not
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occur more frequently than in non diabetic population, but it seem to be more severe probably
because in diabetic patients leukocyte function is impaired and subsequently accompanied by
poor control. Also this population is particularly prone to four unusual infections with strong
relationship with diabetes –focus on skin, urinary tract, lungs, and bloodstream. Malignant
external otitis, usually due to Pseudomonas aeruginosa tends to appear in older population and
is characterized by severe pain in the ear, fever, and leukocytosis. The facial nerve becomes
paralyzed in 50% of the cases, but other crucial nerves can be involved. Emphysematous
cholecystitis tends to affect diabetic men and diagnosis is established when gas is seen in the
gallbladder wall or during non invasive imaging examination.

Hypertriglyceridemia is common in diabetics and is related to overproduction of VLDL (Very
Low Density Lipoprotein) in the liver and to a defect of metabolization on the peripheral tissues.
The latter is due to a deficiency of lipoprotein lipase, an insulin-dependent-enzyme. It is
important to know that some patients have high level of lipids profile even when diabetic
disease is controlled; probably these cases have a primary familial hyperlipoproteinemia, a
circumstance independent of DM. Of course, these patients must be treated for lipids disorder
–hypertriglyceridemia and lipids hypercholesterolemia with HMG-CoA reductase inhibitors
such as lovastatin, pravastatin, simvastatin, fluvastatin, atorvastatin, rosuvastatin, as mode of
action that reduces cholesterol synthesis and increases LDL receptors; ezetimibe reduces the
absorption of lipids from diet at the intestinal level; and fibric acid derivatives –↓  LPD and
tryglyceride, hydrolysis, VLDL synthesis, ↑  LDL catabolism. Patients can also suffer from a
variety of skin lesions: necrobiosis lipoidica diabeticorum, candida albicans, vaginal monilia‐
sis, in women, hypertrophy of fat, bullosis diabeticorum, diabetic dermopathy, atrophy of
adipose tissue, Dupuytren’s contractures, and schleroderma. Additional illnesses such as the
prevalence of eating disorders can be seen particularly in young women.

13. Physical examinations of diabetic patients

Either complete physical examination or brief physical examination will be performed at the
time points specified in the Time and Events Table.

The complete physical examination will include evaluation of the following organ or body
systems:

• Skin (including injection site)

• Head, eyes, ears, nose, and throat

• Thyroid

• Respiratory system

• CV system, BP

• Abdomen (liver, spleen)

• Lymph nodes (neck, axilas, inguinal)
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• Central nervous system

• Extremities

The brief physical examination will include evaluation of the following organ or body systems:

• Skin (including injection site)

• Respiratory system

• CV system

• Abdomen (liver, spleen)

• Central nervous system

14. Conclusions

The term of diabetes mellitus includes a group of some metabolic disorders characterized by
hyperglycemia with secondary damage to multiple organ systems such as end–stage renal
disease, lower extremities amputations, and adult blindness. The way to ameliorate this crucial
situation is to obtain better drugs for an early treatment of the patients. The clinical trials, is
so far, the best procedure to offer more efficient treatments to the increasing diabetic popula‐
tion, thanks to the procedures of clinical trials [24, 25].
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1. Introduction

Type 2 diabetes mellitus (T2DM) is the most common type of diabetes, which is defined as a
chronic metabolic disorder characterized by hyperglycemia. In this disease, the body is able
to produce insulin; however, its secretion is irregular and/or the body's cells fail to use and
respond appropriately to this hormone (insulin resistance), leading to an accumulation of
blood glucose [1, 2].

Although the reasons for the development of T2DM are still unknown, it is a multifactorial
disease that involves a genetic predisposition as well as other factors, including a poor diet,
sedentary lifestyle, age (45 or older), previous gestational diabetes, and overweight or obese
physical conditions, which represent the most common risk factors for the development of
insulin resistance [3, 4].

Epidemiologically, the number of individuals with T2DM (representing 85-95% of all cases of
diabetes mellitus) in recent decades has increased rapidly worldwide. This disease usually
affects adults, especially males, but an increase in the number of cases in children and
adolescents has also been observed [5, 6]

The high incidence of T2DM is associated with economic development, aging populations,
increasing urbanization, dietary changes, reduced physical activity and changes in lifestyle
and other cultural patterns. It is estimated that more than 382 million people suffer from this
disease worldwide (8.3% prevalence). In 2013, 5.1 million deaths were reportedly caused by
diabetes. If these trends continue, it is estimated that by the year 2035, approximately 592
million people (1 in 10 adults) will be carriers of the disease [7-9].

© 2015 The Author(s). Licensee InTech. 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 eproduction in any medium, provided the original work is properly cited.



Therefore, the increasing number of new cases of diabetes per year combined with high
prevalence and mortality rates impose high costs socially and economically to the populations
of all countries. In 2013, approximately 548 billion dollars were spent worldwide on diabetic
patients. Thus, understanding this disease and all the variables involved, including preven‐
tion, diagnosis and treatment must be a priority [8].

The diagnosis of T2DM is based on summarized plasma glucose quantification criteria (either
fasting or after a glucose tolerance test). Furthermore, the assessment of the amount of glycated
hemoglobin (HbA1c) is included as a diagnostic option for diabetes. However, many individuals
with T2DM are asymptomatic in the early stages of this disorder and only discover the disease
after the onset of more severe symptoms and other complications. The first symptoms of T2DM
may include polyuria, polydipsia, constant hunger, appearance of wounds with delayed
healing, visual changes and frequent infections [10, 11].

When undiagnosed or poorly controlled, this disease is a risk factor for the onset of various
complications at both the microvascular (nephropathy, retinopathy and neuropathy) and
macrovascular (cardiovascular disease) level. Diabetes is one of the major factors that leads to
blindness, kidney failure, lower limb amputation and development of cardiovascular disease,
the latter being the primary cause of death worldwide [3, 11].

Therefore, simple lifestyle changes, including increased physical activity, diet modification
and weight loss are recommended for the management of pre-diabetes and early diabetes.
These changes have been shown to be effective in preventing or delaying the progression of
T2DM or damage to target organs [4, 12].

The treatment of diabetes mainly targets glycemic control, thus aiming to relieve symptoms,
improve the quality of life of patients, prevent further complications and reduce mortality.
However, the use of other therapeutic treatments is needed as a strategy for reducing multi‐
factorial risks [3, 13].

The basic strategies for the treatment and control of diabetes mostly consist of a specific
balanced diet, physical activity and proper use of medications (oral and/or insulin agents).
Patient education coupled with self-care and support from family and physicians are essential
procedures for the prevention of acute complications and reduction of long-term complica‐
tions. Additionally, frequent tests (including blood pressure measurement and lipid profile),
foot care (avoiding the appearance of lesions), stress control and reduction in the consumption
of alcoholic beverages and tobacco are important actions related to disease control [1, 14, 15].

Compared with type 1 diabetes mellitus patients, the majority of type 2 patients typically do
not require daily insulin doses. The disease can be treated with oral medications and changes
in lifestyle until resistance becomes difficult to control, after which an insulin regimen is
usually required [8].

Thus, drug treatment of T2DM is based on the knowledge of patient characteristics together
with the severity of the hyperglycemia and availability of therapeutic options. Many oral drugs
are used to control diabetes, such as metformin (biguanide), sulfonylureas and thiazolidine‐
diones, which have been used for decades with satisfactory results. These antidiabetic drugs
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compose the most studied cast of oral pharmacologicals worldwide and play an important
role in glycemic control; in addition, they are often recommended as the first option for the
treatment of the disease by the American Diabetes Association (ADA) and European Associ‐
ation for the Study of Diabetes (EASD) [10, 15, 16]. Technological advances and new avenues
of drug research have enabled the development of new drug therapies for the treatment of
T2DM, and approximately 180 new drugs are currently under study [17, 18].

Typically, various drug classes can be used to control type 2 diabetes, including human insulin
analogs, drugs that reduce insulin resistance (biguanides and thiazolidinediones or glita‐
zones), secretagogues and their analogues (sulfonylureas, meglitinides, inhibitors of dipep‐
tidyl peptidase IV (DPP-4) or agonists and analogues of glucagon-like peptide-1 (GLP-1)), and
drugs that reduce the rate of carbohydrate degradation (alpha-glucosidase inhibitors).
Dapagliflozin is one of the newer medications for glycemic control and was recently approved
by the FDA (January 2014). Its mechanism of action inhibits the sodium-glucose cotransporter
2 (SGLT2), a protein responsible for glucose reabsorption in the kidney, which leads to the
elimination of excess glucose in the urine [17, 18].

Multiple therapies, or a combination of oral hypoglycemic drugs and/or other drugs, are also
an option for the control of diabetes mellitus [11, 19]. However, the therapeutic use of drugs
is limited by factors such as their efficacy, adverse events, costs, side-effects, dose management
problems, inflexible dosages, weight gain, etc.; therefore, such effects should be critically
evaluated for each patient [19].

For example,  weight  loss is  a  priority in obese diabetics.  If  glycemic control  is  not  ach‐
ieved after  4-6  weeks of  treatment  with drugs that  increase  sensitivity  to  insulin  action
(such as biguanides and thiazolidinediones) medications may be given to control obesity,
which include drugs that affect the appetite and induce satiety, such as orlistat. If necessa‐
ry, drugs may also be used that retard the degradation of sugars in the diet (such as acarbose
or miglitol) or drugs such as sulfonylureas or meglitinides that increase insulin secretion
in the pancreas [20-23].

In terms of therapeutic classes, the action of biguanides, whose main representative is
metformin, is related to decreased peripheral insulin sensitivity, reduced hepatic glucose
output, and modified lipid metabolism. All of these effects contribute to the control of T2DM.
The advantages of these drugs include the absence of hypoglycemia and its anorectic effect,
which also aids in patient weight loss. The adverse effects of this class are few but include
diarrhea, nausea, metallic taste and intestinal colic, which gradually decreases with continued
use [16, 19, 23].

The  class  of  sulfonylureas  that  act  by  directly  stimulating  insulin  secretion  (secretago‐
gues) includes chlorpropamide, glibenclamide, gliclazide and glimepiride. These drugs have
several  adverse  effects,  including  nausea  and  vomiting  (gastrointestinal),  hypoglycemia
(glucose), leukopenia, agranulocytosis, thrombocytopenia and hemolytic anemia (hemato‐
logical)  and weight  gain.  Accordingly,  the  use  of  newer  insulin  secretagogues  (glinides
class, including mitiglinide, repaglinide and nateglinide) is suggested as an alternative for
patients  treated  with  sulfonylureas  who  have  irregular  meal  times  or  late  postprandial
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hypoglycemia. Because of their rapid absorption, the action of these drugs is initiated 30
minutes after administration [16, 22].

The thiazolidinedione drugs (pioglitazone and rosiglitazone) are oral hypoglycemic agents
capable of increasing the sensitivity of liver, muscle and fat cells to insulin, which results in
reduced peripheral resistance. This class is contraindicated in patients with hepatic dysfunc‐
tion and heart conditions and adverse effects include upper respiratory tract infections,
headaches, weight gain, anemia and edema [12, 16, 23].

With respect to alpha-glucosidase, competitive inhibitors such as acarbose, miglitol and
voglibose act as antagonists of amylase and sucrose, thereby decreasing the intestinal absorp‐
tion of glucose. These drugs are contraindicated in pregnant or lactating patients and in
diabetic patients with renal or hepatic dysfunction [6, 18].

Another recent class of oral hypoglycemic drug is the DPP-4 inhibitors (sitagliptin, vildagliptin
and saxagliptin), which act by increasing the levels of hormones that help to control glucose
concentrations. These drugs have few adverse events, and incidences of hypoglycemia and
weight gain are low [16, 23].

In addition to these oral medications, subcutaneous administration of exenatide (GLP-1
agonist) can stimulate insulin secretion (secretagogue). In addition to facilitating glycemic
control, this medicine also helps in patient weight loss. Possible adverse events include nausea,
vomiting and diarrhea [16, 23, 24]

For injectable drugs, the application of human insulin analogs (lispro, aspart and glargine) for
the treatment of T2DM may be indicated for patients who no longer respond to diet combined
with exercise and oral hypoglycemic agents or in more severe hyperglycemia cases. In addition
to the different types of administration (including the innovation of inhalable insulin), this
hormone may be used in combination with oral hypoglycemics [12, 25].

In short, with the emergence of new treatments for diabetes, various individualized treatment
options are possible that consider ease of access, cost, mode of administration and patient
characteristics.

Thus, the aim of this chapter is to evaluate the available treatments for T2DM as well as their
mechanisms of action and adverse effects and describe the new drugs and therapeutic trends
that are available. Such diabetes treatment updates for healthcare professionals and caregivers
is essential for proper disease management and health promotion.

2. Biguanides

Metformin and phenformin are oral antidiabetic drugs of the biguanide class. Metformin is
the drug of choice for the treatment of adults with type 2 diabetes because of its lower frequency
of side effects. This drug is currently used by nearly one-third of the diabetic patients in Italy
and is the most prescribed in the U.S. (> 40 million prescriptions in 2008). Phenformin is no
longer marketed in many countries, although it is still available in Italy [26-28].

Treatment of Type 2 Diabetes150



hypoglycemia. Because of their rapid absorption, the action of these drugs is initiated 30
minutes after administration [16, 22].

The thiazolidinedione drugs (pioglitazone and rosiglitazone) are oral hypoglycemic agents
capable of increasing the sensitivity of liver, muscle and fat cells to insulin, which results in
reduced peripheral resistance. This class is contraindicated in patients with hepatic dysfunc‐
tion and heart conditions and adverse effects include upper respiratory tract infections,
headaches, weight gain, anemia and edema [12, 16, 23].

With respect to alpha-glucosidase, competitive inhibitors such as acarbose, miglitol and
voglibose act as antagonists of amylase and sucrose, thereby decreasing the intestinal absorp‐
tion of glucose. These drugs are contraindicated in pregnant or lactating patients and in
diabetic patients with renal or hepatic dysfunction [6, 18].

Another recent class of oral hypoglycemic drug is the DPP-4 inhibitors (sitagliptin, vildagliptin
and saxagliptin), which act by increasing the levels of hormones that help to control glucose
concentrations. These drugs have few adverse events, and incidences of hypoglycemia and
weight gain are low [16, 23].

In addition to these oral medications, subcutaneous administration of exenatide (GLP-1
agonist) can stimulate insulin secretion (secretagogue). In addition to facilitating glycemic
control, this medicine also helps in patient weight loss. Possible adverse events include nausea,
vomiting and diarrhea [16, 23, 24]

For injectable drugs, the application of human insulin analogs (lispro, aspart and glargine) for
the treatment of T2DM may be indicated for patients who no longer respond to diet combined
with exercise and oral hypoglycemic agents or in more severe hyperglycemia cases. In addition
to the different types of administration (including the innovation of inhalable insulin), this
hormone may be used in combination with oral hypoglycemics [12, 25].

In short, with the emergence of new treatments for diabetes, various individualized treatment
options are possible that consider ease of access, cost, mode of administration and patient
characteristics.

Thus, the aim of this chapter is to evaluate the available treatments for T2DM as well as their
mechanisms of action and adverse effects and describe the new drugs and therapeutic trends
that are available. Such diabetes treatment updates for healthcare professionals and caregivers
is essential for proper disease management and health promotion.

2. Biguanides

Metformin and phenformin are oral antidiabetic drugs of the biguanide class. Metformin is
the drug of choice for the treatment of adults with type 2 diabetes because of its lower frequency
of side effects. This drug is currently used by nearly one-third of the diabetic patients in Italy
and is the most prescribed in the U.S. (> 40 million prescriptions in 2008). Phenformin is no
longer marketed in many countries, although it is still available in Italy [26-28].

Treatment of Type 2 Diabetes150

Both metformin and phenformin increase weight loss in obese non-diabetic patients without
substantially reducing blood glucose levels. This weight loss is attributed to the drugs’
anorectic effect and a slight reduction in the gastrointestinal absorption of carbohydrates [29].
Phenformin was withdrawn from clinical practice in the 1970s because of a greater tendency
to develop severe and fatal adverse events, such as lactic acidosis.

2.1. Metformin

Metformin is sold in 500 and 850 mg tablets, and the maximum dosage is 2.5 g/day, although
there are reports in the literature of dosages up to 3 g, which are always administered after
meals to minimize gastrointestinal side effects [30]. It has been reported that this drug increases
the number and improves the affinity of insulin receptors both in adipocytes and muscle. In
muscle, glucose uptake increases from 15 to 40% and gluconeogenesis is stimulated. In
adipocytes, metformin inhibits lipolysis and the availability of free fatty acids (FFA). Further‐
more, metformin improves insulin action in the liver by reducing hepatic glucose production
from 10 to 30%, and at the cellular level, it increases the tyrosine kinase activity of the insulin
receptor in the muscles, which stimulates GLUT4 translocation and the activity of glycogen
synthetase [31].

The use of metformin also improves the lipid profile by decreasing triglyceride levels by
20-25%,  LDL-cholesterol  by  up  to  10% and plasminogen activation  inhibitor  (PAI-1)  by
20-30% and increasing HDL-cholesterol by 17%. Insulin secretion to stimuli  may remain
unchanged or decrease, and its anorectic effect helps in weight loss. In addition to being
associated with weight reduction, its effectiveness in glycemic control is similar to that of
sulfonylurea  [32].  Another  advantage  is  the  absence  of  hypoglycemia  because  insulin
secretion is not stimulated [33].

The isolated use of metformin in type 2 diabetes lowers blood glucose levels by approximately
25%, or 60 to 70 mg/dl, and glycosylated hemoglobin by 1.5 to 2% [31]. Intensive glucose control
using metformin significantly decreases the risk of cardiovascular disease and diabetes
mellitus-related mortality and is associated with less weight gain and a lack of treatment-
induced hypoglycemia associated with insulin or sulfonylureas [34].

Metformin is absorbed in the intestine, excreted by the kidneys and minimally metabolized
by the liver. Metformin has a low affinity for mitochondrial membranes and does not interfere
with oxidative phosphorylation, and it is indicated as a monotherapy in obese or even glucose
intolerant diabetics. Approximately 5 to 10% of patients each year fail to have an appropriate
response to this drug. In these cases, metformin can be used in combination with sulfonylurea,
acarbose, thiazolidinediones, repaglinide and/or insulin to achieve satisfactory control [35-40].

The most common side effects of metformin are diarrhea (15%), metallic taste and nausea,
which often decrease with continued use of the medication. The occurrence of lactic acidosis
is rare (0.03 to 0.4/1000/year) and occurs most often in people who have a contraindication to
metformin, such as chronic liver disease (elevated transaminases 2-3 times the normal values)
and heart, respiratory, or renal conditions (clearance < 70 ml/min or serum creatinine ≥ 1.5 mg/
dL). The use of metformin is not advisable in people over 80, pregnant women, infants or
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alcoholics. In patients with proteinuria who are subjected to radiological examination con‐
taining iodine, it is prudent to provide adequate hydration and discontinue the medication a
few days prior to such examinations [33]. This drug shows a synergistic effect with cimetidine
and may decrease the absorption of vitamin B12 [30].

3. Thiazolidinediones

The thiazolidinediones (TZDs) are popularly known as glitazones, and representatives include
the drug troglitazone (withdrawn from the market because of liver toxicity), rosiglitazone and
pioglitazone (second generation TZDs).

TZDs are widely used in the treatment of type 2 diabetes and increase and sensitize insulin
action in the liver, muscles and adipocytes, thereby decreasing peripheral resistance. They
activate intracellular nuclear receptors (PPAR-gamma-peroxisome proliferator-activated
receptor) that regulate the expression of genes encoding glucose and lipid metabolism and are
responsible for glucose uptake mediated by insulin in the peripheral tissues and differentiation
of preadipocytes into adipocytes. Additionally, these drugs inhibit peripheral lipolysis in
adipocytes and assist in reducing the levels of free fatty acids and visceral adipose tissue,
resulting in improved glycemic and metabolic parameters. These drugs show good results in
terms of long-term glycemic control compared with other consecrated therapeutic options,
such as sulfonylureas and metformin [41-43].

TZDs decrease glucose levels by approximately 20% but do not increase insulin secretion. They
inhibit the oxidation of long-chain fatty acids in the liver, decreasing gluconeogenesis and the
availability of free fatty acids. Although these drugs reduce triglycerides by 15 to 20% and
increase HDL-cholesterol by 5 to 10%, the total cholesterol and LDL-cholesterol levels may not
change or may increase from 10 to 15% [33]. When compared to metformin, troglitazone has
a greater potentiating effect of peripheral insulin action and little effect on the reduction of
hepatic glucose production. The association of thiazolidinedione with metformin is interesting
because it produces additive effects [39].

TZDs also increase the expression of glucose transporters (GLUT4) and lipoprotein lipase and
reduce the expression of leptin and tumor necrosis factor (TNF-alpha). These results make it
one of the most widely prescribed classes for the treatment of T2DM [33, 44].

Side effects occur in less than 5% of patients, and they consist of upper respiratory tract
infections, headaches, elevated transaminase levels, edema, weight gain and anemia. Hypo‐
glycemia can occur when its use is concomitant with secretagogues or insulin. The drugs are
contraindicated for use in children and pregnant women and in individuals with liver disease
and elevated transaminase levels (2-3 times the reference values) [33].

3.1. Troglitazone

In mice subjected to arterial injury, troglitazone inhibited the growth of vascular smooth
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atherosclerosis. Diabetic patients treated with troglitazone show decreases in platelet adhe‐
sion, activation of plasminogen activator inhibitor (PAI-1) and blood pressure levels. These
multiple effects strengthen its indication for the treatment of the metabolic syndrome.
However, caution is advised with troglitazone treatment because of possible liver complica‐
tions, including fatal cases. In addition, caution is required when troglitazone is used with
cardiac patients because of the possibility of edema [33, 45, 46].

3.2. Pioglitazone

Pioglitazone may be used as a monotherapy or in combination with metformin (increasing the
anti-hyperglycemic effect), sulfonylurea, meglitinide, or even insulin, especially in diabetic
patients with metabolic syndrome. The dose varies from 15 to 45 mg, which can be adminis‐
tered once a day. Pioglitazone displays a similar mechanism of action and side effects as
rosiglitazone and less liver toxicity than troglitazone. However, it can interact with other drugs
that are metabolized by P45 enzymes and alter their serum levels. An example is a decrease of
approximately 30% of the contraceptive effect of ethinyl estradiol and norethindrone. There‐
fore, the contraceptive dose should be increased in diabetic women who do not wish to become
pregnant. Its pharmacokinetics are not altered by mild to moderate renal impairment, so dose
modification is required [47].

3.3. Rosiglitazone

Rosiglitazone is more powerful and has less liver toxicity than troglitazone. Additionally, it
does not induce metabolism by cytochrome P450 (CYP) 3A4; thus, there is no interaction with
oral contraceptives such as digoxin, ranitidine, nifedipine, etc. The rosiglitazone dose varies
from 4 to 8 mg, which can be administered once a day. Similar to pioglitazone, rosiglitazone’s
pharmacokinetics are not altered by mild to moderate renal impairment, so dose modification
is required [48].

Recently published safety data have raised concerns related to a possible association between
the chronic use of rosiglitazone and increased risk of cardiovascular events, which is consistent
with the use of TZDs in clinical practice. In addition, recently published studies have indicated
that there is a loss of bone mass and increased possibility of fracture in patients using these
medications [42, 44, 49].

4. Meglitinides

Insulin secretagogue agents act by stimulating endogenous insulin secretion via pancreatic β
cells, and they include classes of sulfonylureas and meglitinides used in the treatment of T2DM.
Meglitinide analogues consist of a relatively new class of oral hypoglycemic, and their clinical
use in adult patients with T2DM was approved in 2000. These drugs were developed to
promote the rapid increase in insulin secretion from β cells and therefore affect postprandial
glucose levels. The mechanism of action of meglitinides is quite similar to that of sulfonylureas;
however, meglitinide analogues have the advantage of a reduced risk of hypoglycemia because
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of their shorter half-life. Meglitinides are secretagogues of short-acting insulin, and they act
primarily on postprandial hyperglycemia. Because of their characteristics, the meglitinides are
preferable to insulin secretagogues such as sulfonylureas, especially in elderly patients [50-53].
Representatives of the meglitinide class include repaglinide, nateglinide and mitiglinide
derived from benzoic acid and the amino acid D-phenylalanine, whose action is initiated
approximately 30 minutes after administration because of rapid absorption. The advantages
of these drugs are that they have no interactions with other drugs and are not contraindicated
in pregnancy, during lactation or in the presence of other pathologies [52, 54].

4.1. Repaglinide

Repaglinide was the first meglitinide analogue approved for use in adults with T2DM; it is the
S(+) enantiomer of 2-ethoxy-4-(2-((3-methyl-1-(2-(1-piperidinyl) phenyl)-butyl) amino)-2-
oxoethyl) benzoic acid and has a molecular weight of 452.6 Da [50]. Repaglinide stimulates
insulin release in a rapid action style, thereby promoting a decrease in blood glucose levels.
Because of the rapid action, repaglinide is one of the most commonly used antidiabetic drugs
in patients who have high postprandial glycemia [55-57].

The mechanism of action by which the meglitinide analogue stimulates insulin secretion comes
from blocking the ATP-dependent potassium channels (KATP) of pancreatic β-cells, which
results in membrane depolarization and calcium influx through voltage-dependent calcium
channels. This mechanism culminates in an increased influx of calcium into the β cells, which
stimulates exocytosis of insulin-containing granules [50, 58].

With regard to pharmacokinetics, repaglinide, whose absorption is independent of concurrent
food intake, is rapidly absorbed following oral administration with 63% bioavailability. The
maximum concentration is reached approximately 45 minutes after administration (Tmax ~ 45
min), and the half-life of plasma elimination is relatively short (approximately 1 hour);
therefore, the drug is eliminated from the body within 6 hours. The drug is metabolized in the
liver via cytochrome P450 (CYP3A4), with approximately 90% of the metabolites excreted in the
bile and only 8% secreted in the urine. Altogether, 2% of the drug is eliminated in an unchanged
form, and because the metabolites are not biologically active, there is no effect on the blood
glucose. There is a rapid elimination of repaglinide through the biliary tract and no apparent
accumulation in the plasma after multiple doses [50, 59-61].

Hepatic metabolism via cytochrome P450 means that concentrations of repaglinide may be
increased by concomitant use of substances that inhibit the CYP3A4 enzyme, such as certain
antibiotics and steroids; however, the concomitant intake of CYP3A4-inducing agents, such as
barbiturates and carbamazepine, can lead to an increased metabolism of the meglitinide
analogue, thus reducing its concentrations [50, 59-61].

4.2. Nateglinide

Another insulin secretagogue agent that also belongs to the class of meglitinides corresponds
to nateglinide. Similar to repaglinide, nateglinide ((N-[(trans-4-isopropylcyclohexyl)-carbon‐
yl]-D-phenylalanine A-4166) phenylalanine derivative) acts through the inhibition of KATP
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and causes the depolarization of the plasma membrane of β cells. This culminates in the influx
of calcium ions into the cell and subsequent secretion of insulin [50, 62].

Despite the similar mechanism of action of these two meglitinide analogues, in vitro studies
have demonstrated that nateglinide inhibits KATP channels faster and with a shorter duration
of action than repaglinide. In addition, the half-life of repaglinide at the receptor of action is
approximately 3 minutes, whereas the half-life of nateglinide is 2 seconds. Therefore, the time
required for nateglinide to dissociate from the receptor is 90 times faster than that of repagli‐
nide, so nateglinide has a very fast and ephemeral effect on insulin release. In vitro experiments
have demonstrated that the action of nateglinide is enhanced in the presence of glucose
compared to that glyburide and repaglinide, so that the response of the KATP channel with
nateglinide is significantly less in periods of euglycemia than in periods of hyperglycemia.
Thus, the minimum total insulin exposure generated by this meglitinide analogue protects the
body against hypoglycemic attacks and allows the patient greater flexibility in relation to the
intervals between meals. Pharmacodynamic studies have demonstrated that when nateglinide
is administered before meals in type 2 diabetic patients, a secretion of early stage insulin occurs
that causes a significant dose-dependent reduction in postprandial hyperglycemia [50, 59, 63].

Regarding its pharmacokinetic properties, nateglinide is absorbed rapidly, with peak plasma
concentrations reached within 1 hour. This drug is rapidly eliminated from the plasma, with
a half-life of 1.8 hour. Because of the short half-life, nateglinide is not accumulated at any
administration dose. The drug is metabolized mainly via the cytochrome P450 (CYP2C9 and
CYP3A4) and is eliminated via the kidneys, with 10% eliminated unchanged in the urine and
20% eliminated unchanged in the bile [50, 59, 64].

Both repaglinide and nateglinide may be used as a monotherapy or in combination with other
agents, such as metformin and glitazones. The meglitinides have similar abilities in reducing
fasting blood glucose, postprandial levels of plasma glucose and early insulin secretion, and
they improve the insulin sensitivity and function of pancreatic β cells. However, repaglinide
was more effective in reducing the glycosylated hemoglobin HbA1c and is also preferred to
nateglinide in patients with chronic renal disease because nateglinide has active metabolites
that are eliminated by the kidneys [52, 63].

4.3. Mitiglinide

Mitiglinide ((-)-2(S)-benzyl-4-(cis-perhydroisoindol-2-yl) butyric acid) is the third meglitinide
analogue and corresponds to a benzylsuccinic acid derivative. It presents a similar mechanism
of action to the other two meglitinide analogs, and its selective action on KATP channels of
pancreatic β cells promotes insulin secretion with few adverse effects on the cardiovascular
system [58, 59, 65]. Similar to nateglinide, mitiglinide is often used in early stage diabetes
mellitus because it induces a rapid and short duration of postprandial insulin secretion,
mimicking the normal insulin secretion and glucose metabolism of healthy individuals and
thereby promoting a reduced risk of hypoglycemia [66, 67]. A randomized clinical trial
demonstrated a similar efficacy between mitiglinide and nateglinide when used as a mono‐
therapy in patients treated with diet and exercise in the three months leading up to trial [68].
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Mitiglinide is rapidly absorbed and eliminated by the body [66] and metabolized in the kidneys
and liver and generates metabolites with little of the secretory activity of insulin. The half-life
of mitiglinide is 1.48 h [54], and it has been shown to prevent increases in oxidative stress and
inflammation markers after meals in patients with diabetes mellitus because of the suppression
of postprandial hyperglycemia promoted by this drug [69]. Because of its characteristics,
mitiglinide is currently considered an ideal drug for the treatment of T2DM and is widely used
in clinical practice [54].

5. Alpha-glucosidase inhibitors

The competitive inhibitors of alpha-glucosidase, such as acarbose, miglitol and voglibose, are
administered orally and inhibit alpha-glucosidase, which is an enzyme that converts polysac‐
charides (e.g., amylase, maltase and sucrase) into monosaccharides, thus acting as an antago‐
nist enzyme. Therefore, such inhibitors decrease the intestinal absorption of glucose,
particularly postprandial absorption that modulates insulin secretion [70]. The slower rise in
postprandial blood glucose concentrations is potentially beneficial in both type 1 and type 2
diabetes. In older patients with type 2 diabetes, acarbose may also increase insulin sensitivity
[71]. These inhibitor lower the incidence of cardiovascular events, and they have no systemic
absorption [72].

In addition, alpha-glucosidase is inhibited competitively, and its availability for oligosacchar‐
ides derived from the diet is reduced. Thus, there is a reduced formation of monosaccharides
and less insulin is required for metabolism, which leads to a reduction of glucose (because it
is not absorbed) as well as postprandial insulin-induced increases [73]. These effects reflect a
significant decrease in glycated hemoglobin, which was observed in a meta-analysis of 41 trials
of alpha-glucosidase inhibitor therapy (primarily acarbose trials) in which beneficial effects
were observed (compared with placebo) on HbA1c (-0.77 percentage points), fasting, and
postload glucose and postload insulin levels. These benefits are more evident in highly
hyperglycemic patients. Hyperglycemia in patients with mild or moderate glycemic control is
less common than in those using other oral antidiabetic agents. In such cases, competitive
inhibitors of alpha-glucosidase can be used in combination with insulin or any other oral
hypoglycemic agents [74-76].

The most frequent side effects of alpha-glucosidase inhibitors are observed at the intestinal
level and include flatulence, diarrhea, abdominal pain and elevated transaminases [35, 77-79]

The occurrence of hypoglycemia and an increase in body weight are rare because the agent
does not stimulate insulin release or hypersecretion. These effects are only observed when
miglitol  is  combined  with  other  therapies,  and  its  use  is  contraindicated  in  cases  of
inflammatory bowel disease, pregnancy, lactation, and hepatic or renal impairment. In one
prospective study of 893 patients treated with acarbose, only 16 to 20% were still  taking
the drug after one year,  and half of the patients had stopped the drug during year two
because of the side effects [80].
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Recently,  a mixed-treatment comparison (MTC) meta-analysis showed that there was no
significant increase in hypoglycemia risk or body weight with alpha-glucosidase inhibitors [81].

5.1. Acarbose

Acarbose has a microbial origin and is structurally similar to natural oligosaccharides, with
an affinity 104-105 times higher than drugs of the same class of alpha-glucosidases. With regard
to its pharmacokinetic aspects, acarbose is poorly absorbed in the intestine (less than 2%). The
products produced by bacterial enzymes cleave acarbose, yielding intermediate 4-methyl
pyrogallol, which is conjugated and excreted as sulfates or glucuronidate [75].

Several trials have demonstrated the efficacy of acarbose in patients with type 2 diabetes [35,
82-85]. In one trial, 96 patients who were inadequately controlled by diet alone were randomly
assigned to receive either glyburide or acarbose, and their HbA1c values and fasting blood
glucose concentrations fell by a similar amount; the postprandial blood glucose concentrations,
however, remained high in the glyburide group but fell in the acarbose group [83]. A second
trial evaluated 354 patients treated with diet alone or diet plus a sulfonylurea, metformin or
insulin. Compared with the placebo, the addition of acarbose in each of these groups reduced
the mean postprandial blood glucose concentration and lowered the HbA1c values [35]. In
general, acarbose has resulted in a greater improvement of HbA1c values than in fasting blood
glucose concentrations, which is consistent with its predominant effect on postprandial
hyperglycemia [85].

In a randomized, double-blind, placebo-controlled trial [82], satisfactory control of fasting and
postprandial glucose occurred with acarbose in T2DM. In a multicenter, randomized, double-
blind, placebo-controlled clinical trial [83] conducted for patients with T2DM who were
subjected to a specific diet and use of insulin, the patients showed decreased levels of blood
glucose and glycated hemoglobin as well as a reduced daily requirement for insulin.

In a systematic review of the literature, it was concluded that acarbose inhibits postprandial
hyperglycemia by lowering insulin levels after a glucose overload. However, it presents no
advantages with respect to corporal weight or lipid metabolism, and there are no statistically
significant effects on mortality, morbidity and quality of life in patients with T2DM. Compared
with the placebo, acarbose reduces HbA1c, fasting plasma glucose and postprandial glucose.
Compared with sulfonylureas, it reduces glycemic control and has major adverse effects,
particularly gastrointestinal effects [76]. Thus, treatment with acarbose might have a favorable
effect on endothelial function in type 2 diabetes patients with ischemic heart disease [86-90]

5.2. Voglibose

Voglibose also has a microbial origin, and only 3-5% of the drug is absorbed at the intestinal
level. It is a potent inhibitor of alpha-glucosidase, but it is weaker than acarbose in the inhibition
of sucrase and has little effect on pancreatic alpha-amylase [75]. Furthermore, voglibose
decreases the level of postprandial glucose with very low risk of hypoglycemia, but it is
associated with frequent gastrointestinal side effects [91].
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5.3. Miglitol

Miglitol has a synthetic origin and unique pharmacokinetic properties. It is absorbed rapidly
through a transport mechanism in the jejunum that is close to the mechanism of glucose, and
it is quantitatively excreted unchanged by the kidneys. Miglitol differs from acarbose because
it does not inhibit alpha-amylase but rather inhibits intestinal isomaltase [75].

Based on studies in which miglitol was given alone or in combination with insulin or a
sulfonylurea, the efficacy was similar to that of a placebo [92-95]. Miglitol is also effective when
combined with metformin [96]. Thus, miglitol can be expected to suppress postprandial
glucose more strongly than acarbose [97], so it should reduce the incidence of cardiovascular
events [98].

6. Sulfonylureas

Another class of drugs used in the treatment of T2DM are the sulfonylureas chlorpropa‐
mide,  acetohexamide,  tolazamide  and  tolbutamide  (first  generation),  glibenclamide,
glipizide, gliclazide (second generation) and glimepiride (third generation). This class has
long  been  established  in  the  treatment  of  diabetes,  and  it  was  the  first  oral  glucose-
lowering medication to be introduced into clinical practice in the 1950s and has since been
recognized as a first-line therapy as either a monotherapy or in combination [85, 99]. In the
United Kingdom,  sulfonylureas  have  been the  second-line  choice  after  metformin [100].
Furthermore, sulfonylureas are the drug of choice for type 2 diabetics who do not benefit
exclusively from diet and exercise [101, 102].

Sulfonylureas usually lower blood glucose concentrations by approximately 20% and HbA1c

by 1 to 2% [103, 104]. Recently, a systematic review of double-blind randomized control trials
found that sulfonylurea monotherapy reduced HbA1c by an average of 1.5% (16 mmol/mol)
compared with that of placebo groups [99, 105]. These drugs are most effective in patients
whose weight is normal or slightly increased. In contrast, insulin should be used in patients
(regardless of age) who are underweight, losing weight, or ketotic despite adequate caloric
intake. Some of these latter patients may actually have type 1 diabetes, which can be confirmed
by the presence of islet cell antibodies [106, 107].

Sulfonylureas  act  as  insulin  secretagogues  and  exert  their  main  action  on  islet  β  cells,
stimulating insulin secretion and thereby reducing the plasma glucose concentration. The
mechanism  of  action  involves  binding  of  the  drug  to  the  subunit  SUR1  of  the  ATP-
sensitive potassium channels in the plasma membranes of β cells; these channels are then
closed, which leads to a change in the membrane voltage, calcium influx and exocytosis of
insulin granules [108-111]. The ATP-sensitive potassium channels are also present in other
tissues but often contain different types of SUR subunits (e.g., SUR1 in β cells, SUR2A in
heart  cells,  SUR2B  in  smooth  muscle  cells).  The  sensitivity  of  these  different  types  of
channels to sulfonylureas is variable [110].

The net effect of sulfonylureas is an increased responsiveness of β cells to both glucose and
non-glucose secretagogues (such as amino acids), resulting in more insulin being released
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at  all  blood glucose concentrations.  Thus,  sulfonylureas are useful  only in patients  with
some β cell function. Sulfonylureas may also have extrapancreatic effects, which includes
an increased tissue sensitivity to insulin; however, the clinical importance of these effects
is minimal [101, 103].

The basal secretion and insulin secretory response to various stimuli are intensified in the early
days of treatment with sulfonylureas. With long-term treatment, circulating insulin levels
decline to levels that occurred before treatment; however, despite this reduction, the decreased
plasma glucose levels are maintained. The mechanism for this response is still unknown but
may be associated with reduced plasma glucose, which allows the circulating insulin to have
more pronounced effects on their target tissues, as well as the impairment of insulin secretion
by chronic hyperglycemia.

Sulfonylureas are well absorbed after oral administration by the gastrointestinal tract.
However, the presence of food and hyperglycemia may reduce their absorption. The peak
plasma concentrations occur within 2-4 hours, and the duration of the effect varies. All of these
drugs bind tightly to plasma albumin and are involved in interactions with other drugs (e.g.,
salicylates and sulfonamides) such that there is competition for binding sites. All sulfonylureas
are metabolized by the liver, and their active metabolites are mostly excreted in the urine; thus,
their action is increased in elderly patients or those with renal or hepatic disease.

The choice of sulfonylurea is primarily dependent upon cost and availability because their
efficacy is similar. However, because of the relatively high incidence of hypoglycemia in
patients taking glyburide or chlorpropamide, shorter acting drugs should be used, especially
in elderly patients [112]. In a patient who is not a candidate for metformin or cannot tolerate
metformin as initial monotherapy, a shorter-duration sulfonylurea such as glipizide is
suggested.

6.1. First-generation sulfonylureas

The first-generation sulfonylureas vary considerably in their half-lives and the extent of their
metabolism. The acetohexamide half-life is short, but the drug is reduced to an active com‐
pound whose half-life is similar to that of tolazamide and tolbutamide (4 to 7 hours). If
required, these drugs can be divided into daily doses. Chlorpropamide has a long half-life (24
to 48 hours) [113]

The action of chlorpropamide, acetohexamide, tolazamide and tolbutamide is long lasting,
and there is substantial excretion in the urine. Therefore, these drugs can cause severe
hypoglycemia in elderly patients who have experienced a progressive decline in glomerular
filtration. These drugs cause flushing after alcohol consumption and exert similar effects to
that of the diuretic hormone on the distal nephron, producing hyponatremia and water
intoxication [113].

6.2. Second-generation sulfonylureas

The second-generation sulfonylureas (glibenclamide, glipizide and gliclazide) are more
potent, but their hypoglycemic effects are not much improved, and they fail to control blood
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glucose, which is commonly observed with tolbutamide. All of these drugs contain the
sulfonylurea molecule, but different substitutions result in differences in pharmacokinetics
and duration of action. Glibenclamide should be avoided in the elderly and patients with mild
renal impairment because of the risk of hypoglycemia because several of its metabolites are
excreted in the urine and are moderately active [113].

The sulfonylureas cross the placenta and stimulate insulin release by fetal β cells, causing
severe hypoglycemia at birth. Consequently, their use is contraindicated during pregnancy,
and gestational diabetes is treated by diets supplemented with insulin when required [113].

In general, sulfonylureas are well tolerated. The observed side effects are hematological,
including hypoglycemia, leukopenia, agranulocytosis, thrombocytopenia, and hemolytic
anemia, gastrointestinal, including nausea, vomiting, and cholestatic jaundice (rare), and
allergic reactions. Sulfonylureas may also cause weight gain, and their binding to plasma
proteins can be potentiated by other drugs used concomitantly, which may cause hypoglyce‐
mia. This condition is the most problematic adverse event and may be prolonged, which can
have severe consequences in elderly patients, patients treated with multiple drugs and those
with impaired renal function. Moreover, sulfonylureas stimulate appetite and can occasionally
cause allergic rashes and bone marrow injury [113].

Sulfonylureas have structural characteristics that allow them to be given in much lower doses
than the first-generation sulfonylureas. Nevertheless, the different sulfonylureas are equally
effective in lowering blood glucose concentrations. There are, however, differences in absorp‐
tion, metabolism and effective dose [114], which is partly caused by the formation of active
metabolites [115]. These drugs also cause greater suppression of overnight hepatic glucose
output, thereby lowering fasting blood glucose concentrations. These benefits may be coun‐
terbalanced by an increased risk of hypoglycemia [112].

6.3. Glimepiride

The US Food and Drug Administration (FDA) approved glimepiride in 1995 for the treatment
of T2DM alone and in combination with metformin or insulin. It has prolonged action and
lasts over 24 hours. Glimepiride has advantages with respect to its clinical and pharmacological
profile, and it has also been shown to cause a low incidence of severe hypoglycemia compared
to other representatives of its class [116, 117].

Regarding hypoglycemia, the findings observed in certain studies differ. In a systematic review
and meta-analysis [118], glimepiride was found to cause increased hypoglycemia compared
to other sulfonylureas and even more than other secretagogues. In other studies, the long-
acting sulfonylureas, such as chlorpropamide and glibenclamide, were shown to have an
increased likelihood of causing hypoglycemia [112, 119]. In a UK survey, the rate of diagnosis
of hypoglycemia was higher for glibenclamide compared to other representatives of the same
class [120].

With regard to weight gain, in the UK Prospective Diabetes Study [34], the mean weight change
after 10 years of follow up ranged from a minimum of 1.7 kg as a result of glibenclamide use
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to a maximum 2.6 kg with chlorpropamide use. Glimepiride was found to be neutral with
respect to body weight, whereas other authors observed weight reduction [121, 122].

Sulfonylureas have different cross reactivities with cardiovascular ATP-dependent potassium
channels. The closing of these channels by ischemic preconditioning can lead to cardiovascular
mortality [123].

Several compounds increase the hypoglycemic effect of sulfonylureas, and several of these
interactions are potentially important from a clinical standpoint. Non-steroidal anti-inflam‐
matory agents (including azapropazone, phenylbutazone and salicylates), coumarin, certain
uricosuric agents (e.g., sulfinpyrazone), alcohol, monoamine oxidase inhibitors, certain
antibacterials (including sulfonamides, chloramphenicol, and trimethoprim) and certain
antifungal agents (including miconazole and possibly fluconazole) produce severe hypogly‐
cemia when administered with sulfonylureas. The probable basis for these interactions is the
competition for metabolizing enzymes, but interference in plasma protein binding or excretion
may also exert some effect. The agents that reduce the action of sulfonylureas include diuretics
(thiazides and loop diuretics) and corticosteroids [113].

7. Anti-obesity medications

Obesity (body mass index (BMI) above 30 kg/m2) is common in many diabetic patients, and
it  is  important  to  highlight  the  rising  prevalence  of  these  two  health  conditions  in  the
modern world [124]. Being obese or overweight produces important risk factors for type 2
diabetes and is associated with many serious health conditions, such as heart disorders and
cancer,  which  lead  to  increased mortality,  especially  in  individuals  over  65.  In  patients
previously diagnosed with type 2 diabetes, the presence of obesity can lead to a worsen‐
ing of the metabolic disorders associated with diabetes, such as hyperglycemia, hyperten‐
sion  and  hyperlipidemia  [125,  126].  Thus,  weight  loss  is  required  to  improve  glycemic
control in the patient as well as to reduce the cardiovascular risk factors, which will likely
reduce the risk of mortality in those individuals [127-129].

A systematic review published in 2011 [126] reported data from two clinical trials that showed
a reduction of 30% to 50% in the incidence of diabetes in overweight and obese patients (with
elevated plasma glucose levels) after behavioral interventions that lead to weight loss.
However, the results arising from actions aimed at the prevention of obesity and changes in
the obesogenic environment are often insufficient and produce insignificant weight loss that
is usually regained over time. For these individuals, more invasive treatments are required to
produce a sufficient weight reduction. Bariatric surgery has been a widely used intervention
in obese patients because it promotes rapid and significant weight loss. However, the risks of
surgery mean that this intervention is reserved for patients with morbid obesity. Thus, the
FDA advises pharmacological intervention for patients with BMI ≥ 30 kg/m2 (obese) or ≥ 27
kg/m2 (overweight) when in the presence of co-morbidities related to obesity [125, 130-132].

Numerous medications have been used for weight loss in recent decades; however, the
occurrence of adverse side effects has restricted their current use [125]. In the 1990s, the drugs
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fenfluramine and dexfenfluramine (sympathomimetic amines that promote appetite suppres‐
sion) were withdrawn from the market because of the risk of heart damage. The European
Medicines Agency (EMA) suggested the withdrawal of various anti-obesity drugs, such as
diethylpropion (amfepramone), mazindol and phentermine (also sympathomimetic amines
inhibiting appetite), in the 2000s because of the high risk of adverse events. In 2006, rimonabant
(first selective blocker of endocannabinoid receptor subtype 1-CB1) became available in 56
countries; however, because of its adverse psychiatric events, this drug was never approved
by the FDA and was withdrawn from the European market in 2009. Additionally, after clinical
trials assessing the safety and tolerability of sibutramine (an appetite suppressant that acts as
a selective inhibitor of the reuptake of norepinephrine and serotonin), the FDA considered the
option to restrict access to this substance or withdraw it from the market, causing the suspen‐
sion of marketing authorization in 2010 [130, 133].

From the drugs approved before 2012, several sympathomimetic amines are available. These
include phentermine, diethylpropion, benzphetamine and phendimetrazine, which are
approved for short-term weight management (≤ 12 weeks), and orlistat (a potent reversible
inhibitor of gastric and pancreatic lipase capable of preventing the absorption of up to 30% of
dietary fat), which is the only anti-obesity drug for long-term use [130, 134, 135]. In 2012, the
FDA approved two new drugs for obesity control: lorcaserin (agonist of the serotonin receptor
5-HT2C) and extended release phentermine-topiramate (association between a sympathomi‐
metic amine appetite suppressant and an anticonvulsant). The mechanism responsible for
weight loss when using extended release phentermine-topiramate is believed to be the
subsequent increase in activity of the neurotransmitter gamma-aminobutyric acid (GABA),
although the exact association mechanism remains unclear. Both drugs were approved for
long-term use [131, 136, 137].

Depression is a common side effect observed in patients with type 2 diabetes, which may be
associated with a lack of glycemic control, increased risk of complications, lack of adherence
to treatment and even the presence of obesity or overweightness [137, 138]. A meta-analysis
in 2001 by Anderson et al. showed that the prevalence of depression was twice as high in
individuals with T2DM than in those without this health condition. Thus, reducing the
incidence of depression and improving the quality of life of diabetic patients, especially those
who are also obese, are highly relevant clinical objectives [139-141]. The treatment of depres‐
sion in diabetics is usually accomplished by the use of serotonin reuptake inhibitors, such as
fluoxetine and sertraline. These drugs not only act on depression but also promote weight loss,
which is highly desired in obese or overweight diabetics [68, 142].

8. SGLT2 inhibitors

8.1. Dapagliflozin

Dapagliflozin was the first hypoglycemic agent of the new class of selective reversible
inhibitors of sodium-glucose cotransporter 2 (SGLT2) approved in the US (April 2012) and
demonstrates a new mechanism of action independent of insulin. This drug is recommended
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in adults aged 18 years or older with type 2 diabetes, both as a monotherapy and as a combi‐
nation therapy with other hypoglycemic drugs, including insulin when diet and exercise does
not provide adequate glycemic control [143-145].

The hypoglycemic effect occurs by reducing the reabsorption of glucose from the renal
proximal tubule, which leads to increased urinary excretion of glucose with an associated loss
of calories [143, 144]. On average, a daily dose of 10 mg dapagliflozin increases the amount of
glucose excreted in the urine of a patient with type 2 diabetes to 50-80 g/day. This effect is
observed with the first dose, and with chronic treatment, this increased excretion of glucose
can be maintained for at least two years [146, 147].

In patients with type 2 diabetes, urinary loss of glucose works through a mechanism inde‐
pendent of insulin secretion and action [148-153] and has the potential to improve glycemic
control, including control of HbA1c, fasting plasma glucose and postprandial glucose.

The selectivity of dapagliflozin for SGLT2 is 1000-3000 times greater than for SGLT1 [154].

Dapagliflozin is rapidly and extensively absorbed following oral administration. The oral
bioavailability of a 10 mg dose is ≥ 75% and may be administered with or without food. It is
extensively metabolized to inactive conjugates, predominantly dapagliflozin 3-O-glucuronide,
which is then eliminated via the kidneys [146, 154].

Dapagliflozin’s effectiveness is dependent on renal function and therefore should not be used
by patients with moderate to severe renal impairment; dose adjustment is necessary for
patients with mild renal failure or moderate hepatic impairment. Moreover, dapagliflozin
should not be used in patients with severe hepatic impairment because exposure to dapagli‐
flozin can be increased.

Interactions between dapagliflozin and other agents routinely used in the control of diabetes
mellitus, including sulfonylureas, statins, warfarin and digoxin, were observed [154].

Dapagliflozin was generally well tolerated in clinical trials lasting 1 or 2 years and in studies
lasting approximately 2 years [146]. Polyuria, nocturia and thirst may be experienced by some
patients, and the increased excretion of glucose causes osmotic diuresis, which is similar to
what is observed in patients with uncontrolled diabetes. The additional fluid loss of 300-400
ml/day is well tolerated by most patients [149, 155].

Genital infections are common in patients receiving dapagliflozin because glycosuria provides
a favorable environment for the growth of microorganisms [146, 149, 155].

Dapagliflozin is recommended for patients with T2DM in the following situations [154]:

1. Monotherapy as an adjunct to diet and exercise when metformin is not tolerated;

2. Combined therapy

3. with metformin, diet and exercise, to improve glycemic control in patients when these
measures alone do not achieve adequate glycemic control and there is little prospect of
therapeutic response to metformin (e.g., high HbA1c levels);
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4. with a sulfonylurea when sulfonylureas alone with diet and exercise do not provide
adequate glycemic control; and

5. with insulin (alone, with metformin or a sulfonylurea or both) when existing therapy
along with diet and exercise do not provide adequate glycemic control;

A number of other SGLT2 inhibitors are under investigation, including empagliflozin,
canagliflozin and ipragliflozin. In addition, a non-selective SGLT inhibitor (LX4211) is under
development. It is likely that these and other agents that share similar pharmacodynamic
properties may become available in the coming years [146].

9. Insulins

In 1921, insulin was introduced as a therapeutic drug, which improved the quality and life
expectancy of diabetics. The first available commercial insulin preparations corrected acute
diabetic decompensation but were inefficient for chronic use because their duration was too
short. Thus, diabetics were required to take four to five injections daily to achieve good
metabolic control. Such short-acting insulin was the only commercially available type in 1935.
Prolonging the action of insulin to over 24 hours could achieve the aim of decreasing the
amount of daily injections, and it was achieved by incorporating certain substances, such as
oily solutions, heavy metals (zinc) and protein (protamine). In 1950, by changing the concen‐
tration of protamine and decreasing the amount of zinc, the intermediate insulin called
isophane or NPH ("Neutral Protamine Hagedorn" in honor of the scientist) became available.
There were still more changes in the formula that affected the time of action, and in 1954, the
family of insulins slow, semi-slow, or ultra-slow containing zinc instead of protamine was
produced [156, 157].

The use of insulin is essential in the treatment of type 1 diabetes mellitus. In T2DM, it is reserved
for patients with severe hyperglycemia with ketonemia or ketonuria, newly diagnosed
diabetics or those who do not respond to treatment with diet, exercise, oral hypoglycemic
agents and the anti-hyperglycemic action of insulin sensitizers [158].

A milestone in diabetes therapy occurred with the Diabetes Control and Complication Trial
(DCCT), which showed that blood glucose levels close to normal drastically reduced or even
prevented the complications of diabetes when the carrier of the disease was subjected to
intensive insulin treatment and follow-up with a team of diabetes educators. According to the
DCCT, to achieve this control, one proposal is to replace conventional insulin treatments (one
or two daily applications of insulin) with an intensive treatment of up to four applications per
day [159].

Currently, attempts to achieve good metabolic control in patients with diabetes include
treatment with exogenous insulin, which is an effective therapy option in cases of partial and/
or total deficiency of insulin secretion by the pancreas. It is estimated that 20-25% of all patients
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with diabetes are treated with insulin, and 5-10% of these patients are type 1 (who need this
hormone to survive) and 15% are type 2 (who show severe insulin deficiency) [157].

Commercial insulin is a protein hormone with two linked chains of amino acids that cannot
be administered orally because it is degraded by digestive and intestinal enzymes. Most
commercial insulin is manufactured from bovine and porcine pancreases, which are similar
to the human pancreas. Bovine and human insulin differ in three amino acids, whereas porcine
insulin differs in one amino acid (amino acid thirty). Chemically synthesized insulin is also
produced by recombinant DNA techniques that use bacterial cells or other tissues that are free
from impurities and have a minor antigenic action [160, 161].

The pharmacokinetics of insulin varies according to its type and kind, injection technique,
presence of insulin antibodies, site of injection and the individual [162].

Commercial preparations of insulin are classified according to duration as either short,
intermediate or long acting, and the species of origin is also a classifier, with insulin derived
from human, porcine, bovine and or porcine bovine mixtures. Because of differences in the
amino acid sequences, the bovine and porcine insulins have different physicochemical
properties to human insulin. Human insulin has become widely available following the advent
and development of recombinant DNA techniques [163]. These techniques have led to different
formulations of insulin that differ according to recombinant DNA production techniques,
amino acid sequences, concentrations, solubility and time of onset and duration of biological
action. However, insulin produced through recombinant DNA technology are more soluble
in aqueous solutions. Currently, the commercially available forms are supplied at neutral pH,
resulting in improved stability, which is essential for storage over several days at room
temperature [164].

The long-acting analogues such as glargine and detemir appeared on the market in 2000
and 2004, respectively [165], and they show a relatively stable profile of action over time
[166].  In  January 2013,  the  European Commission authorized the introduction of  a  new
generation of ultra-long insulin analogues. Degludec insulin is an ultra-long acting basal
insulin analogue [167].

9.1. Short or ultra-rapid acting insulin

This group of insulins includes regular, lispro, aspart and glulisine analogues.

Regular  insulin  is  usually  administered  subcutaneously  and  often  in  combination  with
intermediate-acting or long-lasting insulin. Special buffers are used so that a pump is not
required to prevent crystallization because of its slow infusion. Monomers of this insulin
present as hexamers that reduce the absorption rate. Normally, regular insulin is recom‐
mended  for  the  treatment  of  diabetic  ketoacidosis,  and  it  is  associated  with  human
intermediate-acting insulin or basal analogs taken before meals [168]. This insulin should
be administered 30-45 minutes before meals to reduce peak postprandial glycemia, and its
action lasts between 2 and 4 hours, which contributes to postprandial hyperglycemia and
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hypoglycemia in the period between meals because regular insulin will peak after food has
been metabolized [169].

Insulin  lispro  is  a  human  insulin  analog  developed  through  genetic  engineering  by
reversing the amino acids proline and lysine at positions 28 and 29 of the β chain, which
results  in  the  insulin  sequence  Lys  (B28)  Pro  (B29).  This  insulin  in  its  pharmaceutical
preparation with phenol and zinc form stable hexamers [168], has a reduced tendency to
self-aggregate at  the site of  subcutaneous injection,  is  absorbed more rapidly than regu‐
lar human insulin, and mimics the physiological profile of insulin in response to a meal.
In addition, its onset of action is between 5 and 15 minutes and duration of action is 1-2
hours [170].  The use of  these analogues requires  an additional  dose in the afternoon to
compensate  for  the  hyperglycemia  that  results  from  an  afternoon  snack.  There  is  evi‐
dence  that  insulin  lispro  reduces  postprandial  hyperglycemic  peaks  and  the  risk  of
hypoglycemia compared to regular insulin, especially at night [168, 171].

In aspart insulin, one proline amino acid is replaced by aspartic acid, which is negatively
charged, at position 28 of the β chain, producing electrical repulsion between the insulin
molecules and reducing their self-association tendency; in vials or cartridges, it occurs as
hexamers, but in subcutaneous tissue, there is rapid dissociation to dimers and monomers,
which ensures its rapid absorption and onset of action between 5 and 15 minutes and duration
of action of 1 to 2 hours[168].

Insulin glulisine is another ultra-rapid insulin analogue obtained by the exchange of aspara‐
gine for lysine at position 3 of the β chain and lysine for glutamic acid at position 29 of the
same chain. Thus far, there have been few studies with glulisine insulin, which appears to be
similar to lispro and aspart in efficacy and hypoglycemic events. Because of its faster absorp‐
tion, its administration should be performed only 5-10 minutes before meals to provide greater
flexibility for the patient and thereby improve their quality of life. Its shorter half-life reduces
the need to eat food 2-3 hours after its administration, which is necessary with regular insulin,
whose longer half-life causes postprandial hypoglycemia [172].

A recent direct and indirect meta-analysis published by Sanches et al. (2013) for glycated
hemoglobin reduction outcomes compared rapid action insulin (aspart, glulisine and lispro)
with human insulin (regular), and the direct meta-analysis only showed a statistically signif‐
icant difference for aspart, favoring the insulin analog. However, the results of indirect meta-
analyses of HbA1c reduction outcomes showed that the result of rapid-acting insulin are
consistent and the difference between them is not clinically significant. The ranking suggests
that the probability of selecting the short-acting insulin brings the following provision: the first
choice should be regular followed by glulisine, lispro and finally aspart. No significant
differences were found in the comparison of tolerability outcomes in the rapid-acting insulin
(aspart and lispro) and human insulin (regular) [173].

Recent studies have attempted to alter the pharmacokinetics of fast acting insulin analogues
that are associated with recombinant human hyaluronidase, and they revealed that absorption
was accelerated two-fold during the first half hour of exposure, which resulted in an onset of
action between 13 and 25 minutes faster and a shorter duration of effect (40 to 49 minutes).
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The ultra-rapid action arising from this association may be beneficial in furthering the control
of postprandial blood glucose, and administering insulin lispro and hyaluronidase immedi‐
ately before meals in patients with type 1 or 2 diabetes may be beneficial. Studies are being
conducted for the commercial production of HUMALOG ® (Eli Lilly Nederland B.V) as part
of an intensive basal-bolus insulin treatment for these patients [174].

9.2. Intermediate insulins

NPH insulin was released in 1946, and it is an insulin suspension in a zinc complex and
protamine phosphate buffer. Its dosage is usually once a day before breakfast or twice a day.
It has an absorption peak approximately 4-6 hours after subcutaneous administration, which
is followed by a steady decline in plasma insulin concentrations [175].

The major disadvantages of NPH are the wide daily variations in the timing and duration of
peaks among and between individuals, which, when compared to the timing and duration of
long-acting analogs, may result in non-optimal metabolic control and an increased risk for
nocturnal hypoglycemia. [172].

With respect to better glycemic control and safety when comparing the use of NPH with long-
term insulin analogues, a meta-analysis published in 2013 showed that in type 2 diabetic
patients, glycemic control does not seem to differ among different classes, although there is
evidence for a possible reduced risk of nocturnal hypoglycemia.

Other information found in the study was that only detemir (and not glargine) may be
associated with less of a weight gain than is associated with NPH [176]. In an indirect meta-
analysis of long-term insulin, the results of reducing HbA1c are consistent with data from direct
comparison meta-analyses and allowed a ranking of probability choice of insulins to improve
the reduction of HbA1c as follows: NPH, glargine and detemir [173, 177].

9.3. Basal insulins

Glargine and detemir insulin analogs represent groups referred to as long-term or basal
[168]. Detemir is produced by means of recombinant DNA technology with expression in
Saccharomyces cerevisiae followed by chemical modification [178]. A fatty acid (myristic acid)
is  attached  to  the  lysine  at  position  29,  and  it  binds  to  circulating  albumin,  forming  a
complex that dissociates slowly, thereby prolonging its action time. Detemir is soluble at
neutral  pH  but  cannot  be  mixed  with  the  rapid  analogs.  Detemir  has  shown  potential
benefits in body weight control, with weight loss or decreased weight gain in adults and
in children and adolescents [179].

Glargine is synthesized from changes in the amino acid chain of human insulin through a
substitution of asparagine by glycine at position A21 and the addition of two arginines at
position B30. These modifications result in a unique pattern of release from the injection site,
meaning that this analog precipitates in the subcutaneous tissue, allowing a gradual absorption
into the bloodstream [180].
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Basal insulin has been developed to promote basal levels of insulin over 24 hours and can
be administered once a day or at bedtime. When comparing conventional long-acting insulin
with glargine insulin, the insulin analog is observed to have a constant concentration profile
without prominent peaks [181]. In addition, the onset is between 1 and 2 hours, plateau of
biological action is between 4 and 6 hours and termination of effect is between 20 and 24
hours. Because of its slightly acidic pH, glargine cannot be mixed with other insulins in
the same syringe; therefore, children may sometimes complain of a burning sensation at
the application site [168]. The timing of administration of glargine appears to have no impact
on its efficacy for glycemic control, but the administration should occur at approximately
the same time each day so that its effectiveness as an insulin is maintained without peak
action. If a dose is missed, 50% of the daily insulin will be missing that day [172].

In a direct meta-analysis comparing the insulin analogues (glargine and detemir) to NPH
insulin in reducing glycated hemoglobin, the results were statistically significant and favored
the twice-daily administration of detemir alone. The safety and tolerability results also showed
minor differences between the insulin analogues and NPH insulin [173].

The  insulin  degludec  belongs  to  a  new  class  of  insulin  analogues  and  has  a  unique
absorption mechanism that allows for an ultra-slow and stable pharmacokinetic profile. Its
structure  differs  from human insulin  at  the  β  chain termination with removal  of  threo‐
nine at position B30 and a 16-carbon fatty acid attached to lysine at B29 by glutamic acid.
This  change  allows  for  the  formation  of  a  deposit  of  soluble  multi-hexamers,  which
accumulate in the subcutaneous tissue and have a slow release because of  the dissocia‐
tion  of  zinc  ions;  therefore,  degludec  insulin  monomers  are  circulated  in  a  slow  and
sustained fashion. In clinical trials, it was observed that the pharmacokinetic variations are
four times smaller than in the other long-acting insulin analogues. Studies show that this
insulin is related to a lower risk of nocturnal hypoglycemia, and because of these character‐
istics, administration can occur at intervals of up to 40 hours [182, 183].

New insulins, such as U300 and LY2605541 insulins, are still under investigation. Insulin
glargine U300 is a new formulation containing glargine in a 300 U/mL concentration (the usual
concentration is 100 U/mL). This change alters the pharmacokinetic and pharmacodynamic
properties of glargine. For subcutaneous injections, a compact deposit of U300 is administered
with a smaller deposit surface, and this produces a more gradual and prolonged release than
conventional glargine; therefore, its pharmacokinetic profile is more regular and shows plasma
concentrations even beyond 24 hours [184].

Another new insulin, LY2605541, is a long-acting insulin that is a modification of lispro insulin
with a 20 kDa polyethylene glycol and half of lysine B28 through covalent urethane, which
increases the hydrodynamic size of the insulin complex. This surface provides a greater delay
in absorption and reduces the clearance, resulting in a prolongation of its action. This modified
insulin has a low affinity for binding to the growth factor receptors linked to insulin, which
reduces its mitogenic potential compared to human insulin. Its average life is 24-45 hours, and
the duration of action may exceed 36 hours. Animal studies suggest selective action on hepatic
metabolism [184].
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9.4. Inhalable insulin

The benefit of injectable insulin is often limited because of the difficulty of convincing the
patient to adhere to proper treatment, which is related to the need for multiple injections to
ensure adequate glycemic control [185].

To alleviate this discomfort, the first inhalable insulin (Exubera®, Pfizer/Nektar) was approved
in the U.S. in January 2006. Exubera® consists of a dry powder formulation containing 1 to 3
g of human insulin administered via a single inhaler lung [186]. The technology used in this
product was the development of an inhaler for polyethylene glycol in a dry powder that
releases the equivalent to 3 UI and 8 UI of short-acting insulin subcutaneously [187]. Exubera®
has demonstrated efficacy and a low risk of hypoglycemia; however, there was a poor
acceptance by the prescriber and patient. In April 2008, clinical trials showed the first case of
cancer, and there were six subsequent cases of lung cancer and a case of primary malignant
lung tumor in a patient who had a history of smoking. Other important aspects are coughing,
decline of lung function, and increase of anti-insulin antibodies [188]. These facts led the
manufacturer to withdraw Exubera® from the market.

The insulin AERx was developed by the Aradigm Corporation and Novo Nordisk. This system
generates aerosol droplets from liquid insulin, and the devices guide the user to inhale the
insulin. Moreover, it offers the ability to download data on the use of insulin, such as the
frequency of inhalation, which can allow for the monitoring of treatment, which is important
because of the experience with Exubera® [189].

AFREZZA™ (insulin Technosphere®) overcomes some of the barriers that contributed to the
withdrawal of Exubera® from the market. Studies have shown that Technosphere® is a unique
formulation of ultra-rapid insulin with a relatively short duration that effectively improves
glycemic control without contributing to an increase in weight gain or hypoglycemia com‐
pared to other prandial insulins. Additionally, Technosphere® insulin has shown a favorable
safety and tolerability profile in clinical studies to date [190]. Technosphere® insulin (TI)
combines the post-dried recombinant human insulin (Mannkind Corp.) with the MedTone®
Inhaler (Pharmaceutical Discovery Corp.) [191, 192.]. Recently the FDA approved this insulin;
however, a continuation of the studies is required in the post-marketing period.

10. Conclusion

Despite the variety of drugs currently available for the treatment of type 2 diabetes, there was
no observed decrease in the number of patients who have inadequate glycemic control keeps
the last 10 years. This occurs for a variety of reasons, such as non-adherence to treatment,
inappropriate prescribing of medication, lack of efficacy of medicine, among other reasons.

The search of glycemic control in patients with T2DM is still a challenge for patients and health
professionals. Importantly, the success of drug treatment also depends on the association with
non-pharmacological measures such as healthy diet and exercise.
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Additional information is available at the end of the chapter
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1. Introduction

1.1. The definition of caloric restriction therapy

Caloric restriction (CR) is to treat some diseases by restricting the intake of calorie or the content
of a particular ingredient of the diet, while ensuring the basic nutritional need [1]. It was used
to increase average and maximum lifespan in ancient times [2], however, in last 100 years CR
effect on improvement of T2DM has been established by many researchers, because it can
improve the metabolic parameters and pancreas islet function of type 2 diabetic patients [3].
The treatment efficacy and safety has been clear.

1.2. The main forms of caloric restriction therapy

Nowadays, CR is only used in basic and clinical researches, and its form is disunity. The earliest
form of this method used in the study is called fasting, which means apastia, and the partici‐
pators should never eat anything except drink water. This method was eliminated because of
its uncertain adverse reactions [4]. According to the different restricted objects of CR, it can be
divided into low-calorie restriction diet, low-carbohydrate restriction diet, low-fat restriction
diet and so on; according to the different frequency of CR, we can divide it into continuous
CR, intermittent CR (followed CR for 2 days per week and normal diet at the other times) or
every other day CR (followed CR one day and a normal diet the next day); and it can also been
divided into short-term CR (≤9 days) and long-term CR (>9 days) according to the length of
restriction duration. Moreover, low-calorie restriction could be divided into low-caloric diet
(LCD) and very-low-caloric diet (VLCD). All of them may improve the state of T2DM, control

© 2015 The Author(s). Licensee InTech. 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 eproduction in any medium, provided the original work is properly cited.



the blood glucose stably and reduce its morbidity, but the differences of the treatment efficacy
among them are not clear until now.

2. The preventive effect of CR on T2DM

As a lifestyle intervention method, it is very important to make sure whether this thera‐
py can prevent T2DM from occurrence in the high risk persons. Tuomilehto et al. [5] had
assigned 552 middle-aged, overweight subjects with impaired glucose tolerance to either
the intervention group or the control group. Each subject in the intervention group received
individualized  counseling  aimed  at  reducing  weight,  total  intake  of  fat,  and  intake  of
saturated fat  and increasing intake of fiber and physical  activity.  After 3.2 years follow-
up, they found that the cumulative incidence of diabetes was 11 percent (95% confidence
interval, 6% to 15%) in the intervention group and 23% (95% confidence interval, 17% to
29%) in the control group, moreover, during the trial, the risk of diabetes was reduced by
58% (P<0.001) in the intervention group. The next year, another larger sample follow-up
study focused on the lifestyle intervention on diabetes prevention, including CR, exercise,
et al. Three years follow-up later, CR reduced the incidence by 58% (95% confidence interval,
48% to 66%), as compared with placebo [6]. These studies provided satisfactory evidences
on the preventive effect of CR on T2DM.

3. The therapeutical effect of CR on T2DM

3.1. The short-term therapeutical effect of CR on T2DM

CR has shown to be helpful for the blood glucose control and the improvement of pancreatic
islet function. It produces multiple beneficial effects on metabolic parameters in type 2 diabetic
patients by virtue of both calorie restriction and weight loss. Animal experiments confirmed
that CR regulates the process of glucose metabolism in a variety of tissues (adipose tissue, liver,
pancreas, skeletal muscle, et al) [7]. In clinical trials, the blood glucose of the participators
decreased to normal range within a few days, and to the lowest point after 1-2 weeks [8]. In
another short-term study of 14 obese patients with T2DM using VLCDs, marked improvement
was seen in glycosylated HbA1c [9]. It fell from 7.4±0.3% to 6.0±0.2% after 8 weeks VLCD [10].
As a consequence, CR was thought to improve glucose metabolism in type 2 diabetics. Besides,
the fasting plasma insulin/C-peptide levels of patients with T2DM fell after CR, and thus
improved the insulin sensibility [11]. Generally, Blood pressure, triglycerides, total cholesterol
and LDL-C were reduced, while only HDL-C varied [12, 13].

3.2. The long-term therapeutical effect of CR on T2DM

Whether CR improves the state of T2DM for a long time has been the major concern for
many researchers. Unick et al. [14] chose 5145 type 2 diabetic patients randomized to an
intensive lifestyle intervention and diabetes support and education. The lifestyle interven‐
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29%) in the control group, moreover, during the trial, the risk of diabetes was reduced by
58% (P<0.001) in the intervention group. The next year, another larger sample follow-up
study focused on the lifestyle intervention on diabetes prevention, including CR, exercise,
et al. Three years follow-up later, CR reduced the incidence by 58% (95% confidence interval,
48% to 66%), as compared with placebo [6]. These studies provided satisfactory evidences
on the preventive effect of CR on T2DM.

3. The therapeutical effect of CR on T2DM

3.1. The short-term therapeutical effect of CR on T2DM

CR has shown to be helpful for the blood glucose control and the improvement of pancreatic
islet function. It produces multiple beneficial effects on metabolic parameters in type 2 diabetic
patients by virtue of both calorie restriction and weight loss. Animal experiments confirmed
that CR regulates the process of glucose metabolism in a variety of tissues (adipose tissue, liver,
pancreas, skeletal muscle, et al) [7]. In clinical trials, the blood glucose of the participators
decreased to normal range within a few days, and to the lowest point after 1-2 weeks [8]. In
another short-term study of 14 obese patients with T2DM using VLCDs, marked improvement
was seen in glycosylated HbA1c [9]. It fell from 7.4±0.3% to 6.0±0.2% after 8 weeks VLCD [10].
As a consequence, CR was thought to improve glucose metabolism in type 2 diabetics. Besides,
the fasting plasma insulin/C-peptide levels of patients with T2DM fell after CR, and thus
improved the insulin sensibility [11]. Generally, Blood pressure, triglycerides, total cholesterol
and LDL-C were reduced, while only HDL-C varied [12, 13].

3.2. The long-term therapeutical effect of CR on T2DM

Whether CR improves the state of T2DM for a long time has been the major concern for
many researchers. Unick et al. [14] chose 5145 type 2 diabetic patients randomized to an
intensive lifestyle intervention and diabetes support and education. The lifestyle interven‐
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tion group received a behavioral weight loss program that included group and individu‐
al  meetings,  a ≥10% weight loss goal,  calorie restriction,  and increased physical  activity.
Diabetes support and education received a less intense educational intervention.After four
years follow-up, body weight, blood glucose and lipid profile improved significantly in the
intervention group, suggesting that CR may obtain an optimal long-term metabolic control
in T2DM patients.

Because of the poor compliance of patients with long-term CR, there are few researches in
this area, and more researchers begin to concentrate on the long-term effect of short-term
CR on T2DM patients. In a clinical study, 40 obese patients with T2DM and symptomatic
hyperglycaemia were selected despite combination oral anti-diabetic therapy+/-insulin, and
given 8 weeks of VLCD therapy (750kcal/d), followed by standard diet and exercise advice
at 2-3 month intervals up to 1 year [15]. After 8 weeks of VLCD, body weight and body
mass index (BMI) fell significantly, with favourable reductions in blood pressure, fructosa‐
mine and HbA1c. Sustained improvements were evident after 1 year, with minimal weight
regain. Unexpectedly, glycemic control tended to deteriorate. In another study, 18 insulin-
treated T2DM patients were treated with 30 days VLCD (450kCal/day) with the cessation
of all  glucose-lowering medication, and then followed for 18 months [16].  Caloric intake
was  slowly  increased  to  eucaloric  and  glucose-lowering  medication  can  be  restarted  if
necessary. After 18 months follow-up, the use of insulin was significantly reduced: 18 out
of 18 patients on day 0,  5 out of  18 patients at  18 months.  Moreover,  although patients
using insulin at 18 months had regained weight a little, but still had a better cardiovascu‐
lar risk profile compared with this parameter before CR (Table 1). In spite of favourable
outcomes,  these shorter  term CR studies still  require more data to clarify the long-term
therapeutical effect of CR on metabolic disorders.

3.3. The studies of special crowd for CR

Metabolic disorders including obesity and diabetes are more prevalent in children and
adolescents. However, most of them cannot obtain a satisfactory blood glucose control since
pharmacologic agents currently approved for use in children and adolescents with T2DM
(metformin and insulin) are less optimal. Therefore, in hope of a better glucose control in
children, lifestyle intervention attracted many interests. A chart review of 20 children (mean
age 14.5±0.4 years) who consumed a ketogenic VLCD in the treatment of T2DM was conducted
[17]. Eventually, VLCD allowed insulin and oral agents to be discontinued in all but one subject
who was not compliant, and no other subjects required resumption of medications during the
course of the diet on the condition that the metabolic parameters such as blood glucose and
blood pressure were well controlled. More importantly, this study monitored the metabolic
profiles to ensure that the patients were not at risk for developing electrolyte disturbances or
ketoacidosis. Fortunately, none experienced nausea, vomiting, dehydration, or other side
effects, such as orthostatic dizziness, muscle cramps, fatigue or halitosis previously reported
in pediatric studies.

The efficacy and safety of CR in the elderly were also investigated. Recently, a total of 5145
individuals with T2DM (1053 aged 65 to 76 and 4092 aged 45 to 64) were chosen to compare
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the effects of 4 years of intensive lifestyle intervention in older and younger individuals [18].
Both groups were respectively divided into two subgroups and given either lifestyle inter‐
vention (include CR and exercise) or health education. After 4 years follow-up, lifestyle
intervention was favourable to a better control of blood glucose, blood pressure. Surprisingly,
the elderly group gained more benefits than the younger group. Therefore, CR may be
considered to be a treatment to metabolic disorders.

4. The mechanism of CR of treating T2DM

In recent years, a number of studies have expounded the possible mechanisms from different
sides of the CR studies.

4.1. Weight loss

It was thought that the effect of CR on blood glucose was similar to bariatric surgery, because
both of them base on weight loss. Insulin sensitivity and blood glucose are improved after
weight loss. However, it is still uncertain. An important issue is that blood glucose of patients
fell before weight loss during 40 days VLCD [19]. Studies haven’t been consistent with the
effect of CR on obese patients with type 2 diabetes either. Bergman et al. [20] had compared
the effect of CR on patients with normal BMI (22.8±0.42kg/m2) and obesity (36.1±1.548kg/m2),
and found that both groups had a drop of hepatic glucose production volume after 12-48 hours
CR, with a better improvement of the insulin sensitivity in normal BMI group. Recently, Unick
et al. [14] divided the participators into overweight group, mildly obese group, moderately
obese group and severely obese group according to their body weight, then they were treated
with CR. The result showed that the overweight group lose less weight than other groups, but
the change of other metabolic indicators was similar. This may show the change of body weight
and metabolic indicators is not always parallel. So whether the effect of CR on the control of
blood glucose was dependent on the weight loss is unclear now.

4.2. Glycometabolism

Firstly, CR inhibits gluconeogenesis, leading to the decrease of hepatic glucose output, thus
reducing the glucose source; it increased fatty acid oxidation in the liver, and then produces
ketones, which can improve the tolerance of hungry by inhibiting the appetite impulsion from
hypothalamus; glucose metabolism and consumption in liver and muscles also increase after
CR [21]. Secondly, CR increases the insulin sensitivity and reduces insulin resistance. When
patients were recruited to evaluate the effect of VCLD, insulin resistance index significantly
decreased eventually [22, 23]. However, it is still controversial. No contribution of CR on
insulin sensitivity was found after 14 severely obese patients with T2DM were treated with
VLCD for 7 days [10]. The short duration of VLCD and special population chosen may be
responsible for this unsatisfactory result. Finally, CR improves pancreas islet function. The
insulin secretion and the area under the insulin curve of OGTT increased after CR [24]. The
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first phase insulin secretion, which represents acute insulin response, increased after CR as
well. Therefore, CR was thought to improve pancreas islet function.

Figure 1 shows the effects of CR on glycometabolism. CR leads to glycogen depletion in muscle
and liver, and restriction of carbohydrate leads to lipolysis and the formation of ketone bodies
by the liver. Together, hepatic glucose output is reduced via inhibition of gluconeogenesis and
glycogenolysis. Meanwhile, high protein stimulates insulin secretion and increases satiety.
Circulating ketone bodies probably contribute to tolerability of the diet by suppressing
appetite in the hypothalamus. Weight loss and diminution of fat depots in the liver, muscle
and peri-visceral space lead to reductions in insulin resistance. Improved insulin sensitivity,
dynamic insulin secretion and reduced hepatic glucose output lead to reductions in blood
glucose levels.

Figure 1. The effects of calorie restriction on glycometabolism. VLCD, very low calorie diet; CHO, carbohydrate.

4.3. Inflammatory response and oxidative stress

CR is “a new environment” to the human body. It causes lower blood glucose, insulin level,
fat content and body weight. This helps human more tolerant to stress, thus some chronic
diseases (T2DM, et al) could be prevented or treated [25]. Figure 2 has shown the effects of CR
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on oxidative stress. CR results in an increase in the level and activation of _adenine nucleotide
translocase (ANT) and uncoupling protein (UCPs) to reduce the mitochondrial membrane
potential, which induces a decrease in superoxide radical production at complex 1 of the
electron transport chain. Less damage to the lipids in the mitochondrial membrane is further
reduced by increases in the membrane lipid saturation. Increases in superoxide dismutase
convert superoxide into hydrogen peroxide and increased levels of glutathione peroxidase
(GPX) and catalase convert this to water reducing the product of the toxic hydroxyl radical
(OH-) [26]. Lower levels of OH reduce the oxidative damage to proteins and DNA, which is
further ameliorated by enhanced levels of degradation and base excision repair respectively.
Animal experiments also confirmed that the oxygen free radicals in mice reduced and the β-
hydroxybutyrate, which could act as an antioxidant, was increased after CR. In some clinical
studies, some inflammatory factors (such as tumor necrosis factor-α, interleukin-6, interleu‐
kin-8) decreased significantly after CR.

Figure 2. The effects of calorie restriction on oxidative stress.

4.4. Adiponectin

In 2011, Qiao et al. [27] found adiponectin gene expression increased in CR mice. Adiponectin
in circulation could regulate various metabolic processes, including anti-inflammatory, insulin
sensitivity and resistance, et al. It becomes another possible mechanism.
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5. The differences among various forms of CR

Nowadays, the regime of CR in various studies is still not uniform. This causes imparity of CR
effect. A systematic review published in 2004 showed that a very low calorie diet was associ‐
ated with the most weight loss after 12 months in one small study with beneficial effects on
asthma. There was no evidence that low carbohydrate diets were associated with greater long-
term weight loss than low calorie diets. Nevertheless, they were associated with greater
lowering of fasting plasma glucose and HbA1c than low calorie diets, with more adverse
events, such as increasing risk of arhythmia, osteoporosis or kidney stones [28]. Until now,
there are few evidences from large-scale follow-up studies to clarify the differences among
various CR forms.

6. The adverse reactions of CR

Strict caloric restriction may increase risk of hypoglycemia. There are not enough evidences
that CR causes arrhythmia or electrolyte disorders in the studies reported until now [29]. The
risk of gallstones may be higher in the first few days because of inadequate intake of fat. Bone
density decreases during CR without any data showing it increases fracture risk. The most
remarkable adverse reaction is increase of uric acid during CR, but only few study found it
induced gout. CR may induce the onset of ketosis, which may depend on the total intake of
carbohydrate rather than calorie [30]. However, the level of ketone bodies in serum during CR
is generally 0.33-0.71mmol/l, which is far below the level during ketoacidosis (>25mmol/l),
even though it is abnormal.

Other possible adverse effects include mild dizziness, headache, fatigue, cold, dry skin,
transient rash, changes of defecate habits, hair loss, cramps, menstrual disorders and short-
term elevated transaminases [31]. Yet for all that, these adverse effects are all slight, and can
be treated easily. Generally, CR is relatively safe in patients with type 2 diabetes, but more
long-term adverse effects needed to be observed.

7. The prospect forecast of CR used in T2DM

As a type of lifestyle interventions, CR may play a pivotal role in the therapeutic strategy to
maintain optimal glycemic control and prevent complications in the patients with type 2
diabetes. In the light of the unreasonable lifestyle nowadays, CR should be paid enough
attention to because it provides more choices for the prevention and treatment of T2DM.
Existing studies cannot ensure uniform regime of CR for different state of T2DM. Large-scale
and forceful researches are required to clarify the differences among all the forms of CR and
the long-term adverse effects.
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1. Introduction

The incidence of type 2 diabetes mellitus continues to rise worldwide and it is now estimated
that diabetes affects more than 382 million people worldwide [1]). In the United States, the
prevalence of diabetes ranges from 5.8 to 12.9 percent [2], but one of the most bothersome
finding is the continuous increase in its prevalence; both community-based Framingham Heart
Study and the National Health and Nutrition Examination Survey (NHANES) reported nearly
doubling in the incidence of type 2 diabetes over the past decades [3] [4]

Obesity is one of the most important clinical risk factor for diabetes. In Nurses’ Health Study,
there was an approximately 100-fold increased risk of incident diabetes over 14 years in
individuals whose baseline BMI was >35 kg/m2 compared with those with BMI <22 [5]. While
the relationship between BMI and the risk of type 2 diabetes seems to be curvilinear, there is
also an additional risk brought by the weight gain. In the same study, a weight gain of 8.0 to
10.9 kg after 18 years was associated with a relative risk for diabetes of 8.0 to 10.9 kg compared
with those with minimal weight gain [5].

Sustained weight loss, on the other hand, can substantially improve glycemic control in
patients with type 2 diabetes, by providing a partial correction of the two major metabolic
abnormalities in type 2 diabetes: insulin resistance and impaired insulin secretion. A weight
reduction of only 5 to 10 percent of initial body weight in overweight individuals can have a
lasting beneficial impact on serum glucose, dyslipidemia, and hypertension [6]. However, the
amount of weight loss required to achieve an ideal glycemic response may depend on the
initial glucose level, as shown by the UKPDS study, with higher goals needed for those with
non-controlled diabetes [7].
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While the benefits of weight loss for obese patients with diabetes are indubitable, there are
several strategies for achieving weight loss, with physical activity and intensive lifestyle
modification being important components of almost all programs. The Look AHEAD Study,
the largest and longest randomized controlled trial of a behavioral intervention for weight loss
in patients with diabetes, showed a mean body weight reduction of 8.5% at year one; over the
next four years, a gradual regaining of weight was observed, followed by the maintenance of
losses of approximately 4-5% in subsequent years [8]. This quite poor maintenance of weight
loss, associated with the trial's negative finding with regard to its cardiovascular endpoints [9]
sustains the need, at least in some diabetic patients, for more aggressive approaches in order
to obtain substantial and durable weight loss.

2. History of bariatric surgery and its use in treating diabetes

The first report of a surgical procedure aiming for weight loss is said to be the Talmud. There
it is said that Rabbi Eleazor, who was morbidly obese, underwent an operation after being
given a soporific potion wherein his abdomen, or abdominal wall, was opened and a number
of “baskets of fat were removed” [10]. However, the first bariatric surgery intervention
performed in modern time dates back to 1953, when Varco from Minessota University
performed a bypass of small intestine in an obese patient, with bowel reconstruction by an
jejunoileostomy [11]. This jejuno-ileal by-pass caused excellent and lasting weight loss but
proved to be associated with extensive complications due to short bowel syndrome and
bacterial overgrowth. In 1966, Edward Mason, who is considered the father of bariatric
surgery, published the landmark paper on gastric bypass [12], while in 1977 Griffen and his
colleagues performed the first gastric bypass with a Roux-en-Y gastrojejunostomy (RYGB).
The popularity of this intervention rapidly rose, as it proved to be efficient and quite safe, with
reduced request for revisional surgery. From the beginning of the 70’s gastroplasty was
introduced as an important bariatric procedure, firstly as a partial horizontal gastric transec‐
tion, than as a vertical banded gastroplasty. The following years brought into attention other
innovative techniques, such as bilio pancreatic diversion (BPD), laparoscopic adjusted gastric
banding (LAGB), sleeve gastrectomy (SG) or gastric plication, designed to improve the main
outcome: weight loss and metabolic improvement, but also to reduce the incidence of com‐
plications.

The Greek word “baros” means weight and the term bariatric came into use in 1965, defining
a branch of medicine dealing with causes, prevention, and treatment of obesity. At the
beginning, interventions performed in order to obtain weight loss were mechanistically
defined as purely restrictive of food intake (e.g., vertical banded gastroplasty, laparoscopic
adjustable gastric banding), restrictive/malabsorptive (e.g., gastric bypass), and primarily
malabsorptive (e.g.,biliopancreatic diversion/duodenal switch). It was lately clear that these
anatomical descriptions did not provide the mechanism of action and the mechanical explan‐
ation of weight loss was subsequently challenged. More than that, the consequences of these
procedures go far beyond weight loss, as, in addition to solving mechanical problems of
gastroesophageal reflux disease, obstructive sleep apnea, and back and joint pain, they
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improve or even cure metabolic diseases (e.g., type 2 diabetes, hyperlipidemia, hypertension,
polycystic ovary syndrome, nonalcoholic steatohepatitis, possibly cancer).

Metabolic surgery was defined in 1978 by Henry Buchwald and Richard Varco as “the
operative manipulation of a normal organ or organ system to achieve a biological result for a
potential health gain” [13]. The practice of metabolic surgery goes, however, way before this
timeline; examples are the procedures of gastrectomy or vagotomy for duodenal ulcers,
procedures that don’t touch the actual lesion, or splenectomy for idiopathic thrombocytopenic
purpura. In the late 80’s, The Program on the Surgical Control of the Hyperlipidemias (POSCH)
showed that a surgical procedure (partial ileal by-pass) could dramatically improve total
cholesterol and low-density lipoprotein cholesterol levels, as well as atherosclerotic coronary
heart disease mortality and recurrent nonfatal myocardial infarction as well as overall
mortality, the incidence of coronary artery bypass grafting and percutaneous transluminal
coronary angioplasty, and the development of peripheral vascular disease [14].

Nicola Scopinaro and Walter Pories were among the first who stated the effectiveness of
gastrointestinal surgery procedures in correcting or even curing type 2 diabetes; they showed
normalization of blood glucose levels after biliopancreatic diversion [15] and gastric by-pass,
respectively [16]. In a milestone publication entitled “Who would have thought it? An operation
proves to be the most effective therapy for adult-onset diabetes mellitus”, Pories underlined the
importance of hormonal mechanisms in the process of improving or even curing type 2
diabetes mellitus, independent of weight loss. Bariatric surgery is beyond doubt metabolic
surgery, as it causes dramatic improvement of type 2 diabetes and can effectively prevent
progression from impaired glucose tolerance to diabetes in severely obese individuals, but it
also resolves or mitigates some other important complications of obesity, such as dyslipidemia,
hypertension, insulin resistance, sleep apnea [17].

3. Short description of the main bariatric surgery procedures used in
diabetic patients

Currently accepted bariatric procedures for the treatment of type 2 diabetic patients are Roux-
en-Y gastric by-pass (RYGB), laparoscopic adjusted gastric banding (LAGB), bilio-pancreatic
diversion (BPD) and duodenal switch variant (BPD-SD), and sleeve gastrectomy (SG) [18]

The Roux-en-Y gastric bypass (Figure 1) is one of the most commonly performed bariatric
procedures worldwide. It developed in the late 60’s from the observation that patients with
partial gastrectomy suffer a significant and persistent weight loss. After successive changes
and optimizations, it is now considered the gold-standard in bariatric surgery. The interven‐
tion has several components: in the first step, a 30 milliliters stomach pouch is created by
dividing the top of the stomach from the rest of it. Next, the first portion of the small intestine
is divided, and the bottom end of the divided small intestine is connected to the newly created
stomach pouch. In the final step, the top portion of the divided small intestine is connected to
the small intestine further down so that the stomach acids and digestive enzymes from the
bypassed stomach and first portion of small intestine will eventually mix with the food [19].
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Figure 1. Roux-en-Y gastric bypass

Laparoscopic adjusted gastric banding (Figure 2) involves surgical insertion of an adjustable
inflatable band that is placed around the upper part of the stomach to create a smaller stomach
pouch. This slows and limits the amount of food that can be consumed at one time, but it does
not decrease gastric emptying time. The size of the stomach opening can be adjusted by filling
the band with sterile saline, which is injected through a port placed under the skin.

Figure 2. Laparoscopic adjusted gastric banding
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Sleeve Gastrectomy (SG) is a procedure that involves removing the lateral part of the great
gastric curvature, with stomach resection along the little curvature, from Hiss angle to the
antrum [20] – Figure 3. The intervention was initially used as the first part of a two-stage
procedure for super-obese patients (BMI > 60kg/m2), who were considered poor surgical
candidates and who would not tolerate a prolonged or more involved procedure. The aim of
the procedure was to allow the patients an opportunity to achieve some weight loss before
being converted to the more complex gastric bypass or biliopancreatic diversion with duodenal
switch (BPD-DS) [21]. It was, however, rapidly proved that weight loss and metabolic benefits
were significant and nowadays it is used as a definitive weight loss procedure, with the
advantage of the technical simplicity and the lower risk for complications [22]. The most recent
guideline of the American Society for Metabolic and Bariatric Surgery also endorsed by the
American Association of Clinical Endocrinology does not include this procedure among the
investigational ones but considers it consecrated [23]

Figure 3. Sleeve gastrectomy

Biliopancreatic diversion with duodenal switch (Figure 4) is a weight loss surgery interven‐
tion that is composed of two procedures: in the first one, a smaller, tubular stomach pouch is
created by removing a portion of the stomach, and afterwards, a large portion of the small
intestine is bypassed. After dividing duodenum just past the outlet of the stomach, a segment
of the distal small intestine is then brought up and connected to the outlet of the newly created
stomach; in this way, approximately three-fourth of the small intestine in by-passes by food.
The bypassed small intestine, which carries the bile and pancreatic enzymes, is reconnected
to the last portion of the small intestine [19]
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Figure 4. Biliopancreatic diversion with duodenal switch

4. Mechanisms involved in diabetes control or remission

It is very clear that weight loss has a profound impact on diabetes control and much of the
effects of bariatric surgery on glucose homeostasis were attributed to its impact on weight.
However, several investigators demonstrated the very rapidly normalisation in glucose
metabolism (in a few days), way before the weight loss becomes significant [24]. This suggests
that diabetes remission may be due to mechanisms involving the surgical technique, aside
from weight loss. The most common hypothesis are:

4.1. Caloric restriction hypothesis

It is well-known that very low calories diets may significantly and early improve glycemic
control in diabetes patients [25], as caloric restriction can improve hyperglycemia through
regulation of hepatic glucose production [26]. Considering the level of caloric absorption from
the intestinal tract, all bariatric procedures are restrictive; caloric intake can be restricted by
the inhibition of eating, as in AGB, SG or RYGB, or by the insufficient intestinal surface, as in
BPD or other so-called “malabsorbtive” procedures.

In a recent study, Jackness et al compared the effect of a very low–calorie diet (VLCD) (500
kcal/day) and RYGB on β-cell function in type 2 diabetic patients during the first 3 weeks after
intervention and reported similar degrees of weight loss and no significant differences in β-
cell function between the groups [27]. Similar results were presented by Plourde et al in a study
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regarding the improvement of insulin sensitivity and β-cell function following bilio-pancreatic
diversion with duodenal switch (BPD-DS) [28]. Both groups concluded that caloric restriction
was primarily responsible for the early effects of bariatric surgery procedures on glucose
metabolism. However, this theory doesn’t explain the long term differences in efficiency
between the different bariatric procedures, despite the similar caloric restriction.

4.2. The neural networks hypothesis

The intestinal tract has important parasympathetic and sympathetic innervations. Vagally
mediated reflexes are critical to the control, regulation and organization of appropriate GI
functions, including hunger, appetite and satiety. Several studies have demonstrated that the
behavior, activity and responsiveness of vagal afferents are altered by diet and obesity [29].
As shown by Browning et al [30], RYGB reversed some of the alteration of dorsal motor nucleus
of the vagus neurons induced by high fat diet and improved vagal neuronal health in the brain.
Sympathetic gut innervation, on the other hand, is involved in glucose production and release,
inhibition of peristalsis and inhibition of gastrointestinal enzyme secretion. Weight loss
induced by bariatric surgery may trigger profound sympathoinhibitory effects [31]

4.3. The hindgut hypothesis

This is probably the most accepted hypothesis that focuses on the expedited delivery of
nutrients to the ileum after most of the bariatric procedures, which results in the accentuated
production of peptides produced by L cells in the distal small intestine, including glucagon-
like peptide (GLP)-1, peptide YY (PYY), and oxyntomodulin [32]. GLP-1 and PYY are both
secreted by the L cells located in the distal gastrointestinal tract in response to nutrient
ingestion and elicit almost the same metabolic responses. Together with GIP, they are respon‐
sible for the incretin effect, which consists in the greater insulin response after oral ingestion
of glucose as compared with the insulin response after intravenous infusion of glucose when
plasma glucose concentrations are the same [33].

It was shown that GLP-1 amplifies important steps in insulin synthesis and transcription,
stimulates beta cell proliferation, reduces appetite and gastrointestinal motility [34]. It has been
shown that GLP-1 is reduced in patients with type 2 diabetes and this have resulted in the
development of t two drug classes currently approved for the treatment of T2DM: the long-
acting analogues of GLP-1, and the inhibitors of dipeptidyl peptidase 4 (the enzyme respon‐
sible for the rapid degradation of GLP-1) [33]. After RYGB, postprandial secretion of GLP-1
increases approximately 20 times [32]; this effect has been demonstrated as early as one week
after surgery and persists for at least 10 years thereafter [35]. The improvement in incretin
levels is not dependent on weight loss and, in diabetic patients, it has been paralleled by
improved glucose tolerance [33]. An increased of postprandial GLP-1 levels has also been
reported following gastric sleeve, apparently comparable to that obtained after RYGB, in the
short and in the long term [36]. However, several recent studies suggest that the dramatic
increase in GLP-1 secretion observed in the long term after RYGB surgery contributes to
improved beta-cell function but does not appear to be the key determinant for the resolution
of T2DM following this type of surgery [36]. Likewise, data from a rodent model have shown
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that blocking the action of GLP-1 does not influence the dramatic improvement in glucose
tolerance observed after sleeve gastrectomy and therefore that GLP-1 receptor activity is not
necessary for the beneficial metabolic effects of SG [37].

4.4. The foregut hypothesis

This theory suggests that the bypass of the duodenum and proximal jejunum after RYGB, or
the lack of food exposure to these areas of the small intestine, might determine the decrease
in secretion of an unknown duodenal factor (an antiincretin) influencing glucose homeostasis.
The anti-incretin hypothesis, embraced by Rubino [38], postulates that, in addition to the well-
known incretin effect, nutrient passage in the bowel can also cause activation of negative
feedback mechanisms (anti-incretins) to balance the effects of incretins and other postprandial
glucose-lowering mechanisms. Supporters of this theory suggest the physiologic necessity of
these control mechanisms to prevent the risk for postprandial hyperinsulinemic hypoglycemia
and uncontrolled beta cell proliferation induced by incretins. Excess of anti-incretin signals,
perhaps stimulated by macronutrient composition or chemical additives of modern diets,
might cause insulin resistance, reduced insulin secretion, and beta cell depletion, leading to
type 2 diabetes [38]. On the other hand, bariatric surgery, by resecting or excluding parts of
the small bowel from nutrients transit, changes the incretins/anti-incretins balance; this might
explain the improvement or even the cure of type 2 diabetes, but also the postprandial
hyperinsulinemic hypoglycaemia that can complicate RYGB [39]

4.5. Other theories

4.5.1. Bile acids hypothesis

Among the changes to intestinal physiology that occur after bariatric surgery is the altered
enterohepatic circulation of bile acids. Bile acids are now recognized to be involved in the
regulation of various metabolic processes including lipids, glucose, and energy homeostasis.
Their binding to a nuclear receptor (farsenoid-X-receptor or FXR) produces alterations in
hepatic glucose production and intestinal glucose absorption influences on peripheral insulin
sensitivity and incretin effects [40]. After RYGB, fasting and postprandial serum concentrations
of bile acids increase. Gerhard et al reported that patients with postoperative remission of
diabetes after RYGB showed larger increases in fasting bile acids than did patients who did
not achieve diabetes remission or who did not have diabetes preoperatively [41]. A recent
study published by Karen Ryan and colleagues from the University of Cincinnati showed that
VSG is associated with increased circulating bile acids and that, in the absence of FXR, the
ability of VSG to reduce body weight and improve glucose tolerance is substantially reduced.
These results point to bile acids and FXR signaling as an important molecular underpinning
for the beneficial effects of bariatric surgery [42].

4.5.2. Gut microbiota hypothesis

The gut microbiota is recognized to have an important role in energy storage and the subse‐
quent development of obesity. It is well-known that obese individuals have an increased ratio
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of Firmicutes to Bacteroidetes bacteria and decreased bacterial diversity compared with lean
controls—differences that disappear in response to weight loss, whether surgical or dietary
intervention [43]. Recent studies proved the change in gut flora after RYGB; in addition to the
standard decrease in the Firmicutes to Bacteroidetes ratio that accompanies weight loss, a
major finding from microbial sequencing analyses after RYGB is the comparative overabun‐
dance of the phylum Proteobacteria in the distal gut microbiome [44]. In a murine bariatric
model changes in gut microbiota were similar to those seen in humans after RYGB, and transfer
of the surgically altered microbial species to non-operated, germ-free mice resulted in weight
loss; this suggests that changes in gut microbiota might contribute to the beneficial effect of
RYGB [45].

5. Trials proving the efficacy of bariatric surgery in diabetes control

Obesity and type 2 diabetes mellitus are both major health problems due to growing incidence
and increasing costs of care [46]. Type 2 diabetes mellitus closely follow incidence and
prevalence of obesity and the evolution of the disease is marked by several complications such
as retinopathy and blindness, neuropathy and lower limb amputations, end stage renal
disease, myocardial infarction and stroke if the disease is not well controlled. Despite of
tremendous progressions which have been made in type 2 diabetes mellitus treatment, more
than fifty percent of patients do not reach their glycemic control targets [47].

There are a number of observational trials and published meta-analyses that demonstrate
consistent improvement of type 2 diabetes after metabolic surgery. In an observational
controlled study from Norway, morbidly obese patients with mean BMI 45.1 kg/m2 were
treated with either Roux-en-Y gastric bypass or intensive medical therapy. At one year weight
loss was 30% in surgery group compared with 8% in lifestyle group and diabetes remission
rate was 70% versus 33%. [48]

A meta-analysis of studies on type 2 diabetes obese patients who underwent different types
of bariatric procedures showed at baseline the mean age 40.2 years, body mass index was
47.9 kg/m2, 80% were female, weight loss overall was 38.5 kg or 55.9% excess body weight
loss and an overall rate of remission of diabetes of 78%. [49] Remission of diabetes occurred
in half of patients who underwent laparoscopic adjustable gastric bypass, 80% of patients
who underwent Roux-en-Y gastric bypass, and 95% of those who underwent biliopancreat‐
ic diversion. [49]

The key results from the Swedish Obese Subjects (SOS) study have been published in a review.
This is a long term, prospective, controlled trial on 2010 obese subjects who underwent
metabolic surgery (13% gastric bypass, 19% banding and 68% vertical banded gastroplasty)
and 2037 matched obese control subjects receiving usual care. [50] The diabetes remission rate
was increased several fold at 2 years (adjusted OR=8.42) and 10 years (adjusted OR=3.45). After
2 years of follow-up, 72% of SOS patients with type 2 diabetes mellitus at baseline were in
remission in the surgery group. But amongst patients who underwent surgery with remission
of diabetes at 2 years, 50% had relapsed after 10 years. [50]
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The outcomes of bariatric surgery are analyzed in a retrospective case-matched study com‐
paring medical treatment, duodenal switch, and laparoscopic adjustable gastric band to Roux-
en-Y gastric bypass for treatment of obese type 2 diabetes. [51] At one year of follow-up the
Roux-en-Y gastric bypass produced greater weight loss, A1c improvement, and higher
diabetes medication score reduction than medical therapy and laparoscopic adjustable gastric
bypass but duodenal switch produced greater reduction in A1c and diabetic medication score
than Roux-en-Y gastric bypass. [51]

Recently more and more evidences come from randomized controlled trials. These studies
are difficult to be compared because of different inclusions criteria regarding the mean age,
duration of diabetes, mean BMI and different primary endpoints and also lack of homogenous
definition of diabetes remission. The first randomized controlled trial conducted on a small
group compared conventional diabetes therapy consisting on weight loss by lifestyle changes
versus laparoscopic adjustable gastric banding associated to diet on 60 obese patients (BMI
>30 and <40) with recently diagnosed type 2 diabetes [52]. After two years of follow-up,
remission of type 2 diabetes defined by fasting glucose level <126 mg/dl and glycated hemo‐
globin value <6.2% without glycemic therapy, was achieved by 73% in surgical group and by
13% in the conventional group. [52] As the authors recognized, this study has several limita‐
tions: relatively small number of patients, limited time of follow-up thus the results cannot be
extrapolated for a longer period, lack of hard end points such as mortality and cardiovascular
events [52].

A higher number of patients, 150 were included in Surgical Treatment and Medications
Potentially Eradicate Diabetes Efficiently trial (STAMPEDE trial) and were randomly assigned
to intensive medical therapy alone or intensive medical therapy plus either Roux-en-Y gastric
bypass or sleeve gastrectomy. [53] These patients had a longer duration of diabetes, >8 years
and mean BMI was 36 and glycated hemoglobin at baseline range from 8.9% to 9.5%. At 12
months of follow-up the target glycated hemoglobin level <6% was achieved by 12% in the
intensive medical therapy alone group versus 42% in the gastric-bypass group and 37% in the
sleeve-gastrectomy group, without significant differences between surgical groups. [53]
Glycated hemoglobin and fasting plasma glucose improved significantly faster and at a great
magnitude at three months in surgical groups compared with medical therapy group with a
lower use of antidiabetic agents and this improvement was sustained over the entire follow-
up period. [53] Type 2 diabetes mellitus control was significantly improved after both bariatric
surgery procedures with a reduction of glycated hemoglobin by 2.9 percentage points. The
average number of diabetes medications per patient per day increased in intensive medical
therapy from 2.8 at baseline to 3 at one year and decreased in surgical groups from 2.6 (Roux-
en-Y bypass group) and 2.4 (Sleeve gastrectomy group) to 0.3 and 0.9 respectively. [53] Insulin
treatment at 12 months of follow-up was more prevalent among patients on intensive medical
therapy group 38% versus gastric by-pass group 4% and sleeve-gastrectomy group 8%. [53]
Not only glycemic control was improved secondly bariatric surgery but also HOMA-IR index,
CRP level, lipid profile, with significantly decreased of triglycerides and increased of high-
density lipoprotein (HDL) cholesterol. The main limitation of this study, short duration of
follow-up is overcome by another study with a follow-up period of two years, performed on
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intensive medical therapy alone group versus 42% in the gastric-bypass group and 37% in the
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Glycated hemoglobin and fasting plasma glucose improved significantly faster and at a great
magnitude at three months in surgical groups compared with medical therapy group with a
lower use of antidiabetic agents and this improvement was sustained over the entire follow-
up period. [53] Type 2 diabetes mellitus control was significantly improved after both bariatric
surgery procedures with a reduction of glycated hemoglobin by 2.9 percentage points. The
average number of diabetes medications per patient per day increased in intensive medical
therapy from 2.8 at baseline to 3 at one year and decreased in surgical groups from 2.6 (Roux-
en-Y bypass group) and 2.4 (Sleeve gastrectomy group) to 0.3 and 0.9 respectively. [53] Insulin
treatment at 12 months of follow-up was more prevalent among patients on intensive medical
therapy group 38% versus gastric by-pass group 4% and sleeve-gastrectomy group 8%. [53]
Not only glycemic control was improved secondly bariatric surgery but also HOMA-IR index,
CRP level, lipid profile, with significantly decreased of triglycerides and increased of high-
density lipoprotein (HDL) cholesterol. The main limitation of this study, short duration of
follow-up is overcome by another study with a follow-up period of two years, performed on
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60 obese (BMI over 35), type 2 diabetic patients randomized on medical therapy, laparoscopic
gastric bypass and biliopancreatic diversion. [54] In this study remission of diabetes was
defined by fasting plasma glucose level of less than 100 mg/dl (5.6 mmol/l) and glycated
hemoglobin level of less than 6.5% for at least one year without antidiabetic agents. At two
years of follow-up the remission of diabetes occurred in 75% of patients in gastric bypass
group, 95% of patients in biliopancreatic diversion group and none of patients in medical
therapy group. [54] The relative risk of diabetes remission was 7.5 in the gastric-bypass group
and 9.5 in the biliopancreatic-diversion group as compared with the medical-therapy group.
[54] The average time to the normalization of fasting glucose and glycated hemoglobin was 10
months for gastric bypass versus 4 months for biliopancreatic diversion, differences being
significant. [54] Biliopancreatic diversion and gastric bypass are much more effective in
controlling glycemia in type 2 obese diabetes patients than medical therapy. [54] The Diabetes
Surgery Study compared Roux-en-Y gastric bypass versus medical therapy in achieving a
composite endpoint consisting in cardiovascular risk factors, glycated hemoglobin under 7%,
LDL cholesterol under 100 mg/dl and systolic blood pressure under 130 mg/dl. [55] At 12
months, 19% in the medical group and 49% in the gastric bypass group achieved the primary
composite endpoint. [55]

Glycated hemoglobin was significantly improved at follow-up visit in all groups who under‐
went a surgical procedure compared with medical group. In the Diabetes Surgery Study the
mean A1c at 1 year after gastric bypass was 6.3%, in the Schauer et al study A1c was 6.4% after
Roux-en-Y gastric bypass and in the Mingrone et al study A1c was 6.3% after laparoscopic
gastric bypass or biopancreatic diversion. [53-55]

Very recently a systematic review and meta-analysis focused on medium term outcomes (five
years) after banded Roux-en-Y gastric bypass showed that diabetes remission occurred in
82.2%. [56]

5.1. Lipid profile

Total cholesterol, LDL cholesterol and triglycerides were significantly lower in patients
undergoing biliopancreatic diversion than among those receiving medical therapy but there
were no significantly differences between medical therapy and gastric bypass. [54] The mean
LDL cholesterol at follow-up was 83 mg/dl among patients who underwent gastric bypass
versus 89 mg/dl in medical therapy groups. [54, 55] But triglycerides were significantly lower
after one year in gastric bypass group versus medical group. [55] HDL cholesterol increased
significantly in all three groups (medical therapy, gastric bypass and biliopancreatic diversion)
but much more among patients undergoing gastric bypass. [54, 55]

5.2. Blood pressure

Systolic and diastolic blood pressures were significantly improved by gastric bypass and
biliopancreatic diversion. [54, 55] No improvement of systolic and diastolic blood pressures
was found in another study after Roux-en-Y gastric bypass or sleeve gastrectomy. [53]
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Almost all studies showed that all metabolic improvements in the lifestyle-medical group were
realized in the first 6 months of follow-up with subsequent decrease of the benefits by 12
months. In contrast improvement continues to increase in the bariatric surgery groups
throughout the entire period of follow-up. [52-55]

The most recently published meta-analysis on observational and randomized clinical trial
included 6131 patients: 3076 underwent bariatric surgery and 3055 underwent conventional
therapy. [57] The mean age of patients included in this meta-analytic research was 47.8 years,
ranging from 35.8 to 62.0 years. In the observational studies, the mean A1c in surgery groups
was 7.6% versus 7.2% in conventional groups and at follow-up the mean A1c was 6.1% in
surgery group versus 7% in conventional group. In the randomized trials, the mean A1c in
surgery group was 8.9% versus 8.7% in conventional group and at follow-up the mean A1c
was 6.1% in surgery group versus 7.6% in conventional group. In this meta-analysis the
remission rate of type 2 diabetes ranged from 38% to 100% in surgery group versus 0% to 46.7%
in conventional group. The odds of bariatric surgery patients reaching T2DM remission ranged
from 9.8 to 15.8 times the odds of patients treated with conventional therapy. [57]

5.3. Safety and adverse events

The 30-day mortality associated with bariatric surgery is low, estimated at 0.1-0.3%, a rate
similar to that for laparoscopic cholecystectomy. [58]

Biliopancreatic diversion and gastric by-pass are relatively safe and adverse events were rare
including: incisional hernia, intestinal occlusion. [54, 55] Postoperative complications after
gastric bypass consist on anastomotic and staple-line leaks (3.1%), wound infection (2.3%),
pulmonary events (2.2%) and wound hematoma (1.7%) and late surgical complications consist
on stricture, bleeding anastomotic ulcer, gastritis proximal pouch and small bowel obstruction
but no mortality. [55, 59] Rare but often severe hypoglycemia form insulin hypersecretion
could occur. [60] Patients in the gastric bypass group experienced 50% more serious and 55%
more nonserious adverse events than did those in the lifestyle-medical group. [55] The most
serious complication, anastomotic leakage, has decreased in incidence from 5% to 0.8%. [61,
62] A study performed by the US Agency for Healthcare Research and Quality reported a 21%
decline in complications after bariatric surgery between 2002 and 2006. [63] The prevalence of
postsurgical infections decreased by 58% and abdominal hernias, staple leakage, respiratory
failure and pneumonia rates decreased by 29-50%.

Nutritional deficiencies such as: iron-deficiency anemia, hypoalbuminemia, vitamin B
deficiency, vitamin D deficiency, osteopenia were more frequent in patients who underwent
Roux-en-Y gastric bypass or biliopancreatic diversion despite monitoring of laboratory values
and prescription of nutritional supplements. [54, 55, 60]

Some patients and surgery procedures factors related to higher risk have been identified until
now. Patients’ factors are: older age, increasing BMI, male gender, hypertension, obstructive
sleep apnoea, high risk of pulmonary thromboembolism, limited physical mobility. Surgery
procedures factors are: surgeon inexperience, low volume centre or surgeon performing
surgery occasionally, morbidity and mortality increase with the complexity of the procedure,
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open compared with laparoscopic procedures, revisional surgery. [60, 64, 65] The presence of
type 2 diabetes has not been found to be associated with increased risk for bariatric surgery.

5.4. Conclusions

Up to date, all randomized controlled studies proving effects of bariatric surgery among obese
type 2 diabetic subjects have been short-term and have been conducted on relatively small
number of patients. Until now only the Swedish Obese Subjects (SOS) study provides evidence
of cardiovascular benefits and prolonged improvement in glycemia but this is a non random‐
ized trial. [66, 67] Lager multicenter randomized controlled studies will be required in order
to confirm these results. Furthermore is mandatory that studies designed for cardiovascular
safety to be performed. More studies are needed especially studies that may provide a better
prediction and duration of the remission of diabetes and long-term complications. The success
of different bariatric surgery procedures suggests that they should not be seen as a last
treatment. Such procedures have to be taken into account earlier in the treatment of type 2
diabetes obese patients.

6. Factors predicting the outcome of surgery in diabetic patients

Most obese type 2 diabetes subjects who underwent bariatric surgery show an important
improvement of metabolic features but not every patient has diabetes remission after surgery,
suggesting that some clinical characteristics could predict which patient is best suitable for a
particular metabolic surgery procedure. Furthermore it is important to identify patients who
will not respond to metabolic surgery, so that these patients not to be exposed to an unneces‐
sary surgical procedure that could be without clear benefits. Clinical studies showed that the
main factors that contribute to the control of diabetes and eventually to the remission of the
diseases are as follows:

a. Age: A younger age at the moment of bariatric surgery increased the chance of diabetes
remission. [68] In a study on 154 Chinese patients who underwent gastric bypass, younger
age was associated with remission of diabetes at 12 months [69]. However, in other studies
age was not a predictor of diabetes remission one year after Roux-en-Y gastric bypass or
sleeve gastrectomy [53], or at two years of follow-up after gastric by-pass and biliopancre‐
atic diversion. [54]

b. Diabetes duration: As an estimation of diabetes severity, the longer the duration, the
lower the chances of remission [70]. An analysis of 161 patients showed that duration of
diabetes below 4 years was a predictive factor of diseases remission [71]. The duration of
diabetes strongly and independently influenced remission at 1 year after gastric bypass
[69]. On the other hand at two years of follow-up after gastric by-pass and biliopancreatic
diversion diabetes duration was not a predictor of diabetes remission [54].

c. Insulin treatment Frequently insulin treatment is used in type 2 diabetes as ad on therapy
after oral antidiabetic agents have failed because of the progressive nature of the disease
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characterized by continuous decrease of beta cell function. Absence of insulin treatment
was a predictive factor for remission of diabetes after bariatric surgery. [68, 71] The insulin
use was associated with lower remission rates compared with oral medication (13.5 versus
53.8%). [72]

d. Weight loss. The amount of weight loss seems to be of major importance in the improve‐
ment of glucose control after laparoscopic adjustable gastric banding. [52] Also percentage
weight loss at 1 year over 25% independently influenced remission of diabetes after gastric
bypass. [69] But no correlation between normalization of fasting glucose levels and weight
loss after gastric bypass and biliopancreatic diversion was observed in another study. [54]
Weight changes after these former surgical procedures were not significant predictors of
diabetes remission at 2 years or of normalization of glycated hemoglobin. [54] But in the
Diabetes Surgery Study weight loss explains most of the benefit on glycemic control of
gastric bypass. [55] A baseline BMI under 50 kg/m2 and a one year BMI under 35 kg/m2

were predictive factors for diabetes remission whatever the procedures. [71]

e. Initial level of C peptide: Fasting C-peptide concentration is correlated with beta cell
mass and insulin secretion. Very low C-peptide levels could be useful in identifying type
1 diabetes and latent autoimmune diabetes in adults that could have as comorbidity
obesity. C-peptide levels are increased as response to insulin resistance in obese type 2
diabetes subjects and are correlated with BMI but decreased with duration of diabetes.
[69] A high level of C-peptide before metabolic surgery increased the chance of a good
outcome. The cut-off value of C-peptide ≥2.9ng/ml at baseline predicts the remission of
diabetes after gastric bypass. [69] Also in another study the diabetes remission rates
strongly correlate with the level of C-peptide: 55.3% for those with preoperative C-peptide
<3ng/ml, 82% for C-peptide 3-6ng/ml, and 90.3% for C-peptide > 6ng/ml. [73] Another
study showed that 90% of type 2 diabetes patients with preoperative fasting C-peptide
levels over 1 nmol/l had mean A1c <6.5% after Roux-en-Y gastric bypass and 74% had
complete resolution of diabetes. But none of the patients with fasting C-peptide level less
than 1 nmol/l before surgery experienced diabetes remission. The authors of this study
recommend fasting C-peptide levels to be measured in order to a better prediction of
diabetes remission after surgery. [74]

f. Type of surgical procedures Preoperative data of patients could be of greater importance
in the resolution of diabetes than the choice of bariatric surgery procedures. There are
several studies that analysed the efficiency of different types of surgical procedures,
reporting remission rates of 7-70% for gastric banding, 38-98% for gastric by-pass, 33-85%
for sleeve gastrectomy and 52-100% for biliopancreatic diversion. [75] Weight loss and
diabetes resolution were greatest for patients undergoing biliopancreatic diversion/
duodenal switch, followed by gastric bypass, and least for banding procedures. [49]

The combination of these factors has an increased power in prediction of the outcomes. If a
score of 1 is assigned to duration of diabetes <4years, percentage weight loss at 1 year >25%,
and C-peptide ≥2.9ng/ml at baseline, a cumulative score of 2 or 3 was associated with a
remission rate of 92%, and a score of 0 or 1 was associated with a remission rate of 27%. [69]
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In a retrospective cohort study on 690 patients was developed a score, DiaRem, to predict
probability of diabetes remission within five years after Roux-en-Y gastric bypass surgery.
Four preoperative clinical variables were identifying of importance in this score: insulin use
(no use 0, use of insulin 10 points), age (<40 years 0, 40-49 years 1 point, 50-59 years 2 points,
>60 years 3 points), glycated hemoglobin (<6.5% 0, 6.5-6.9% 2 points, 7-8.9% 4 points, >9% 6
points), and type of antidiabetic drugs (no sulfonylureas or insulin-sensitising agents other
than metformin 0, sulfonylureas and insulin-sensitising agents other than metformin 3 points).
[68] The DiaRem score ranges from 0 to 22. [68] The study showed that 88% of patients who
scored 0-2, 64% of those who scored 3-7, 23% of those who scored 8-12, 11% of those who scored
13-17, and 2% of those who scored 18-22 achieved remission (partial or complete) according
ADA definition. [68]

7. Actual guidelines for surgical treatment in diabetic patients

Obesity and type 2 diabetes mellitus are chronic, multifactorial and complex disorders with
serious outcomes on health and requires multidisciplinary approach in order to improve
prognostic.

Several international society have launched their guidelines, position statement and recom‐
mendations on type 2 diabetes mellitus and metabolic surgery based on growing evidences
form observational, randomized controlled studies and metaanalysis. [60, 76-79] These
guidelines and position statement are needed because the global prevalence of type 2 diabetes
is rising dramatically as a consequence of obesity epidemic and environmental changes
including high calorie food abundance and lack of physical activity. Type 2 diabetes and
obesity are associated with premature morbidity and mortality and are major public health
threats of the 21st century. There is increasing evidence that prognostic of patients with type 2
diabetes mellitus and obesity is dramatically improved by bariatric surgery that produces
important weight loss, substantially decreases of glycated hemoglobin, improvement of lipid
profile and reduces the cardiovascular risk and it even can produces remission of diabetes. [60]
Bariatric surgery for severe obesity associated with diabetes mellitus is cost-effective. [60]

8. Indications for bariatric surgery in adults with type 2 diabetes mellitus

Bariatric surgery is clearly indicated in type 2 diabetes mellitus patients with BMI >35kg/m2

(evidence level A) especially if diabetes or associated comorbidities are difficult to control with
lifestyle and pharmacological therapy. In these patients surgery can contribute to beta cell
function improvement and diabetes remission. For patients with type 2 diabetes mellitus and
BMI ranged between 30 and 35 kg/m2 surgery may be considered on an individual basis
(evidence level A, B, C and D). [77] In patients with type 2 diabetes and BMI >30 kg/m2 and
<35 kg/m2, bariatric surgery may be considered if HbA1c >7.5% despite fully optimized
conventional therapy, especially weight is increasing, or other weight responsive co-morbid‐
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ities not achieving targets on conventional therapies (blood pressure, dyslipidaemia, and
obstructive sleep apnea). [60] There are insufficient data to generally recommend surgery in
patients with BMI under 35 kg/m2 outside of a research protocol. [76] Table 1 summarized
indications of bariatric surgery in type 2 diabetes mellitus according different international
organizations.

9. Indications for bariatric surgery in adolescents

Surgery should be considered if adolescents had BMI >40 kg/m2, or >35 kg/m2 with severe co-
morbidities, including type 2 diabetes mellitus, aged >15 years, with Tanner pubertal stage 4
or 5 and skeletal maturity, and could provide informed consent and patients have failed a
lifestyle and pharmacotherapy for six months [80]. International Diabetes Federation position
statement advised that only two procedures Roux-en-Y gastric bypass and laparoscopic
adjustable gastric banding are currently conventional bariatric surgical procedures for
adolescents [60].

Type 2 diabetes mellitus
and BMI >35kg/m2

Type 2 diabetes mellitus and
BMI >30, <35 kg/m2

Type 2 diabetes mellitus and
BMI <30 kg/m2

IDF 2011 [60] Yes May be considered on
individual basis

Research only

ADA 2014 [76] Yes May be considered on
individual basis

Research only

AACE 2013 [79] Yes May be considered on
individual basis

Research only

EASO/IFSO EC 2013 [77] Yes May be considered on
individual basis

Research only

AHA/ACC/TOS 2013 [78] Yes No recommendation for or
against

Table 1. Current recommendations for surgical treatment in type 2 diabetes

Contraindications for bariatric surgery in the treatment of type 2 diabetes mellitus are:
secondary diabetes, pancreatic autoantibodies (anti glutamic acid decarboxilasis, islet cells
antibodies) positivity, C-peptide < 1ng/ml or unresponsive to mixed meal challenge.

Which surgical procedures are indicated for obese type 2 diabetes patients? Nowadays there
is no evidence in favor of any particular procedure but the impact on weight loss, lipid profile,
glycated hemoglobin and diabetes remission is increasing according to the surgical procedures
as follows: adjustable gastric banding, sleeve gastrectomy, Roux-en-Y gastric bypass, bilio‐
pancreatic diversion with duodenal switch, biliopancreatic diversion. A laparoscopic techni‐
que should be considered as the preferable approach to the operation. Some pre-operative
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factors specific to type 2 diabetes mellitus could influence the choice of surgical procedures:
duration of diabetes, pre-operative level of glycated hemoglobin, number of antidiabetic drugs
used, and fasting C-peptide levels. [60, 77]

The assessment of bariatric surgery outcomes in type 2 diabetes and factors indicating the
beneficial effects of bariatric surgery in diabetes: There is not an international consensus
regarding definition of success of bariatric surgery in diabetes mellitus.

Partial  remission of  diabetes  is  characterized by:  HbA1c >6% but  <6.5%,  fasting plasma
glucose  100-125  mg/dl,  at  least  1  year  duration,  no  active  pharmacological  therapy  or
ongoing procedures. Complete remission of diabetes is characterized by: HbA1c <6%, fasting
plasma glucose <100 mg/dl, at least 1 year duration, no active pharmacological therapy or
ongoing procedures. Prolonged remission is characterized by complete remission of at least
5 years duration. [60, 76, 77]

According IDF optimization of the metabolic state may be defined as: HbA1c ≤ 42 mmol/mol
(6%); no hypoglycaemia; total cholesterol < 4mmol/l; LDL cholesterol <2 mmol/l; triglycerides
<2.2mmol/l; blood pressure < 135/85 mmHg; >15% weight loss; with reduced medication from
the pre-operated state or without other medications. A substantial improvement in the
metabolic state may be defined as: lowering of HbA1c by >20%; LDL cholesterol <2.3 mmol/l;
blood pressure <135/85 mmHg with reduced medication from the pre-operated state. [60]

Adverse events: The morbidity and mortality associated with bariatric surgery is generally
low and similar to that of well-accepted procedures such as elective gall bladder or gallstone
surgery. [60] There are patients and surgical procedures factors that can modify the risk of
operation. The surgical complexity and potential surgical risks of procedures decrease in
following order: biliopancreatic diversion, biliopancreatic diversion with duodenal switch,
Roux-en-Y gastric bypass, laparoscopic sleeve gastrectomy, adjustable gastric bypass. [77]

Follow-up should be provided to all patients who underwent bariatric surgery in interdisci‐
plinary (medical and surgery) joint clinics. Generally the follow-up starts at 1 month after
surgery and after that every 3 months in the first year, every 6 months for the second year and
annually thereafter. Patients with type 2 diabetes who underwent to metabolic surgery need
lifelong nutritional support and medical monitoring. The nutritional support consists in:
adequate protein intake (minimum advised protein intake of approximately 90 g/day after
biliopancreatic diversion) in order to prevent excessive lean body mass loss, avoidance of
ingestion of concentrated sweets to prevent dumping syndrome, vitamin and other micronu‐
trients supplementations according to the type of surgical procedures. Medication for diabetes
and insulin should be adjusted immediately after surgery in order to decrease the risk of
hypoglycaemia. After biliopancreatic diversion procedure, proton pump inhibitors/histamine
2 receptor antagonists for the entire first post-operative year are recommended. [60, 77, 78]

It  is necessary to perform more research (larger,  well-designed, randomized control trial
with longer-term follow-up) in order to bring up evidence for guidelines in the following
areas: which type 2 diabetes patients are most likely to benefit from and least likely to have
adverse events of bariatric surgery and which surgical procedures are best fitted to different
populations.
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1. Introduction

The incidence of diabetes and associated metabolic disorders has tripled over recent decades
and continues to rise at an alarming rate. Currently, 382 million individuals worldwide are
estimated to have diabetes and this number is believed to increase to 592 million by 2035 [1];
the vast majority of the cases is type 2 diabetes mellitus (T2DM).

Taking into account the number of patients impacted by T2DM and its long-term consequences
in terms of morbidity, mortality and economic costs, there is considerable interest in under‐
standing the contribution of non-traditional risk factors to the diabetes epidemic, especially
concerning environmental chemicals and particularly endocrine-disrupting chemicals (EDCs).

Researches addressing the role of environmental chemicals in the development of metabolic
disorders, like obesity and T2DM, have rapidly expanded. Epidemiological and experimental
evidence suggest an association between exposure to EDCs and T2DM, especially since the
exposure to chemicals increased massively in the last decade.

In this chapter we tried to elucidate the following issues: (1) the concept of EDCs; (2) human
exposure to EDCs; (3) particular concepts related to EDCs; (4) mechanisms of EDCs action
involved in the development of T2DM; (5) evidence of T2DM in animal models; (6) epidemio‐
logical data linking EDCs exposure to T2DM and (7) challenges in EDCs research.

© 2015 The Author(s). Licensee InTech. 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 eproduction in any medium, provided the original work is properly cited.



2. The concept of EDCs

Originally articulated in the early 1990s by Colbron [2], the theory of endocrine disruption referes
to exogenous chemicals present in the environment and/or diet that interfere and disrupt
physiological hormonal systems, inducing adverse effects on human and wildlife health. The
term ”endocrine disruptor“ was first used at the Wingspread Conference in Wisconsin, USA
in 1991 for those EDCs, which may lead to an adverse health effect [3]. Initially the term focused
on chemicals with estrogenic activity that would alter reproductive function, commonly
referred to as environmental estrogens or xenoestrogens; it has expanded to compounds with
androgenic activity, as well as thyroid-active chemicals [4]. Consequently, different variable
terms appeared, e.g. endocrine disrupter or endocrine disruptor, hormone mimics, hormone
inhibitors or endocrine modulators [5]. Today, these compounds are commonly referred to as
EDCs.

Various attempts to set up a scientific definition of an EDC have been made. Today is generally
wide acceptance of using the WHO definition [6], which is similar with the EU definition [7]:
„An endcorine disruptor is an exogenous substance or mixture that alters function(s) of the endocrine
system and consequently causes adverse health effects in an intact organism, or its progeny, or
(sub)populations”.

EDCs interfere and disrupt physiological hormonal balance inducing adverse effects on
human health through different mechanisms including direct interaction with hormone
receptors, competition on binding and transport proteins or interference with hormone
metabolism (blocking or inducing the synthesis of the hormones). Starting from this definition
there are clearly two requirements for a substance to be defined as an EDCs, namely the
demonstration of an adverse effect and an endocrine disruption mode-of-action. Additionally,
the definition implies proof of causality between the observed adverse effect and the endocrine
disruption mode-of-action.

It is important to underline that the definition of EDC includes the term “adverse” which was
considered as a key criterion to differentiate a genuine EDC from a mere endocrine modulator
(that elicits an adaptative reversible response in endocrine homeostasis). According to WHO
the term “adversity” means: “a change in morphology, physiology, growth, reproduction, develop‐
ment or lifespan of an organism which results in impairment of functional capacity or impairment of
capacity to compensate for additional stress or increased susceptibility to the harmful effects of other
environmental influences.” [8].

This definition is not covering the potential or indicates EDC. A potential (or suspected) EDC
may alter function(s) of the endocrine system and consequently may cause adverse health
effects, while a substance with indication of endocrine disrupting properties (called indicated
EDC) might be expected to lead to endocrine disruption in an intact organism, or its progeny,
or (sub)populations.

The need for an expansion of the general term to potential EDCs is reflected on the new
Guidance document on Standardised Test Guidelines for Evaluating Chemicals for Endocrine
Disruption (OECD 2011) [9]: “A possible endocrine disrupter is a chemical that is able to alter the
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functioning of the endocrine system but for which information about possible adverse consequences of
that alteration in an intact organism is uncertain”.

Recently, the Endocrine Society published a statement of principles on endocrine disruptors
[10] in which another definition of an EDC has been proposed: “An EDC is an exogenous chemical,
or mixture of chemicals, that interferes with any aspect of hormone action.” This definition empha‐
sizes that the ability of a chemical to interfere with hormone action is of itself a reliable predictor
for adverse outcomes.

A wide variety of chemicals act as EDCs. The Endocrine Disruption Exchange List (TEDX) to
date lists almost 1000 endocrine disruptors [11]. The group of EDCs is highly heterogeneous
and includes synthetic chemicals used as industrial solvents/lubricants and their by-products
(persistent organic pollutants – POPs, dioxins like 2,3,7,8-tetrachlorodibenzo-p-dioxin –
TCDD), plastics (bisphenol A – BPA), pesticides (as dichlorodiphenyltrichloroethane – DDT),
plasticizers (phthalates like diethylhexyl phthalate – DEHP), heavy metals (arsenic, cadmium),
tributyl tin (TBT), fungicides (vinclozolin) and pharmaceutical agents (diethylstilbestrol –
DES). POPs comprise a broad class of organohalides, including polychlorinated biphenyls
(PCBs), polybrominated biphenyls (PBBs) and organochlorine pesticides.

However, one should keep in mind that there is also a large number of EDCs of natural origin
occurring in plants consumed as food and also some secondary metabolites from fungi that
may contaminate food. Examples of EDCs with oestrogenic activity are present in soy (e.g.
genistein and daidzein), mycotoxins in cereals (e.g. zearalenone), goitrogens in cabbage (with
the potential to inhibit iodine uptake) and glycirrhizine in liquorice (with the potential to
disturb the mineralocorticoid system) [12].

EDCs are widely dispersed in the environment. Some are persistent, having long half-lives
[13], while others are rapidly degraded in the environment or human body or may be present
for only short periods of time but at critical periods of development, considered windows of
susceptibility.

The effects of EDCs are observed especially on sensitive groups (foetus and child), based
on their  susceptibility  to  hormonal  effects  [14].  Therefore,  for  these  groups  the  adverse
effects  may occur  at  concentrations  that  are  far  below levels  that  would  be  considered
harmful in the adult [15]

Of a special concern are EDCs such as phthalates [16], PBBs [17] and BPA, detected in pregnant
women, fetuses and newborns, taking into account that exposure occuring early in pregnancy
can have short-term health effects, while exposure later or during early childhood may induce
cognitive and developmental deficiencies [18].

Published studies illustrate that in utero developmental period is a critically sensitive window
of vulnerability. Disruptions during this time-frame can lead to subtle functional changes that
may not emerge until later in life [19] or even later to the next generation.

Actually, is considered that in utero and early postnatal exposures play an important role in
the development of reproductive defects, obesity and metabolic syndrome as a result of
inheritable chemical-induced epigenetic changes [20, 21, 22]. As an example of epigenetic
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change involved in reproductive defects one can note the developmental exposure to vinclo‐
zolin causing an increase in spermatogenic cell apoptosis in the adult rats [23]. This sperma‐
togenic defect was found to be transgenerational at least to F4 generation due to a permanent
altered DNA methylation of the male germ-line [21].

Criteria Available data – according to OECD Conceptual Framework [29,30]

Category 1: EDCs

• in vivo data (mode of action
clearly linked to adverse
effects)

• In vivo assays providing data on effects clearly linked to endocrine mechanisms
(OECD, conceptual Framework (CF) level 5)
• On a case-by-case basis, in vivo assays providing data about single or multiple
endocrine mechanisms and effects (OECD, CF levels 3 & 4), combined with other
relevant information
• In special cases, categorization or QSAR approaches may provide the necessary data
in combination with in vivo ADME information and in vitro data
• Reliable and good quality evidence from human cases or epidemiological studies

Category 2a: Suspected EDCs

• in vivo data (mode of action
suspected to be linked to
adverse effects)
or
• in vitro mode of action
combined with toxicokinetic
in vivo data

• In vivo assays providing data on effects linked to endocrine or other mechanisms
(OECD, CF level 5), but where ED mode of action is suspected
• In vivo assays providing data about single or multiple endocrine mechanisms and
effects (OECD, CF levels 3 & 4)
• In some cases, read across, chemical categorization and/or QSAR approaches may
provide the necessary data in combination with in vivo ADME information and in vitro
data
• Good quality epidemiological studies showing associations between exposure and
adverse human health effects related to endocrine systems.

Category 2b: Indicated EDCs

• Some in vitro/in silico
evidence

• In vitro assays providing mechanistic data (OECD, CF level 2)
• QSAR, read-across, chemical categorization, ADME information (OECD, CF level 2)
• System biology methods indicating associations between the substance and adverse
human health effects related to endocrine systems.

Table 1. Classification of EDCs based on Danish criteria

Many other chemicals have also been implicated in promoting toxicity for multiple genera‐
tions, including BPA [24] or pesticides [25], but in these cases the multigenerational effects
involved direct exposures, therefore are not considered transgenerational because they are not
transmitted solely through the germ cells. Only effects appearing in the F3 generation are
considered to be truly transgenerational [26].

There are multiple classifications of EDCs, based on their mechanisms of action (on enzymes,
transport proteins or receptors), the pathways modulated (e.g., xenoestrogens/antiestrogens,
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xenoandrogens/antiandrogens), or the biological outcomes (simulation or inhibition) [27].
However, the best classification is the Danish criteria, based on available data (in vitro, in
vivo and epidemiological studies), which is scientifically legitimated by Hass et al. [28]. Using
this approach, EDCs are divided into 3 categories: category 1, for substances known to produce
endocrine disrupting adverse effects in humans or animal species, category 2a for suspected
EDCs, and category 2b for indicated EDC. Details regarding classification criteria are included
in Table 1.

3. Human exposure to EDCs

Environmental human exposure occurs through a variety of routes and varies widely around
the world. Food ingestion represents the major route by which people are exposed to EDCs.
For example, diet is thought to account for up to 90% of a person’s POPs body burden [31].
Taking into account that these pollutants are accumulated particularly in highly rank preda‐
tors, like fish, in Sweden, consumption of fatty fish from the Baltic Sea is the major source of
POPs, but also dairy products and meat contain these pollutants [32]. Also contaminated
ground water is a major exposure source to inorganic arsenic in the general adult population
in several regions, notably Bangladesh and India [33,34].

Regarding BPA exposure, small amounts of BPA can migrate from polymers to food or water,
especially when heated. The human consumption of BPA from epoxy-lined food cans alone is
estimated to be about 6.6 µg per person per day [35]. BPA has been found in concentrations of
1–10 ng/ml in serum of pregnant women, in the amniotic fluid of their fetus, and in cord serum
taken at birth [36]. Moreover, BPA concentrations up to 100 ng/g were reported in placenta
[37], but also in breast adipose tissue, taking into account its lipophilicity.

With the increase in household products containing pollutants and the decrease in the quality
of building ventilation, indoor air has become a significant source of EDCs exposure, via
inhalation [38]. Published studies [39,40] suggest that contaminated house dust may be the
major source of PBBs body burden (up to 82%).

Other routes of exposure include the dermal contact (e.g. parabens or triclosan), via lactation
or infants fed formula (especially for phytoestrogens as genistein or BHA). A published study
[41] reported that urinary concentrations of genistein and daidzein were about 500-fold higher
in infants fed with soy formula compared with those fed cow’s milk formula.

4. Particular concepts related with EDCs

For decades, two major interrelated concepts are particularly addressed regarding EDCs: the
low dose effect and non-monotonous dose–response relationships (e.g. “inverted U-shapes”
of the dose–response curve).
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Like hormones, some of EDCs act at low or very low doses, other variable, therefore their blood
levels are not reflecting the real activity [42].

The traditional toxicological endpoints are not sufficient to preclude the adverse outcome.
Therefore for the endocrine-sensitive endpoints it was suggested to set the NOAEL (no
observed adverse effect level) or the LOAEL (lowest observed adverse effect level) from
traditional toxicological studies or even below the range of human exposures, as the highest
dose in experiments designed to test EDCs. For example, low-dose effects of BPA should be
investigated in rodents exposed to 400 µg/kg bw/day BPA or lower, because this concentration
produces levels of unconjugated BPA in the range of human blood concentrations [43]; this
level is incomparable lower with the classical developmental studies, where LOAEL corre‐
sponds to 50 mg/kg bw/day [44]. Actually, most effects were seen at doses below 50 µg/kg [43],
so even lower concentration than those normally detected in humans may induce adverse
effects.

The effect of EDCs also depends on the type of tissue and the expression of hormone receptors
on those cells, therefore the effect is considered to be tissue specific. Taking into account that
some EDCs can exhibit different potencies on different receptors isoforms (e.g ERα or ERβ),
the effect is also receptor-selective.

A well-known example is related to methyl-and propylparaben. In vitro, both parabens are
binding to estrogen receptors (ERα and β), but methylparaben exhibits a weak estrogenic
activity, while for propylparaben the estrogenic potential is a stronger [45,46]; in vivo parabens
estrogenic potencies are comparable [46]. The relative activity of parabens compared with
estradiol (E2) is 1000 times lower [47]. Interesting, the estrogenic effects of parabens are not
modulated only by estrogen receptors, but are also related to the inhibition of sulfotransferases
in skin, elevating the local level of free estrogens [48].

By comparison with native hormones, EDCs exhibits lower affinity for hormone receptors,
with some exceptions, such as TBT, which is the most potent agonist of retinoid-X-receptor
and PPARγ (peroxisome proliferator activating receptor subtype gamma) in the low nano‐
molar range [49].

The shape of the dose-response curve for EDCs does not follow the usual dose-response curve.
The curve can have a sigmoidal shape (relationship between dose and effect occure based on
the saturability of the receptors), but in general EDCs do act via a non-monotonic dose-
response relationship [43]. In this case, the slope of the curve changes sign somewhere within
the range of the examined doses. In other words, some effects can be seen at very low doses,
while slightly higher doses can show no effects and then, at high doses, some different types
of effects may be found.

For  example,  hypoglycaemic  or  hyperglycaemic  effects  of  TCDD  (tetrachlorodibenzo-p-
dioxin) observed in animal models are dose-dependent. Repeated low-dose of TCDD (500
ng/kg p.o.)  reduced glucokinase gene expression in mice [50],  while higher dosage (12.8
µg/kg TCDD p.o)  induced a  significantly  reduction of  serum glucose  levels  [51].  More‐
over, a higher dose of TCDD (116 µg/kg i.p.) impaired insulin-stimulated glucose uptake
in mice [52].
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Another example is BPA. On isolated pancreatic islets of Langerhans BPA induced an increase
of insulin content following an inverted U-shape dose response curve, with a significant effect
observed at 1 nM and 10 nM BPA compared to vehicle. Higher concentrations of BPA (1 µM)
produced no increase in insulin content [53].

A similar non-monotonic behaviour is exhibited by BPA in animal studies where treatment
with high dosage (BPA 100 µg/kg bw/day) twice per day for 4 days increased pancreatic insulin
content, produced hyperinsulinemia, and induced insulin resistance in adult male mice [54]
while sustained exposure of pregnant mouse dams to lower levels of BPA (10 µg/kg bw/day)
from gestation day 9–16 impaired glucose tolerance, increased plasma insulin, triglycerides
and leptin concentrations, thus revealing the ability of BPA to alter pancreatic function and
metabolic parameters [55].

Also PBBs, especially PBDE-153 (polybrominated diphenyl ether) showed an inverted U-
shaped association with metabolic syndrome in epidemiological study in humans [56].

So, the most important effects of EDCs observed in animal models are those that occur at low
doses, similar with the level of human environmental exposure, therefore only these toxico‐
logical data should be corroborated with epidemiological studies.

We also should note that for the assessment of EDCs effects, the assumption of an experimental
threshold (like a NOAEL) is questionable. A first reason is related to the lack of adversity for
some endpoints investigated (e.g., uterotrophic assay). A second reason is connected with the
difficulties to establish it. According to Blair et al. [57], a threshold could be established in the
absence of endogenous hormone at some life stage, if the endogenous hormone induces no
adverse effect or if there is effective homeostatic control. Even if a threshold does exist, for a
certain endpoint, taking into account the population variability and the connection with
already ongoing biological process (EDCs exhibit additive effects), the threshold will not be
observable.

5. Mechanisms of action involved in development of T2DM

In addition to the classical pathway modulated by EDCs (as interaction with aryl hydrocar‐
bon receptor (AhR) or nuclear hormone receptors, in particular estrogens, androgens and
thyroid receptors), it was observed that EDCs exhibit the capacity to modulate signalling
pathways involved in energy regulation, in general,  and glucose homeostasis in particu‐
lar.  EDCs can decrease insulin sensitivity,  impair β-cell  insulin production, impair cellu‐
lar insulin action or alter the intermediary metabolism. All these mechanisms contribute to
the pathogenesis of T2DM. Experimental data revealed that one EDC acts on different levels
and  receptors,  therefore  the  ultimate  effect  on  insulin  action  may  be  the  result  of  all
pathways involved (Table 2).
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Compound Mechanisms of action Primary effects

BPA (+)ERα via ERK1/2 ↑  β-cell insulin content
↓  GLUT4

(+) ER-GPR30 ↑  β-cell insulin content

↑  CREB phosphorylation ↑  [Ca2+]i

↑  Akt phosphorylation
↑  PI3-kinase activity

↓  IRS activity

Potent antagonist of PPARγ
(-) PDI

↑  TNF-α, IL-6; ↓  adiponectin release
↓  IR phosphorylation

PCBs
(especially PCB-77)

(+) AhR ↑  TNF-α, IL-6; ↑  MCP-1
↓  PEPCK

(+) MAPK1/2
(+) CaMK2

↑  [Ca]i
(-) IRS-1 phosphorylation

(-)Akt phosphorilation Insulin resistance

↑  oxidative stress ↑  β-cell death

Legend: (+) activate; (-) inhibit; ↑ increase; ↓ decrease; ER-estrogenic receptors; ERK1/2 extracellular regulated kin‐
ase1/2; GLUT4 – glucose transporter type4; ER-GPR30-membrane G protein related estrogen-receptor; CREB-cAMP re‐
sponse element-binding protein; [Ca2+]i - intracellular calcium ion levels; IRS – insulin receptor substrate 1; PI3 -
phosphatidylinositol-4,5-bisphosphate 3-kinase; PPARγ - peroxisome proliferator-activated receptor gamma; TNF-α -
tumor necrosis factor-α; IL-6 interleukin-6; PDI - protein disulfide isomerase; IR – insulin receptor; AhR -aryl
hydrocarbon receptor; MCP-1- monocyte chemoattractantprotein-1;PEPCK- phosphoenolpyruvate carboxykinase;
MAPK1/2 - mitogen-activated protein kinase 1/2; CaMK2 - Ca2+/calmodulin-dependent kinase II

Table 2. Example of EDC that acts on multiple pathways

Interestingly, some EDCs such as TCDD [58], PCBs [59], inorganic arsenic [60] or cadmium [61]
that modulate β-cell function, may also play a role in type 1 diabetes mellitus, as a result of
β-cell destruction or dysfunction as well as promotion of β-cell death.

The following mechanisms of action can explain the development of T2DM: (1) activation of
aryl hydrocarbon receptor (AhR) or interaction with estrogenic receptors (ERs); (2) β-cell
dysfunction and impairment of insulin secretion; (3) impairment of cellular insulin action and
(4) alteration of the intermediary metabolism.

5.1. Activation of AhR or interaction with ERs

EDCs can exhibit their metabolic effects through the classical pathways, such as the activation
of AhR or the interaction with ERs. It is well known that AhRs are involved in the glucose
homeostasis [50], therefore activation of AhR or its heterodimerization partner, called ARNT
(AhR nuclear translocator) by EDCs could interfere with glucose uptake. Gunton et al. [62]
revealed that abnormal ARNT expression causes impaired insulin release in human islets, but
it is unclear if this effect is a cause or a consequence of T2DM.

PCBs [63] or PBDE [64] reduce primary hepatocyte glycogen levels and impair gluconeogen‐
esis due to a specific down regulation of phosphoenolpyruvate carboxykinase (PEPCK)
expression, a central regulator of gluconeogenesis. The alteration of PEPCK expression was
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proportional to activation of the AhR, suggesting a direct correlation between AhR activation
and perturbation in intermediary metabolism.

PCBs (especially PCB-77) also impaired glucose homeostasis through another AhR-depend‐
ent  mechanism,  associated  with  an  adipose-specific  increase  in  TNF-α  (tumor  necrosis
factor-α) expression and interleukin-6 (IL-6) levels [65, 66]. In addition to its effects on TNF-
α  and  IL-6,  PCB-77  also  increases  expression  of  MCP-1  (monocyte  chemoattractant
protein-1), an adipocyte-secreted molecule with inflammatory function that contributes to
global insulin sensitivity [67].

The implication of estrogenic receptors (especially ERα) in the pancreatic β-cell insulin content
is confirmed by BPA studies. At physiologically relevant doses, BPA increases pancreatic β-
cell insulin content, the effect being mediated by ERα activation via extracellular regulated
kinase1/2 (ERK1/2) [53]. ERα is also implicated in β-cell survival [68], regulates the glucose
transporter (GLUT4) in skeletal muscle [69] and insulin sensitivity in the liver [70]

Also the non-classical membrane G protein related estrogen-receptor (ER-GPR30), expressed
in pancreatic islets is involved in the effects of estrogens on glucose metabolism, its deficiency
inducing hyperglycemia, impaired glucose tolerance, and elevated blood pressure [71]. GPR30
activation by several EDCs, e.g. BPA could partly contribute to the increase of insulin after
BPA exposure [72]

5.2. Beta-cell dysfunction and impairment of insulin secretion

Taking into account their reduced capacity to fight against chronic oxidative stress and the
lack of detoxification mechanisms, β-cells are the perfect target for EDCs that disrupt their
structure and function or promote death.

Oxidative stress is the mechanism implicated in T2DM induced by exposure to inorganic arsenic.
At relatively low concentrations arsenic-induced oxidative stress produces impairment of
glucose-stimulated insulin secretion [73], while exposure to high concentrations results in
irreversible damage (including oxidative damage) to β-cells followed by apoptosis or ne‐
crosis [74]. Actually, the mechanism behind arsenic-induced oxidative stress is more com‐
plex. Chronic exposure to relative low concentration of arsenite (1–2 µM) produced an adaptive
response, activating the transcription factor NF-E2–related factor 2 (Nrf2). Even if Nrf2 is
generally considered a protective cellular component that induces antioxidant / detoxifica‐
tion enzymes [73], in this case Nrf2 activation that diminishes the reactive oxygen species (ROS)
have a negative impact on insulin secretion. In normal cells, ROS signals produced during
glucose metabolism increase the insulin secretion [75],  thefore arsenic Nrf2-mediated re‐
sponse appears to play an important role in reduced glucose-stimulated insulin secretion.
Inorganic arsenic also promotes β-cell apoptosis via induction of endoplasmic reticulum stress,
but this mechanism is poorly studied and necessitates further investigations [76].

Regarding the interference and impairment of insulin secretion, different examples can be
provided, especially taking into account that insulin secretion is a calcium-dependent process.
On isolated pancreatic β-cells BPA at low concentration (10-9 M) increases the phosphorylation
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of CREB (transcription factor cyclic adenosine monophosphate-response element-binding
protein) via an alternative mechanism, involving a non-classical membrane estrogen receptor
[77], which provokes the closure of K+/ATP channels. As a result the plasma membrane
depolarizes, opening the L-type voltage-dependent calcium channels and increasing intracel‐
lular calcium ion levels [Ca2+]i and triggering insulin secretion [78].

Also abnormal levels of [Ca2+]i and the impairment of insulin secretion were observed on
isolated islet cells exposed to TBT and are associated with the disruption of protein-kinase A
activity [79].

PCB treatment of RINm5F cells resulted in a rapid increase of [Ca2+]i as a result of Ca2+/
calmodulin-dependent kinase II (CaMK2) and mitogen-activated protein kinase 1 and 2
(MAPK 1 and 2) activation [80]. In addition, RINm5F cells exposed to inorganic arsenic (III)
exhibited a reduction of insulin secretion as a result of decreased calcium-dependent calpain-10
activity, a pathway that triggers insulin exocytosis [81]. Arsenic also reduces the β-cell line
proliferation in a dose-dependent manner, as an indirect consequence of the decrease in insulin
secretion.

5.3. Impairment of cellular insulin action

Taking into account that insulin signalling mechanisms are described in detail elsewhere [82],
we present only a short analysis of the insulin signalling cascade in order to provide some
insights into how EDCs might modulate insulin action.

Insulin acts on target cells and stimulates glucose uptake via membrane –bound tertrametric
insulin receptor (IR) with tyrosine kinase activity. Binding to extracellular α-subunits of IR
leads to activation of tyrosine kinase. Once the tyrosine kinase of IR is activated, it promotes
autophosphorylation of the β subunit, where phosphorylation of three tyrosine residues
(Tyr-1158, Tyr-1162, and Tyr-1163) is required for amplification of the kinase activity. Then
tyrosine kinase phosphorylates the insulin receptor substrate proteins (IRS 1 and 2) and
phosphotyrosine residues on IRS proteins become targets for the p85 regulatory subunit of
phosphatidylinositol 3-kinase (PI3-kinase).

The activated PI3-kinase generates higher levels of phosphotidylinositides, such as phospha‐
tidyl-inositol-3,4-bisphosphate (PIP2) and phosphatidyl-inositol-3,4,5-trisphosphate (PIP3),
which bind to the phosphoinositidedependent kinase-1 (PDK1). PDK1 can directly phosphor‐
ylate all protein kinase C (PKCs).

Downstream from PI3-kinase, activation of Akt (protein kinase B) produces its effects,
including those on gene transcription as well as glucose uptake through the translocation of
facilitative glucose transporter 4 (GLUT4) to the cell membrane.

Each step in this signaling cascade is a potential target for EDCs. EDCs interact and impair the
cellular insulin effect acting at different levels: on IRS, PI3-kinase, Akt, PDK or PKC or through
associated mechanisms. Some examples are included in figure 1.
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Figure 1. A schematic illustration of EDCs interference on insulin signaling pathways. Arrows represent an activation
process; X represent an inhibition process

For example, TCDD, arsenic or PCB alter IRS activity (especially IRS-1 phosphorylation)
through different mechanisms: TCDD increasing MAPK (mitogen-activated protein kinase)
activity and JNK (c-Jun N-terminal kinase) activity [83], arsenic decreasing p70-S6-kinase
activity [84] and PCBs increasing CaMK2 and MAPK 1 and 2 activity [80].

Other EDCs act on insulin-stimulated Akt phosphorylation. Akt phosphorylation is attenuated
by PCB-77 [65] or BPA [55]. Arsenic (III) exposure was also associated with suppression of AkT
phosphorylation and glucose uptake in 3T3-L1 adipocytes, causing an insulin resistant
phenotype [85,86].

BPA acts not only on Akt phosphorylation, but also stimulates tyrosine phosphorylation via
PI3-kinase, the global effect being the impairment of IRS activity [87].
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Additional studies have demonstrated that TCDD [83], BPA [88] or DEHP [89] are modulating
the insulin signalling cascade by down-regulation of the insulin receptors or acting on plasma
membrane GLUT4 level and antagonizing insulin action [90].

Also, cadmium induces impaired glucose tolerance by down-regulating GLUT4 expression in
adipocytes [91].

Inorganic arsenic (III) inhibits PDK-1 activity, thus suppressing PDK-1-catalyzed phosphory‐
lation of PKB/Akt and p-PKB/Akt–mediated translocation of GLUT4 transporters to the
plasma membrane [85,92].

5.4. Alteration of the intermediary metabolism

In addition to direct effects on the insulin signalling cascade, EDCs alter the intermediary
metabolism, mainly the gluconeogenesis. TCDD [63], or PCBs [93] have been shown to down-
regulate the expression of phosphoenolpyruvate carboxykinase (PEPCK), reducing its activity
and inducing hypoglicemia. In the case of PCBs, the suppression of hepatic PEPCK expression
was proportional to activation of the AhR, suggesting a direct correlation between AhR
activation and perturbation of the intermediary metabolism.

Alternative mechanisms are implicated in the development of T2DM, such as inflammation
or oxidative stress. For example, PCB-77 has been shown to promote expression of IL-6 and
TNF-α, leading to impaired insulin signalling in endothelial cells [64]. In addition to its effects
on TNF-α and IL-6, PCB-77 also increases expression of MCP-1, adipocyte-secreted molecule
that contributes to global insulin sensitivity [66].

BPA augments secretion of IL-6 and TNF-α, but simultaneously inhibits the release of
adiponectin in human adipose tissue explants [94]. The suppression of adiponectin release
could promote insulin resistance and increase the risk of developing the metabolic syndrome.
The same outcome is expected based on elevated IL-6 levels.

We should highlight the strong correlation between increased TNFα production and insulin
resistance [95]. TNFα affects insulin resistance by downregulating the glucose transporter,
interfering with IR phosphorylation and signaling, and by inhibiting transcription factors that
affect insulin sensitivity.

Some EDCs are acting on other nuclear receptors involved in fat metabolism and regulation
of glucose uptake, like PPARs (peroxisome proliferator-activated receptors), especially on
PPARγ which are involved in the regulation of adipocyte differentiation, production of
adipokines or insulin responsiveness [96]. By antagonizing PPARγ, EDCs significantly inhibit
the release of adiponectin that has insulin-sensitizing effects, as it enhances inhibition of
hepatic glucose output as well as glucose uptake and utilization in fat and muscle tissues. So,
adiponectin levels are correlated with insulin sensitivity, therefore supressing its biological
effects affects glucose homeostasis.

For example, BPA at 0.1 and 1 nM doses is a potent antagonist of PPARγ, which suppresses
adiponectin release in human adipose tissue explants [97]. In the same time, BPA influences
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adiponectin level via another mechanism that implies binding to protein disulfide isomerase
(PDI), a critical player in the retention of adiponectin in cells [98]

Interestingly, in vitro it was observed that ERβ can act as a negative regulator of PPARγ,
decreasing ligand-induced PPARγ and PPARγ induced adipogenesis [99], therefore it is
obvious that PPARγ function is affected by EDCs directly interacting with the receptor, but
also by EDCs that modulate ERβ activity. Also, TCDD inhibits adipogenesis through a
suppression of PPARγ [100].

Other EDCs such as phthalates (DEHP) act as potent agonists of PPARα or PPARγ. In rodent
models, PPARα appears to mediate high-dose DEHP-induced body weight loss [101], but these
effects can not be extrapolated to humans, taking into account that the levels required to
activate human PPARα are almost three times higher than the concentrations required to
activate mouse PPARα, and the maximum-fold induction is less for human PPARα than for
mouse PPARα [102].

In conclusion, the investigation of insulin signaling pathways may explain how EDCs
modulate insulin action, especially in the case of exposure to singular compound; however, in
the context of accidental or occupational exposures, humans are exposed to mixtures of
compounds and this complicates understanding the global biological effects. For example, if
different compounds are acting through the same pathway, but at different points, co-exposure
is likely to have additive or synergistic effects that promote the development of insulin
resistance and T2DM. Moreover, points of pathway convergence (e.g., IRS) might be the perfect
target of drug intervention to treat environmentally-mediated diabetes.

6. Evidence of T2DM in animal models after EDC exposure

There are enough published data in animal models that investigated the correlation between
EDCs exposure and T2DM. This correlation between exposure in the animal models and
alterations in glucose homeostasis, including hyperglycemia and glucose intolerance is crucial,
taking into account that epidemiological studies fail to establish a causality.

A number of examples are given below.

Repeated low dose of TCDD (500 ng/kg bw), administered orally, reduced glucokinase gene
expression, predicting a rise in blood glucose levels on C57BL/6 mice [103], while in diabetic
rats, a higher dose of 12.8 µg/kg bw TCDD had significantly reduced serum glucose levels by
day 8 of treatment [51]. Moreover, a single but high dose of TCDD (116 µg/kg bw i.p.) impaired
insulin-stimulated glucose uptake in C57BL/6 and DBA/2J mice [52].

Administration of 75 µg/kg bw DEHP for 14 days reduced insulin levels and raised serum
glucose levels in exposed female Wistar Kyoto rats [104]. Almost similar results were obtained
on male rats treated for a longer period (21 days) with diet supplemented with 2% (w/w) of
DEHP [105].
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Male mice treated orally with 0.5-50 µg/kg bw TBT for 45 days demonstrated hepatic steatosis,
hyperinsulinemia, hyperleptinemia and a reduction in hepatic adiponectin levels, in a dose-
dependent fashion, confirming PPARγ stimulation observed in vitro [106].

Similar results were obtained in adult Sprague-Dawley rats exposed for 28 days to crude
salmon oil containing POPs [107]. The animals developed insulin resistance syndrome,
abdominal obesity and hepatosteatosis, the contribution of POPs to insulin resistance being
confirmed also by the same authors in cultured adipocytes. These findings are important since
POPs are accumulating in the lipid fraction of fish, and fish consumption represents the main
source of POP exposure to humans.

Also coplanar PCBs (e.g. PCB-77 and PCB-126), at dosage of 50 mg/kg orally, impaired glucose
homeostasis in lean C57BL/6 mice and mitigate beneficial effects of weight loss on glucose
homeostasis in obese mice [66], while inorganic arsenic (III) administered in the drinking water
for 20 weeks, at doses of 25 or 50 ppm As/kg bw/day, impaired glucose tolerance in C57BL/6
mice in a dose-dependent manner [108].

In the animal studies mentioned before, not just blood glucose levels were investigated, but
other markers of insulin regulation, such as HOMA-IR, pancreatic production of NO, SOD and
CAT activity, in order to reflect the magnitude of the global disturbance. While most studies
have demonstrated perturbations in insulin action, some of them have shown improved
glucose tolerance or even hypoglycaemia. Acute exposure of adult male mice to high dosage
of BPA (100 µg/kg bw/day) produced a rapid hyperinsulinemia based on significant increase
in β-cell insulin content, as a direct result of BPA estrogenic properties [109], while sustained
exposure to lower dosage (10 µg /kg bw/day) impaired glucose tolerance and reduced the
hypoglycaemic effect of insulin, through a compensatory peripheral insulin resistance [54].
These results are easily correlated with non-monotonic dose response curve exhibited in
vitro by BPA.

Taking into account that EDCs alter glucose homeostasis and endocrine pancreatic function
not just in adult animals but also during pregnancy or in offspring, these effects were also
investigated in pregnant animals. For example, prenatal exposure to high dosage of diisobutyl
phthalate (600 mg/kg bw/day) from gestation Day 7 to Day 21 reduced plasma leptin and
insulin levels in male and female offspring, complementary to sexual distrurbance [110].
Maternal glucose intolerance was observed in pregnant mice exposed to inorganic arsenic (V)
at dosage of 9.6 mg/kg bw, this explaining the neural tube defects induced by arsenate [111].

In conclusion, all these examples regarding in vivo effects in animal models are highly
suggestive, taking into account that the experimental exposure is very close or even similar
with environmental human exposure. However, data on co-exposure are lacking, therefore
new studies should focus on this issue, in order to reveal possible additive, synergistic or
antagonistic effects exhibited by the mixtures.

Treatment of Type 2 Diabetes232



Male mice treated orally with 0.5-50 µg/kg bw TBT for 45 days demonstrated hepatic steatosis,
hyperinsulinemia, hyperleptinemia and a reduction in hepatic adiponectin levels, in a dose-
dependent fashion, confirming PPARγ stimulation observed in vitro [106].

Similar results were obtained in adult Sprague-Dawley rats exposed for 28 days to crude
salmon oil containing POPs [107]. The animals developed insulin resistance syndrome,
abdominal obesity and hepatosteatosis, the contribution of POPs to insulin resistance being
confirmed also by the same authors in cultured adipocytes. These findings are important since
POPs are accumulating in the lipid fraction of fish, and fish consumption represents the main
source of POP exposure to humans.

Also coplanar PCBs (e.g. PCB-77 and PCB-126), at dosage of 50 mg/kg orally, impaired glucose
homeostasis in lean C57BL/6 mice and mitigate beneficial effects of weight loss on glucose
homeostasis in obese mice [66], while inorganic arsenic (III) administered in the drinking water
for 20 weeks, at doses of 25 or 50 ppm As/kg bw/day, impaired glucose tolerance in C57BL/6
mice in a dose-dependent manner [108].

In the animal studies mentioned before, not just blood glucose levels were investigated, but
other markers of insulin regulation, such as HOMA-IR, pancreatic production of NO, SOD and
CAT activity, in order to reflect the magnitude of the global disturbance. While most studies
have demonstrated perturbations in insulin action, some of them have shown improved
glucose tolerance or even hypoglycaemia. Acute exposure of adult male mice to high dosage
of BPA (100 µg/kg bw/day) produced a rapid hyperinsulinemia based on significant increase
in β-cell insulin content, as a direct result of BPA estrogenic properties [109], while sustained
exposure to lower dosage (10 µg /kg bw/day) impaired glucose tolerance and reduced the
hypoglycaemic effect of insulin, through a compensatory peripheral insulin resistance [54].
These results are easily correlated with non-monotonic dose response curve exhibited in
vitro by BPA.

Taking into account that EDCs alter glucose homeostasis and endocrine pancreatic function
not just in adult animals but also during pregnancy or in offspring, these effects were also
investigated in pregnant animals. For example, prenatal exposure to high dosage of diisobutyl
phthalate (600 mg/kg bw/day) from gestation Day 7 to Day 21 reduced plasma leptin and
insulin levels in male and female offspring, complementary to sexual distrurbance [110].
Maternal glucose intolerance was observed in pregnant mice exposed to inorganic arsenic (V)
at dosage of 9.6 mg/kg bw, this explaining the neural tube defects induced by arsenate [111].

In conclusion, all these examples regarding in vivo effects in animal models are highly
suggestive, taking into account that the experimental exposure is very close or even similar
with environmental human exposure. However, data on co-exposure are lacking, therefore
new studies should focus on this issue, in order to reveal possible additive, synergistic or
antagonistic effects exhibited by the mixtures.

Treatment of Type 2 Diabetes232

7. Epidemiological data linking EDCs exposure to T2DM

There is growing concern in the scientific community that EDCs may be contributing to the
high incidence of diabetes, particularly in young people.

Epidemiological studies (as occupational or population-based studies) but also disasters tried
to link, at least partially, the environmental exposure to EDCs with the development of T2DM.

We collected and compiled from a comprehensive scientific literature the most relevant
epidemiological studies concerning the T2DM and exposure to EDCs like TCDD, arsenic,
phthalates or BPA.

Disasters such as Seveso accident or exposure of military personnel during the Vietnam War
and follow-up studies have suggested a link between TCDD exposure and a higher incidence
of diabetes [112, 113, 114]. Other cross-sectional studies [115, 116] did not revealed such
correlation, while longitudinal studies that have been conducted are inconsistent [117].

Some poisoning cases reported during late 1970s have involved contaminated rice oil with
PCBs. PCB exposure was associated with an increased prevalence of diabetes in women [118].
Other prospective studies on PCB153 showed a positive association with T2DM, but taking
into account the variation across studies, it did not allow a metaanalysis. For example, five
studies used different diagnostic strategies and several approaches to address serum lipid
levels [119]. In addition, the age varied between cohorts from 18 to 30 years [119] to 70 years
[120] while gender was also inconsistent, exclusively female in one study [121], exclusively
male in another [119] and mixed in the remaining studies [120; 122, 123]. The temporal and
geographic variation among the studies induced significant differences in the exposure
assessment especially on duration of exposures or on the composition of the mixtures.
However, other variables must be considered in the interpretation of PCBs studies, such as the
use of PCB153 as a surrogate for total PCBs or the lack of data regarding kinetics of different
PCBs (especially on accumulation) that influence their current serum levels.

A closer evaluation of the cohorts described before revealed the non-monotonic exposure-
response relationships exhibited by PCBs: the risk of diabetes was significantly increased with
small increases within the lower ranges of PCBs concentrations, but only slightly increased
with significant increases in concentrations of PCBs. This non-monotonic relationship exhib‐
ited by PCBs in cohorts was also observed in brominated flame retardants studies, like those
conducted on PBDE-153 [124], but not in BPA cohorts, where BPA urinary levels were
associated with diabetes incidence in a dose-dependent manner [125].

Evaluation of studies conducted on EDCs (PCBs or TCDD) reveal that many of them focused
specific populations (e.g. occupational studies or exposure through industrial accidents or
disasters), so they might not reflect the actual risk of the general population. However, recent
investigations were done on representative sampling of the US population, using data from
the National Health and Nutrition Examination Survey (NHANES). For example, Lee et al.
[126] reported strong and highly significant associations, among participants in the NAHNES
study, between serum concentrations of POPs and the HOMA-IR insulin resistance values,
after correction for age, sex, BMI, and waist circumference.

The Involvement of Environmental Endocrine-Disrupting Chemicals in Type 2 Diabetes Mellitus Development
http://dx.doi.org/10.5772/59110

233



Study design Diagnosis
Findings
(95% CI)

As in drinking
water (µg/L)

Exposure Ref.

Low-to-moderate exposures (< 150 µg/L drinking water)

Cross-sectional
[male

225 nonsmokers 209
smokers]

Self-report
Increased urinary
As in nonsmoking

diabetics
n.r.

Nonsmokers: 5.59 (diabetics)
vs. 4.7 (nondiabetics) µg As/L
Smokers: 7.27 (diabetics) vs.
5.41 (nondiabetics) µg As/L

(urine)

127

Cross-sectional
[n=11,319]

Self-report prior to
baseline

adjOR=1.24
(0.82- 1.87)

0.1–864
41–92 (Q3) vs. 0.1–8 (Q1) µg

As/L drinking water, CEI
128

Case–control
[n=144 female]

Fasting blood
glucose, OGTT

Increased As in
urine from
diabetics

n.r.
4.13 (diabetics) vs. 1.48

(nondiabetics) µg As/L in
urine

129

Retrospective
[41,282male

38,722 female]
Death certificate

Male SMR =1.28
(1.18-1.37)

Female SMR =1.27
(1.19- 1.35)

1.27–11.98
6 counties vs. state µg As/L

(drinking water)
130

Case–control
[n=87]

Not reported
RR=0.87

(0.5- 1.53)
n.r.

75th vs. 25th percentile µg
As/L (urine)

131

Retrospective
[n=1,074 deaths]

Death certificate
RR=1.6

(0.36- 7.16)
n.r.

Residence time within 1.6 km
(1 mi): ≥ 10 years vs. < 1 year

132

Cross-sectional
[n=235]

Hospital records
RR=1.098

(0.98- 1.231)
16–272

21–272 (range) vs. 16–38
(range) µg As/L (drinking

water)
133

Case–control
[n=117]

Not reported
RR=1.09

(0.79- 1.49)
n.r.

75th vs. 25th percentile µg
As/mL (plasma)

134

Cross-sectional
[n=1,185]

Self-report
adjOR=1.02
(0.49 - 2.15)

0–2,389
> 10 vs. < 2 µg As/L (well-

water)
135

Cross-sectional
[n=788]

Fasting blood
glucose, self-report,

medication

adjOR=3.58
(1.18- 10.83)

-
18 (≥ 80th) vs. 3.5 (≤ 20th

percentile) µg As/L (urine)
136

Cross-sectional
[n=1,279]

Fasting blood
glucose, self-report,

medication

adjOR=2.60
(1.12 - 6.03)

-
7.4 (80th) vs. 1.6 (20th

percentile) µg As/L (urine)
137

Cross-sectional
[n=795]

Fasting blood
glucose, self-report,

medication

adjOR=1.15
(0.53 - 2.50)

-
12 (≥ 80th) vs. 2.7 ( ≤ 20th

percentile) µg As/L (urine,
not adjusted for creatinine)

138

Study design Diagnosis
Findings
(95% CI)

As in drinking
water (µg/L)

Exposure Ref.

High exposure (≥ 150 µg/L drinking water)

Cross-sectional
[n=11,319]

Self-report prior to
baseline

adjOR=1.11
(0.73- 1.69)

0.1–864
176.2–864 (Q5) vs. 0.1–8 (Q1)
µg As/L drinking water, CEI

134
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(95% CI)

As in drinking
water (µg/L)

Exposure Ref.

Low-to-moderate exposures (< 150 µg/L drinking water)

Cross-sectional
[male

225 nonsmokers 209
smokers]

Self-report
Increased urinary
As in nonsmoking

diabetics
n.r.

Nonsmokers: 5.59 (diabetics)
vs. 4.7 (nondiabetics) µg As/L
Smokers: 7.27 (diabetics) vs.
5.41 (nondiabetics) µg As/L

(urine)

127

Cross-sectional
[n=11,319]

Self-report prior to
baseline

adjOR=1.24
(0.82- 1.87)

0.1–864
41–92 (Q3) vs. 0.1–8 (Q1) µg

As/L drinking water, CEI
128

Case–control
[n=144 female]

Fasting blood
glucose, OGTT

Increased As in
urine from
diabetics

n.r.
4.13 (diabetics) vs. 1.48

(nondiabetics) µg As/L in
urine

129

Retrospective
[41,282male

38,722 female]
Death certificate

Male SMR =1.28
(1.18-1.37)

Female SMR =1.27
(1.19- 1.35)

1.27–11.98
6 counties vs. state µg As/L

(drinking water)
130

Case–control
[n=87]

Not reported
RR=0.87

(0.5- 1.53)
n.r.

75th vs. 25th percentile µg
As/L (urine)

131

Retrospective
[n=1,074 deaths]

Death certificate
RR=1.6

(0.36- 7.16)
n.r.

Residence time within 1.6 km
(1 mi): ≥ 10 years vs. < 1 year

132

Cross-sectional
[n=235]

Hospital records
RR=1.098

(0.98- 1.231)
16–272

21–272 (range) vs. 16–38
(range) µg As/L (drinking

water)
133

Case–control
[n=117]

Not reported
RR=1.09

(0.79- 1.49)
n.r.

75th vs. 25th percentile µg
As/mL (plasma)

134

Cross-sectional
[n=1,185]

Self-report
adjOR=1.02
(0.49 - 2.15)

0–2,389
> 10 vs. < 2 µg As/L (well-

water)
135

Cross-sectional
[n=788]

Fasting blood
glucose, self-report,

medication

adjOR=3.58
(1.18- 10.83)

-
18 (≥ 80th) vs. 3.5 (≤ 20th

percentile) µg As/L (urine)
136

Cross-sectional
[n=1,279]

Fasting blood
glucose, self-report,

medication

adjOR=2.60
(1.12 - 6.03)

-
7.4 (80th) vs. 1.6 (20th

percentile) µg As/L (urine)
137

Cross-sectional
[n=795]

Fasting blood
glucose, self-report,

medication

adjOR=1.15
(0.53 - 2.50)

-
12 (≥ 80th) vs. 2.7 ( ≤ 20th

percentile) µg As/L (urine,
not adjusted for creatinine)

138

Study design Diagnosis
Findings
(95% CI)

As in drinking
water (µg/L)

Exposure Ref.

High exposure (≥ 150 µg/L drinking water)

Cross-sectional
[n=11,319]

Self-report prior to
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adjOR=1.11
(0.73- 1.69)

0.1–864
176.2–864 (Q5) vs. 0.1–8 (Q1)
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Study design Diagnosis
Findings
(95% CI)

As in drinking
water (µg/L)

Exposure Ref.

Cross-sectional
[n=891]

Self-report, OGTT,
treatment history

adjOR=10.05
(1.3-77.9)

700–930
≥ 15 vs. 0 ppm-year drinking

water, CEI
141

Case–control
[n=235]

Glucose, blood
OR=2.95

(0.954, - 9.279)
3–875

218.1 µg As/L vs. 11.3 µg As/
L(mean)

140

Cross-sectional
[n=1,107]

Self-report, OGTT,
glucosuria

adjPR=5.2
(2.5- 10.5)

10–2,100 Keratosis vs. non-keratosis 141

Retrospective
[n=19,536]

Death certificate
SMR=1.46
(1.28- 1.67)

250–1,140
Blackfoot endemic region vs.

national reference
142

Prospective
[n=446]

Fasting blood
glucose, OGTT

RR=2.1
(1.1- 4.2)

700–930
≥ 17 vs. < 17 mg/L-year As

(drinking water, CEI)
143

Cross-sectional
[n=706,314]

Insurance claims
adjOR=2.69
(2.65- 2.73)

350–1,140
Endemic vs. non-endemic

region
144

Abbreviations: 95% CI – confidence interval 95%; adjOR-adjusted odds ratio; adjPR-adjusted prevalence ratio; As-ar‐
senic; CEI, cumulative exposure index; OGTT-oral glucose tolerance test; Q-quintile; RR-relative risk; SMR-standar‐
dized mortality ratios; n.r. – not reported

Table 3. Association between arsenic and diabetes

The correlation between the level of arsenic in drinking water and the incidence of T2DM
was extensively investigated. The published cohorts were categorized based on the level of
exposure  (table  3)  in  order  to  identify  the  correlation  between  exposure  and  critical
endpoints.  In  addition  to  diabetes,  epidemiological  studies  have  associated  exposure  to
arsenic with other measures of disturbed glucose homeostasis, such as glucose tolerance or
metabolic syndrome.

Preliminary analysis on the existing human data provide limited support for an association
between arsenic and diabetes in populations exposed to relatively high levels (≥ 150 µg As/L
in drinking water), but the evidence is insufficient to conclude that exposure to low to moderate
level is associated with diabetes. However, a major gap is obvious. The measurement of arsenic
in drinking water supplies, which was often used to assess arsenic exposure, is not appropriate
to calculate the internal dose, taking into account individual variation in arsenic uptake and
metabolism. Also, individual information on the duration and timing of exposure, which is
critical, especially for estimating cumulative exposure, are missing.

Regarding phthalates, cohort studies were mainly focused on correlation between exposure
and obesity and less on T2DM. However, those found were done on representative sampling
of the US population, using data from NHANES. For example, Stahlhut et al. [145] investigated
1,292 adult US male participants in the NHANES 1999–2002 and revealed that urinary
concentrations of three phthalate metabolites (mono-n-butyl phthalate, monobenzyl phthalate
and monoethylphthalate) were associated with increased insulin resistance, assessed by
HOMA-IR. In addition, phthalates levels were associated with increased waist circumference.
A similar association between urinary phthalate metabolite concentrations, body mass index
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and waist circumference was found in another cross-sectional study of NHANES data [146].
However, considering the methodological limitations of the existing data, there is no sufficient
evidence to conclude there is a correlation between phthalates and diabetes or obesity.

The epidemiological data on BPA and T2DM is less consistent compared with POPs, but is
growing. There are two cross-sectional analyses of NHANES data 2003-2008 that reported a
positive associations of BPA exposure (median 2.5 and 1.8 µg/l) with self-reported diagnosis of
diabetes [125, 147]. However, these analyses have an important weakness that limits their value:
the use of a single spot urine sample collected concurrent with the information on diagnosis of
diabetes. The single spot sample reflects only recent BPA exposure, so cannot be extrapolated
to longer period (like years or decades) which is relevant for the development of diabetes. Other
large cross-sectional studies on BPA in China provide conflicting data [148,149].

A closer evaluation of all epidemiological studies on EDCs reveals some weaknesses, such as
the assessment of one compound as a surrogate for total mixture (in case of PCBs), the lack of
data regarding kinetics, especially on accumulation in lipid-rich tissues (in case of POPs),
limited type of biological material used for direct measurement EDCs (serum or urine) or
environmental measurement which is not appropriate to calculate the internal dose (in case of
As). Other caveats must be considered in the interpretation of studies, such as heterogeneity
in the definition of diabetes or insulin resistance.

8. Challenges in EDCs research

There are a number of challenges limiting our understanding of the impact of EDCs on T2DM
related to the physical properties of EDCs: the selection of experimental models to assess effects
on glucose homeostasis or coexisting risk factors on the exposed individuals included in the
epidemiological studies.

The thousands of chemicals released into the environment create the real scenario of human
co-exposure and an enormous analytical challenge in the assessment. Sometimes the physical
properties of EDCs such as lipophilicity contribute to their accumulation and persistence in
human tissues, even after the exposure has terminated. In this case biomonitoring is the key
for the assessment of EDCs. Regarding the types of sample used in analysis, these must be
expanded beyond urine and serum to lipid-rich organs (e.g., POPs are accumulated in brain
and adipose tissue) as well as tissues relevant to in utero and early postnatal stages of exposure
(e.g., human breast milk). Also the development of clinical biomarkers it will be useful to
identify chemically exposed population.

Although environmental and tissue levels of certain EDCs (e.g., PCBs) have declined in some
countries in response to EU regulations, they remain of concern in other countries, and
uncertainty still exists regarding future trends.
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Another important challenge is related with the lack of clear structure-function relationships
that excludes a possible in silico prediction of endocrine disrupting effects and demands the
use of bioassays to characterize the physiological effects of the exposure.

The experimental design is further complicated by non-monotonic dose response correlation,
multiple mechanisms of action for a single compound, potential additive, synergistic or
antagonistic effects observed during co-exposure or the lack of adversity for some endpoints
defined in OECD guideline (e.g. uterotrophic assay).

The main gaps of epidemiological studies were already addressed. Still other factors like
geographic and temporal variation among the studies can induce differences in the exposure
assessment, especially on the composition of chemical mixtures (especially for POPs) and
duration of exposure.

Also inter-individual variation, transgenerational effects or predisposing factors (such as
obesity or a family history of diabetes) may influence the metabolic effects observed in the
epidemiological studies.

9. Conclusion

More studies are necessary to establish the exact mechanisms through which EDCs determine
impairments of glucose homeostasis; these studies are imperatively important in order to
impose international guidelines that will lead to a reduction of the incidence of T2DM cases
induced by chemical exposure.
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Chapter 10

Statins in Type 2 Diabetes

Kazuko Masuo

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59862

1. Introduction

Cardiovascular disease (CVD) is one of the foremost causes of mortality and is a major
contributor to morbidity for individuals with diabetes. Lipids abnormalities play an important
role in raising the cardiovascular risk in diabetic and obese individuals. The main components
of dyslipidemia in diabetes and metabolic syndrome is documented as small, dense low-
density lipoprotein (LDL-cholesterol), the elevation in remnant triglyceride-rich lipoprotein
particles, and the low high-density lipoprotein (HDL-cholesterol), which have very powerful
atherogenic components.

Diabetes and chronic diseases such as chronic kidney diseases (CKD) were assessed as high-
risk for cardiovascular risks by JNC-7, JSH-2009, the Adult Treatment Program III (ATP III).,
therefore those conditions require more aggressive control of hypertension and dyslipidemia.
[1, 2, 3, 4]. The American Heart Association (AHA) and the American College of Cardiology
(ACC) recommended the following four groups of patients should be treated by statins; (1)
patients with cardiovascular disease including angina, a previous heart attack or stroke, or
other related condition; (2) patients with an LDL cholesterol ≥190 mg/dL; (3) patients with type
2 diabetes aged between 40 and 75 years. They reported that (4) patients with an estimated 10-
year risk of cardiovascular diseases including a heart attack or stroke or developing other form
of cardiovascular disease of ≥7.5% aged between 40 and 75 years. In addition, both Adult
Treatment Program (ATP III) [3] and the American Diabetes Association (ADA) [4] guidelines
have identified low-density lipoprotein cholesterol and the first priority of lipid lowering.
There is strong evidence from landmark secondary prevention studies, that LDL cholesterol
lowering in patients with diabetes leads to significant clinical benefits. Therefore, the benefit
of statins on type 2 diabetes has been confirmed. [5]

Assellberg et al. [6] found 4 polymorphisms for HDL-cholesterol, 6 polymorphisms of LDL-
cholesterol, 10 for total cholesterol, and 4 polymorphisms for triglycerides might be responsible

© 2015 The Author(s). Licensee InTech. 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,
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for these lipids’ parameters phenotypes in the investigation using 2,000 genes.Genome-wide
association studies (GWASs) have shown strong relationships between genetric polymor‐
phisms and lipids levels. Dyslipidemia may have, at least partly, determined genetic back‐
grounds, and understanding the heritability of dyslipidemia may help to control dyslipidemia.

Dyslipidemia is known as one of the important causes for the atherogenic changes in cardio‐
vascular system, and results in very severe cardiovascular risk. Therefore, diabetes patients
with dyslipidemia have much higher prevalence of mortality and morbidity of cardiovascular
risks compared to diabetes patients without dyslipidemia. However, there have been a lot of
discussions, especially required statins on type 2 diabetes, because statins increase the risk of
new-onset type 2 diabetes mellitus [7-9]. Very recent genetic meta-analysis suggested that the
increased risk of type 2 diabetes noted with statins is at least partially explained by 3-hy‐
droxy-3-methyl-glutaryl-CoA reductase (HMG-CoA reductase or HMGCR) inhibition [10].

The statins work in the liver to prevent the formation of cholesterol. This class of drugs are
most effective at lowering the LDL- cholesterol, but also have modest effects on lowering
triglycerides and raising HDL- cholesterol. There are several large cohort studies investigating
the effects of statins on cardiovascular risks such as the Scandinavian Simvastatin Survival
Study (4S) [11] and the Cholesterol and Recurrent Events (CARE) [12, 13] trial, however, the
results are discordant. Some studies showed the drugs to reduce a patient’s risk of cardiac
events and stroke, outside of their ability to lower cholesterol levels. On the other hand, the
statins are known as their side effects including elevation in glucose levels, which is well
documented as one of the risk factors for ischemic heart diseases. A number of investigations
have shown that people on a high-dose regimen of the cholesterol drug atorvastatin and other
cholesterol-lowering drugs may have a slightly increased risk of developing type 2 diabetes,
particularly if they have several of the classic diabetes risk factors. Therefore, the American
Heart Association (AHA) /The American College of Cardiology (ACC) stated separately the
guideline on dyslipidemia in 2013 [14].

This chapter will review i) at first, dyslipidemia as a risk factor for cardiovascular diseases,
and then ii) the benefits and demerits for dyslipidemia treatments in type 2 diabetes using
statins based on the data in several large cohort studies. iii) Furthermore, the discrepancy,
statins can improve dyslipidemia but cannot prevent the new onset of type 2 diabetes, will be
discussed.

2. Statins in type 2 diabetes—Friends or Foe?

2.1. Dyslipidemia is one of the criteria of metabolic syndrome, pre-stage of type 2 diabetes

Prevalence of metabolic syndrome has been increasing with prevalence of obesity. The
pathophysiology of metabolic syndrome is very complicated, but has been partially under‐
stood. It has been well documented metabolic syndrome is an important risk factor for
cardiovascular diseases, especially heart diseases including heart failure and ischemic heart
disease. Some studies have shown the prevalence of metabolic syndrome in the USA to be an
estimated 34% of the adult population [15], and the prevalence increases with age. In addition,
weight gain is associated with metabolic syndrome. Central obesity is the most important
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confounder of metabolic syndrome, therefore, waist circumference may represent the existence
of metabolic syndrome (Table 1). Another key confounder of metabolic syndrome is insulin
resistance [20, 21]. Hypertensive patients, even they are nonobese, show high prevalence of
insulin resistance, and metabolic syndrome coexists. Usually, people with metabolic syndrome
has higher risk of developing cardiac events by twice and diabetes by 5 times compared to
individuals who do not have metabolic syndrome. Therefore, hypertensive patients, even not
obese, with metabolic syndrome have very high risks of cardiac events and diabetes.

WHO (16) EGIR (17, 18) NCEP AT III (Expert
Panel on Detection
Evaluation and
Treatment of High
Blood Cholesterol in
Adults) (3)

American Heart
Association Updated
NCEP III (19)

Insulin resistance Top 25% of population
Distribution

Top 25% of population
distribution

Not considered Not considered

Hyperinsulinemia Not considered Top 25% of population Not considered Not considered

Fasting glucose
(mmol/L)

impaired fasting
glucose, or impaired
glucose tolerance or
diabetes

>6.1, but not diabetic ≥6.1 ≥5.6 (100 mg/dL) or
medications for
hyperglycemia

Hypertension
(mmHg)

≥160/≥ 90 ≥140/≥ 90 or on
medications for
hypertension

≥130/85 ≥130/85 or medications
for hypertension

Central obesity waist/hip ratio >0.9
(men),
>0.85 (women) and/or
BMI≥30kg/m2

Waist circumference
(cm)

Not considered ≥94 (men),
≥ 80 (women)

>102 (men),
>88 (women)

≥102 (men),
≥88 (women)

HDL-cholesterol
(mmol/L)

<1.0 or medications
for dyslipidemia

<1.0 or medications for
dyslipidemia

<1.07 (40 mg/dL, men),
<1.25 (50 mg/dL ,
women)

<1.07 (40 mg/dL, men)
25 (50 mg/dL, women)

Triglyceride
(mmol/L)

<1.0 or medications
for Dyslipidemia

>2.0 or medications for
dyslipidemia

≥1.695 (150 mg/dL) ≥1.695 (150 mg/dL)

Micro-albuminemia Present Not considered Not considered Not considered

Criteria 1 of the first two + 2 of
other features

2 of other features 3 of above 3 of above

BMI, body mass index; EGIR, European Group of the study of Insulin Resistance; NCEP ATPIII, 3rd Recommendations
of the Adult Treatment Panel of the National Cholesterol Education Program; HDL-cholesterol, high-density lipopro‐
tein cholesterol. Values in NECP definition and American Heart Association/Updated NCEP are approximations of
values in mg/dL.

Table 1. Criteria for Metabolic Syndrome including Insulin Resistance (11)
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In addition, many epidemiological and clinical studies have shown that insulin resistance may
lead to dyslipidemia; Dyslipidemia, especially low HDL-cholesterol and high triglycerides are
also important criteria with high glucose levels for the metabolic syndrome (Table 1). Carg [22]
hypothesized approximately 20 years ago that insulin resistance might cause dyslipidemia in
metabolic syndrome. Ruotolo and Howard [23] suggested that hyperinsulinemia as a com‐
pensatory mechanisms of insulin resistance leaded to, at first, very low-density of lipoprotein
(VLDL) cholesterol overproduction, then the decreased clearance of fasting and postprandial
triglyceride rich lipoproteins (TRLs), and the decreased production of HDL particles [23]. In
addition, they suggested that increases in TRLs play major role in metabolic syndrome, and
elevated VLDL-cholesterol and decreased HDL-cholesterol may be consequence of TRLs
elevation. Very recently, the Framingham study [24] supported the close relationship between
dyslipidemia and insulin resistance for the onset of coronary heart disease. The incidence of
coronary heart disease risk associated with HDL-cholesterol or triglycerides were significantly
increased only in the presence of insulin resistance.

2.2. Dyslipidemia is an atherogenic factor

It is well established that elevation of serum LDL is a major cause of atherosclerosis and
coronary heart disease (CHD) [25-29]. Many epidemiological studies have shown that elevated
LDL cholesterol level is strongly related to future cardiac events [30, 31]. Therefore, LDL-
cholesterol can be used as an important predictor for the future cardiac events in cardiac risk
assessments (i.e. the Framingham Risk Score) [30, 31]. However, it is also known that other
serum lipoproteins, such as triglyceride-rich lipoproteins (TRLs), very low-density lipopro‐
teins (VLDL), chylomicrons, and HDL-cholesterol, are involved. In atherogenic dyslipidemia,
the pattern of lipoprotein abnormalities or atherogenic lipoprotein phenotype includes
elevations of VLDL levels, increased small LDL particles, and low HDL-cholesterol [32, 33].
The abnormalities usually coexist because they have a common metabolic basis. Grundy
summarized and figured the relationship insulin resistance, dyslipidemia and coronary heart
disease [34]. Besides the multiple mechanisms for atherogenesis accompanying the lipid triad,
atherogenic dyslipidemia commonly is associated with several non-lipid risk factors as part
of metabolic syndrome (insulin resistance) [35]. In addition, the prothrombotic state may be
accompanied by several abnormalities in the coagulation system in metabolic syndrome; most
notable are elevations in fibrinogen and plasminogen activator inhibitor-1 (PAI-1). These
phenomena might be related to the onset and development of atherogenic damage in vessels

2.3. Statins can improve dyslipidemia in type 2 diabetes, and result in the prevention for
coronary heart diseases or other cardiovascular events.

A number of large cohort clinical studies on the efficacy of statins, especially atorvastatin, have
been conducted for the primary and secondary prevention of cardiovascular events in adults
with, or at risk of, coronary heart disease (CHD). [36, 37] In primary prevention, CARDS
(Collaborative Atorvastatin Diabetes Study) [38] showed that atorvastatin 10 mg/day signifi‐
cantly reduced cardiovascular events compared to placebo (relative risk of the composite
primary endpoint; acute CHD events, coronary revascularisation, or stroke) by 37% (p = 0.001).
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metabolic syndrome. Ruotolo and Howard [23] suggested that hyperinsulinemia as a com‐
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(VLDL) cholesterol overproduction, then the decreased clearance of fasting and postprandial
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accompanied by several abnormalities in the coagulation system in metabolic syndrome; most
notable are elevations in fibrinogen and plasminogen activator inhibitor-1 (PAI-1). These
phenomena might be related to the onset and development of atherogenic damage in vessels

2.3. Statins can improve dyslipidemia in type 2 diabetes, and result in the prevention for
coronary heart diseases or other cardiovascular events.

A number of large cohort clinical studies on the efficacy of statins, especially atorvastatin, have
been conducted for the primary and secondary prevention of cardiovascular events in adults
with, or at risk of, coronary heart disease (CHD). [36, 37] In primary prevention, CARDS
(Collaborative Atorvastatin Diabetes Study) [38] showed that atorvastatin 10 mg/day signifi‐
cantly reduced cardiovascular events compared to placebo (relative risk of the composite
primary endpoint; acute CHD events, coronary revascularisation, or stroke) by 37% (p = 0.001).
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The decrease of cardiovascular events in CARDS study with atorvastatin was similar to those
in the ASCOT-LLA (Anglo-Scandinavian Cardiac Outcomes Trial-Lipid Lowering Arm) with
atorvastatin [39, 40] and HPS (Heart Protection Study) with simvastatin [41]. However, lipids
lowering effects of atorvastatin was observed to be faster compared to simvastatin, 6 months
with atorvastatin observed in CARDS [38] versus 15-18 months in simvastatin observed in HPS
[41]. The ASCOT-LLA trial [39] conducted in 2,226 hypertensive diabetic patients without
previous cardiovascular disease, showed that atorvastatin could decrease the relative risk on
primary coronary heart diseases (CHD) by 36% (p=0.0005), and all cardiovascular diseases
(CVD) risk by 25% (p = 0.038) compared to placebo. The IDEAL (Incremental Decrease in End
Points Through Aggressive Lipid Lowering) [42, 43] and TNT (Treating to New Targets) trials
[44, 45] demonstrate that both low (10 mg/day) and high (80 mg/day) doses of atorvastatin
reduced the risk of non-fatal myocardial infarction by 17-22% (p < 0.02). [42-45]

Sub-studies of the GREACE (GREek Atorvastatin and Coronary-heart-disease Evaluation)
[45-48], TNT (Treating to New Targets) [43, 49-51] and PROVE-IT (PRavastatin Or atorVastatin
Evaluation and Infection Therapy) [52-54] trials showed similar results of atorvastatin reduced
cardiac events but not only patients without diabetes but also in those with diabetes. Those
studies included 15-25% of patients with diabetes.

In the GREACE sub-study, which compared to physicians’standard care [47], atorvastatin
significantly reduced the relative risk of total mortality and cardiac moratility and morbidity
(coronary mortality, coronary morbidity, and stroke). Furthermore, atorvastatin improved
renal function [47] and liver function [46]. Of interest, patients with non-alcoholic fatty liver
disease, statins (atorvastatin 24 mg/day) improved liver function, although liver injury was
worsen in others without statin treatment for dyslipidemia. This study demonstrated that
statin treatment is safe for mild-to-moderate liver injury caused by non-fatty liver disease, and
can improve liver injury and reduce cardiovascular morbidity. In addition, statins treatment
has benefits for all age groups including old patients. In the older patients, intensive lipids
lowering treatments are more effective to reduce cardiovascular risks compared to younger
patients when compared to usual lipids lowering treatment. The GREACE study demonstrated
that one should not deprive older patients of CVD prevention treatment and lipid target
achievement. [48]

Similarly, TNT (Treating to New Targets) trials [49, 50] demonstrate the preventive efficacy of
atorvastatin on the reductions of cardiac events in patients with stable CHD. In the TNT sub-
study [51] including a total of 9,251 coronary heart disease patients with low-density lipopro‐
tein cholesterol, higher dose of atorvastatin (80 mg/day) over 4.9 years was more effective on
the prevention on major cardiovascular events (n=729) such as coronary death, non-fatal
myocardial infarction, cardiac arrest, or stroke regardless of fatal or non-fatal, compared to
lower dose (10 mg/day). [52] In sub-analysis of TNT trial conducted in 5,584 CHD patients
with metabolic syndrome, higher dose of atorvastatin (80mg/day) reduced the major cardio‐
vascular and cerevrovascular events by 29%. In addition, this sub-study also demonstrated
that CHD patients with metabolic syndrome had a 44% greater level of absolute cardiovascular
risk compared to those without metabolic syndrome, indicating the clinical feasibility of
administering intensive lipid-lowering therapy to CHD patients with metabolic syndrome
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[53]. In addition, the other sub-analysis [43] demonstrated even in treatment resistant hyper‐
tensive patients, who were at high risk of cardiac events, intensive lipid lowering with
atorvastatin 80 mg is associated with a significant reduction in cardiovascular events.

In the PROVE-IT (PRavastatin Or atorVastatin Evaluation and Infection Therapy) sub-study
[54, 55], a significantly lower incidence of acute cardiac events was reported in patients with
atorvastatin compared to pravastatin (21.1% vs. 26.6%; p = 0.03). Therefore, an absolute risk
reduction of 5.5% was associated with atorvastatin therapy [54-56]. Similarly, the IDEAL trial
(the Incremental Decrease in End Points through Aggressive Lipid Lowering trial) [57]
compared the effects on cardiovascular risks between atorvastatin 80 mg daily versus sim‐
vastatin 20-40 mg daily in post-myocardial infarction patients. The IDEAL trial had smaller
statistical power due to the smaller number of patients compared to the PROVE-IT study, but
longer follow-up (5 years vs. 2 years). Interestingly, decreases in the relative risk of cardio‐
vascular events at 5 years in group with simvastatin was similar to that in the 2-year follow-
up with atorvastatin group, and the decreases in the cardiovascular risk maintained
consistently from 2 years to 5 years in atorvastatin group. The 2 treatment regimens (atorvas‐
tatin versus simvastatin) were well tolerated. These results indicated that patients with recent
myocardial infarction should be on intensive statin therapy with atorvastatin and maintain
the high dose of atorvastatin as long as possible, over 2 years.

ASPEN (Atorvastatin Study for Prevention of coronary heart disease Endpoints in Non-
insulin-dependent diabetes mellitus) [58] in 2,410 type 2 diabetic patients demonstrated that
a 29% lower low-density lipoprotein-cholesterol level was seen with atorvastatin than placebo
at endpoint (p < 0.0001) over a 4-year period. In sub-analysis in the 505 subjects with prior
myocardial infarction or interventional procedure, atorvastatin did not reduce relative risk of
a primary end-point (cardiovascular mortality, non-fatal major cardiovascular event, stroke,
and unstable angina pectoris, fatal or non-fatal myocardial infaction). Therefore, ASPEN trial
failed to confirm the benefit of atorvastatin on cardiocvascular risk in type 2 diabetes [58].

The ALLIANCE (Aggressive Lipid-Lowering Initiation Abates New Cardiac Events) [59-61]
and GREACE (GREek Atorvastatin and Coronary-heart-disease Evaluation) [62, 63] trials
demonstrated the benefits of treatment with atorvastatin for dyslipidemia compared to usual
care with generic statins as the real practical clinic (i.e. simvastatin) in patients with stable CHD.
Atorvastatin reduced the risk of non-fatal myocardial infarction by 47-59% (p < 0.0002)
compared to usual dyslipidemia therapy with generic statins as a usual community practice
in 2008. The MIRACL (Myocardial Ischemia Reduction with Aggressive Cholesterol Lowering)
[64, 65], PROVE-IT [54] and IDEAL-ACS (Acute Coronary Syndromes) [57] studies also
recommend the benefits of high-dosage atorvastatin therapy started from early phase after the
onset of acute coronary syndrome such as within 24-96 hours observed in the MIRACL trial.
When compared to placebo, all statins including pravastatin and simvastatin, atorvastatin are
effective to reduce the risk of death or major cardiovascular events by 16-18% (p = 0.048). In
patients undergoing revascularization procedures, the AVERT (Atorvastatin VErsus Revas‐
cularization Treatment) study [66] revealed that administration of atorvastatin 80 mg/day over
18 months had similar benefits on reducing the ischemic cardiac risk to angioplastity plus usual
care in low-risk patients with stable coronary artery disease. Furthermore, Arca [62] reviewed
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that the ARMYDA (Atorvastatin for Reduction in MYocardial DAmage during angioplasty)
and ARMYDA-3 trials showed atorvastatin’s benefits on myocardial infaction patients;
Atorvastatin 40 mg/day over 7 days before coronary intervention significantly reduced the
risks of myocardial ischemic damage (ARMYDA), post-procedural acute myocardial infarc‐
tion (ARMYDA) and atrial fibrillation (ARMYDA-3) versus placebo. In addition, it has been
observed that post-myocardial infactionm patients without atorvastatin have significantly
higher C-reactive protein levels and higher prevalence of the combined incidence of cardio‐
vascular events (death, MI and target segment revascularization during the 6-month follow-
up). In addition, the ATTEMP study (Assessing The Treatment Effect in Metabolic syndrome
without Perceptible diabetes) [67] showed atorvastatin improved renal function and reduced
serum uric acid levels in metabolic syndrome without cardiovascular diseases. These changes
were more prominent in stage 3 chronic kidney diseases patients and might have contributed
to the reduction in cardiovascular risk and clinical events.

Overall, therefore, the marked efficacy of atorvastatin in the primary and secondary prevention
of cardiovascular events were provided in many large cohort trials not only in relative healthy
individuals, but also in diabetes or post-myocardial infarction patients, and the effects were
stronger than usual statins such as simvastatin. Atorvastatin has in general cardiovascular
disease management including improving renal function, and liver injury with non-alcoholic
fatty liver, suggests even greater potential clinical utility for the drug in some clinical settings.
[37, 66] The results from the meta-analysis using 31 randomized studies compared statins and
placebo or other statins showed in patients with CVD, (or at risk of CVD), statin reduced
relative risk of all cause mortality, cardiovascular mortality, coronary heart disease mortality
and fatal myocardial infarction, but did not reduce the risk of fatal stroke. Statin could not
reduce relative risk of morbidity of non-fatal stroke, non-fatal myocardial infarction, transient
ischemic attack (TIA), unstable angina, and coronary revascularization.

The differentiations on the clinical efficacy between statins; atorvastatin, fluvastatin, pravas‐
tatin and simvastatin, are almost impossible from the previous large clinical studies, however,
there is some evidence from direct comparisons between statins to suggest that atorvastatin
may be more effective than pravastatin in patients with symptomatic coronary heart diseases,
although there is limited evidence for the effectiveness of statins in different subgroups [67].

2.4. Statins may improve renal function

The comparisons analysis related to renal function [43] from clinical trials with data from
149,882 patient-years of follow-up failed to show an association between high-potency statins
and risk of acute kidney injury with statins (10,345 patients on atorvastation, 10-80 mg/day)
compared with controls (placebo, 8,945 patients with placebo). In addition, there were no
differences in effects on renal function between high-dose versus low-dose. This comparison
was performed in the 24 placebo-controlled trials including IDEAL [57], TNT [47], CARDS [69,
70], ASPEN (The Atorvastatin Study for Prevention of coronary heart disease Endopoints in
Non-diabeties mellitus) [58], SPARCL (The Stroke Prevention by Aggressive Reduction in
Cholesterol Levels) [43, 71], and other large study using placebo with 10,345 patients with
atorvastatin and 8945 patients with placebo. [43]
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The TNT trial in 10,001 CHD patients with and without pre-existing chronic kidney diseases
demonstrated efficacy of atorvastatin (80 mg/day) on reduction of CHD risk as well as
improving renal function in both with and without pre-existing renal injury patients. No
difference in the incidence of renal-related serious adverse events were observed at 120 days
(0.04% in atorvastatin; 0.10% in placebo, p = 0.162) [50, 51]. Similarly, the use of a high-potency
statin regimen did not increase the risk of kidney injury was observed in 2 large randomized
trials of statin therapy in patients with acute coronary syndrome; PROVE IT-TIMI 22 [50, 55]
(atorvastatin 80 mg/day) including 4,162 patients, and A-to-Z trial (pravastatin 40 mg/day for
1 month + simvastatin 80 mg/day after 1 month) including 4, 497 patients. [72] As mentioned
in the previous section, the ATTEMP (Assessing the treatment Effect in Metabolic syndrome
without Perceptible diabetes) study [67] showed that multifactorial intervention in patients
with metabolic syndrome without established CVD improved renal function and reduced
serum uric acid levels. Of importance, these changes were more prominent in stage 3 chronic
kidney diseases patients. PROVE-IT-TIMI 22 sub-study [73] used urinary albumin excretion
as an index of renal injury, showed no significant change in urinary albumin concentration
from enrollment to end of study in either the standard (pravastatin 40 mg/day) or intensive
(atorvastatin 80 mg/day) statin therapy groups in an acute coronary syndrome in statin treated
patient. [52] Microalbuminuria may reflect traditional cardiovascular risk factor burden and
offer little prognostic information independent of those factors. [52]

2.5. Cost-effectiveness

Cost-effectiveness between statins has been compared in several studies such as the Aggressive
Lipid-lowering Initiation Abates New Cardiac Events study (ALLIANCE study) [73], and
those observations showed the advantage of atorvastatin in high-risk CVD patients [68] and
type 2 diabetes patients [74]. Despite the non-adherence levels observed in actual practice,
statin treatment is cost-effective for primary prevention in patients newly diagnosed with type
2 diabetes. Because of large differences in cost-effectiveness according to different risk and age
groups, the efficiency of the treatment could be increased by targeting patients with relatively
higher cardiovascular risk and higher ages [74]. When the efficacy and cost-effectiveness were
compared between rosuvastatin, atorvastatin, pravastatin and simvastatin, rosuvastatin
therapy in commonly prescribed doses is most effective for improving hypercholesterolemia
and most cost effective in diabetic patients with and without metabolic syndrome. [75] The
PROVE IT trial [76] demonstrated that atorvastatin 80 mg/day has stronger efficacy on
reducing cardiovascular events compared to pravastatin 40 mg/day in patients with acute
coronary syndrome. Genetic investigations in PROVE-IT sub-study showed that the preva‐
lence of event reduction was greater in carriers of the Trp719Arg variant in kinesin family
member 6 protein (KIF6) than in non-carriers. Parthan et al. [76] assessed the cost effectiveness
of testing for the KIF6 variant followed by targeted statin therapy (KIF6 Testing) versus not
testing patients, and they found that cost-effectiveness is sensitive to the price of generic
atorvastatin and the effect on adherence of knowing KIF6 carrier status.
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2.6. The JUPITER trial and meta-analyses show statins increase the risk of new onset of type
2 diabetes

Statins are known as well-tolerated and very rare adverse events reported. Side effects of
statins are very rare but still exist such as elevations of liver enzymes, muscle aches, and very
rarely, rhabdomyolysis [76]. If people have adverse events, discontinuation is primary as usual
procedure to resolve these adverse events similarly to other any medications.. Recently, debate
has focused on the possible negative long-term effects of statin treatment on cognitive decline,
and the incidence of cancer [78]. Some investigators have documented that statins affect the
risk of developing cancer, when they are taken at low doses for managing hypercholestero‐
laemia. There is some possibility of an increased cancer risk in elderly patients associated with
hydrophilic statin use. On the other hand, some recent studies have shown the benefits of
statins in modifying the prognosis of cancer, and the decreases in the risks of certain cancers,
such as gastric, oesophageal, liver, colorectal and advanced/aggressive prostate cancer. In
addition, Jukema et al. [78] reported that there was no increased risk of cognitive decline or
cancer with statin use. However, regarding the relations between statins and cancer, results
remain controversial. Further investigations will be necessary to clarify.

Since the report of the new onset of diabetes during rosuvastatin treatment, as an unexpected
finding in the JUPITER trial [7], safety concerns on abnormal glucose metabolisms related to
statins have emerged in 2012. The possible association of diabetes with statin therapy has been
discussed over several years, but statins’ effects on reducing of cardiovasculoar risk has been
overweighted than the new onset of diabetes or glucose metabolism impairement. In addition,
guidelines of the American Diabetes Association [3], American Heart Association [1, 14], and
American Copllege of Cardiology [14] have shown the same direction of overweighting on
dyslipidemia control. In addition, several studies and meta-analysis data have shown that
statin use is related to a small increased risk of type 2 diabetes mellitus. The JUPITER (Justifi‐
cation for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin) trial
[79-81] demonstrated new onset of diabetes, although rosuvastatin reduces cardiovascular
events and all-cause mortality and concomitant evidence of moderate chronic kidney diseases.
The JUPITER finding on impairement of glucose metabolisms was the first data showing the
strong relationship between statins and the new onset of diabetes. The JUPITER trial [78,
80]was conducted in 17,603 men and women without histories of cardiovascular diseases or
diabetes with randomized, double blind design to evaluate the efficacy of rosuvastatin 20 mg/
day over 5 years. In this trial, the participants who had diabetes risk factor (n=11,508), showed
developing diabetes more frequently than those without a diabetic risk factor (n=6,095). In
individuals with diabetic risk factors, rosuvastatin decreased the cardiovascular risks such as
the primary endpoint by 39%, venous thrombosis by 36%, and total mortality by 17%, but
increased diabetes risk by 28 %. On the other hand, in the participants without diabetic risk
factors, all parameters decreased significantly with larger drops compare dto those with
diabetic risk factors (primary endpoint by 52%; venous thrombosis by 53%; total mortality by
22 %). And, importantly, no elevations in the new onset of diabetes or impairment of glucose
metabolism were observed. These results suggested that statins may have more stronger
benefits on reduction of cardiovascular risks and glucose metabolisms in individuals without
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diabetes compared to those with diabetes. When compared to placebo, the onset of diabetes
needed longer duration by 5,4 weeks in rosuvastatin (rosuvastatin, 84.3 weeks vs placebo, 89.7
weeks). The benefits on cardiovascular risk and total mortality in rosuvastatin group were
greater than the hazard of the new onset of diabetes [7].

Furthermore, three recent meta-analyses of large-scale placebo-controlled and standard care-
controlled trials [82] showed approximately more than 10% increased risk for incident diabetes
associated with statin therapy. [83, 84]

On the other, recently the post hoc analysis of ATTEMPT study assesses the incidence of new-
onset diabetes over 3.5 years in patients with metabolic syndrome observed no differences in
the new onset of diabetes in patients with statins (statins, 0.83 vs. placebo, 1.00/100 patient-
years) from the general population [67, 85], and no differences in the new onset of diabetes
between individuals with and without diabetic risk factors [84]. New-onset diabetes incidence
and CVD events were negligible and not different from what is expected in the general
population. [85]

Park et al. [9] analysed the linkage of statins and the new-onset diabetes using meta-analysis
in published large cohort studies in MEDLINE from 2000 to October 2013 with the following
MESH terms and text key words alone or in combination were included: 3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitors, HMG-CoA reductase inhibitors, statins,
incident diabetes, new-onset diabetes, insulin resistance, impaired insulin secretion, meta-
analysis, cohort study, and observational study written in English. Results of observational
studies and meta-analyses show association of incident diabetes with statin use in patients
with concomitant risk factors for diabetes. They concluded a possible association between
statin use and incident diabetes in patients with underlying diabetes risk factors in available
clinical data. Although study data may be insufficient to change the current practice paradigm,
clinicians should vigilantly monitor for incident diabetes in patients on statins. Patients with
a low risk of CVD and high risk of diabetes should reconsider statin use and focus on lifestyle
management. Each statins has different effects on glucose metabolisms, and women and
elderly persons are known at higher risk of diabetes. Therefore, various confounders related
to adverse events, especially glucose metabolisms, should be considered

Muscoqiuri, et al. [86] discussed the effects of statins on insulin sensitivity or insulin secretion,
because statins deteriorates glycemic control may accelerate progression to diabetes via
molecular mechanisms that impact insulin sensitivity and secretion. The weight of clinical
evidence suggests a worsening effect of statins on insulin resistance and secretion, but basic
science studies could not find a clear molecular explanation from searches of computerized
databases, providing conflicting evidence regarding both the beneficial and the adverse effects
of statin therapy on insulin sensitivity.

A number of meta-analyses conducted in recent years have demonstrated that the association
is real but causality has not yet been proved [8]. And the underlying mechanisms for this
association remain unclear.

In summary, although many clinical studies have demonstrated that statins worsen glucose
metabolism or cause the new onset of diabetes, the cardiovascular benefits of statin therapy
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incident diabetes, new-onset diabetes, insulin resistance, impaired insulin secretion, meta-
analysis, cohort study, and observational study written in English. Results of observational
studies and meta-analyses show association of incident diabetes with statin use in patients
with concomitant risk factors for diabetes. They concluded a possible association between
statin use and incident diabetes in patients with underlying diabetes risk factors in available
clinical data. Although study data may be insufficient to change the current practice paradigm,
clinicians should vigilantly monitor for incident diabetes in patients on statins. Patients with
a low risk of CVD and high risk of diabetes should reconsider statin use and focus on lifestyle
management. Each statins has different effects on glucose metabolisms, and women and
elderly persons are known at higher risk of diabetes. Therefore, various confounders related
to adverse events, especially glucose metabolisms, should be considered

Muscoqiuri, et al. [86] discussed the effects of statins on insulin sensitivity or insulin secretion,
because statins deteriorates glycemic control may accelerate progression to diabetes via
molecular mechanisms that impact insulin sensitivity and secretion. The weight of clinical
evidence suggests a worsening effect of statins on insulin resistance and secretion, but basic
science studies could not find a clear molecular explanation from searches of computerized
databases, providing conflicting evidence regarding both the beneficial and the adverse effects
of statin therapy on insulin sensitivity.

A number of meta-analyses conducted in recent years have demonstrated that the association
is real but causality has not yet been proved [8]. And the underlying mechanisms for this
association remain unclear.

In summary, although many clinical studies have demonstrated that statins worsen glucose
metabolism or cause the new onset of diabetes, the cardiovascular benefits of statin therapy
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overweigh the risk of impairment of glucose metabolism. Clinical practice for statin therapy
should not be changed on the basis of the most recent Food and Drug Administration infor‐
mational warnings in 2012. Therefore, the data suggest the need to treat dyslipidemia and to
make patients aware of the possible risk of developing type 2 diabetes or, if they already are
diabetic, of worsening their metabolic control.

3. Conclusions

In 2014, Simic and Reiner [87] summarized benefits and side effects of stastins as follow; 1)
reduction in cardiovascular mortality and morbidity even in patients with very high risk of
cardiovascular disease; 2) myopathy and rhabdomyolysis as most important side effects; 3)
liver injury as a side effects, which occurs occasionally but is reversible. On the other hand,
statins also improve hepatic steatosis and liver injury in fatty liver diseases; 4) similarly, renal
injury as a side effect, but also statins showed protective effects on renal injury [69] and majority
of data have shown the beneficial effects on renal function [33, 50-53, 67. 72]. 5) statins increase
the incidence of type 2 diabetes, especially in individuals with diabetic risk factors [78]. But
the cardiovascular benefits of such a treatment by far exceed this risk. Therefore, currently
many guidelines for treatments for dyslipidemia, diabetes concluded that the cardiovascular
benefits of statins by far outweight non-cardiovascular harms in patients with cardiovascular
risk. However, it should be needed to treat dyslipidemia and to make patients aware of the
possible risk of developing type 2 diabetes or, if they already are diabetic, of worsening their
metabolic control.
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Chapter 11

Incretin System in the Pathogenesis of Type 2 Diabetes
and the Role of Incretin Based Therapies in the
Management of Type 2 Diabetes
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1. Introduction

Discovery of incretin hormones and their role on glucose metabolism and pathogenesis of type
2 diabetes mellitus (T2 DM) are current interests of diabetology. Incretin hormones are secreted
from intestinal endocrine cells in response to food ingestion and potentiate pancreatic insulin
secretion when compared with iv glucose administration. Since malfunction of incretin
hormones has been found to have role in T2 DM pathogenesis, incretin based therapies have
been developed. Incretin effect, incretine hormones, functions, their role in pathogenesis of T2
DM and management of T2 DM with incretin-based drugs are discussed in this chapter.

2. Incretin effect, incretin hormones, secretion and functions

2.1. The incretin effect

Pancreas secrete insulin in response to the food content in the gastrointestinal lumen. Endo‐
crine pancreas senses food ingestion via incretin hormones, nerve inputs and substrates to
secrete insulin. This chain of secretion which starts with food ingestion and result with insulin
secretion by endocrine pancreas is called enteroinsulinar axis [1, 2]. The first definition of
incretin effect depend on the fact that, much more insulin secretion is induced by oral glucose
than with iv glucose administration. So two-to three fold augmented insulin response to oral
glucose compared with iv glucose is known as the incretin effect [3].

A duodenal exctract has been found to reduce glucosuria first in early 20th century before the
discovery of this phenomenon. The elements of the incretin effect were recognised much more
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before their insulinotropic effects. Glucagon like insulinotropic peptide (GIP) is the first, which
was discovered in 1973 by its inhibitory effect on gastric acid secretion and insulinotropic effect
was defined later. This discovery was followed by the definiton of another intestinal peptide
called glucagon like peptide 1 (GLP-1) ten years later. Discovery of incretin system, and its
pathogenetic role in T2 DM caused an important evolution in pathogenesis and management
of diabetes. This discovery pointed the role of gastrointestinal system and derived peptides
on insulin secretion and glucose metabolism, which has not been taken into account for a very
long time.

Postprandial rate of insulin secretion is assumed to be solely affected by the stimulatory effect
of incretin hormones, and the role of gastrointestinal motility seems not to be accounted.
Passage rate of the ingested foods through the gastrointestinal tract directly affects the
secretion rate, secretion amount and the type of incretin hormone [4-6]. These mentioned
gastrointestinal motility dependent events play an important role on postprandial glucose
homeostasis. Effect of gastrointestinal motor function on glucose metabolism, pathogenesis of
diabetes and glycemic regulation still need to be further evaluated.

2.2. Incretin hormones

There are two incretin hormones known to function on postprandial insulin secretion, which
called GIP and GLP-1. Their malfunction and malsecretion have been shown to have role in
the pathogenesis of T2 DM.

GIP is a large peptide hormone which is processed from a larger prohormone. Expression of
GIP is widely distributed in the body, but the functions are not well understood at these
locations. GIP is secreted from enteroendocrine, so called K cells, which predominantly located
in the proximal duodenal mucosa but may be seen anywhere in the entire intestinal mucosa [7].

The other incretine hormone GLP-1 is derived from proglucagon peptide. Proglucagon gene
is dominantly expressed in pancreatic alpha cells, brain stem and distal intestinal mucosal
endocrine, so called L cells [8]. Posttranslational processing of proglucagon peptide differ
between pancreatic alpha, brain and intestinal cells, resulting with different endproducts
[9-10]. Proglucagon peptide contains two proglucagon peptides named glicentin and major
proglucagon fragment. Pancreas contains these two proglucagon peptides in one molecule and
secrete glucagon along with major proglukagon fragment. Pancreas processes glicentin to
glicentin related pancreatic polypeptide (GRPP), glucagon, and intervening peptide 1 (IP-1),
while major proglucagon fragment is not further processed in pancreas. Intestinal L cells
secrete these two glucagon like peptide seperately. Unlike alpha cells, intestinal cells have the
ability to process major proglucagon fragment to GLP-1, GLP-2 and IP-2. Glicentin is not
cleaved or partly cleaved into GRPP and oxyntomodulin in the intestinal cells [Figure 1].

Mechanism of organ spesific posttranslational progulcagon processing is not fully determined.
Several factors have been defined to have role in organ spesific processing. Transcription factor
named pax6 and the other novel regulator is β-catenin, which is the major effector in Wnt
signalisation system are among these regulators. T cell factor 4 (TCF-4 or known as TCF7L2)
has been discovered to mediate the Wnt pathway, and shown to induce proglucagon gene
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expression to produce GLP-1 in the intestinal endocrine cells, but not in alpha cells [11, 12].
Later a TCF-4 gene polymorphism has been found to be involved in susceptibity to T2 DM.
This is an important evidence which proved a link between disrupted incretin effect and
development of T2 DM.

Active forms of GLP-1 are GLP-1 (7-36) and GLP-1 (7-37). Lower than %25 of total amount of
active form secretion leaves intestine, then 40-50% of this degraded in the liver. In conclusion
a very low amount of active GLP-1 reaches into the systemic circulation [13, 14]. GLP-1 (7-36)
is cleaved by dipeptidylpeptidase 4 (DPP-4) to GLP-1 (9-36). This enzyme is highly expressed
in the brush border of the enterocytes and also in the endothelial cells of the enteric vasculature
[15]. Inactive GLP-1 (9-36) and active GLP-1 (7-36) are also degraded by neutral endopeptidase
24.11 (NEP 24,11) to form another inactive form named GLP-1 (28-36) [16]. Although GLP-1
(9-36) and GLP-1 (28-36) are known as inactive forms, it has been shown that they may be as
beneficial as their active counterparts on glucose metabolism [17, 18]. Active GLP-1 and its
metabolites are cleared from kidneys [19].

Both incretin hormones has been shown to be important in food induced insulin secretion but
their potency and molar secretion amounts differ. GIP is secreted into the circulation 10-fold
higher amount than GLP-1, but the potency of GLP-1 exceeds GIP [20].

Figure 1. Post-translational processing of proglucagon peptide in pancreas, intestine and brain (GRPP: Glicentin relat‐
ed polypeptide, IP-1: intervening peptide 1).
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2.3. Incretin hormone secretion and regulation of secretion

Both incretin hormones are secreted from gastrointestinal endocrine cells response to food
ingestion. Although it is very low in amount, incretins are also has been shown to secreted
during fasting [21]. Proximal intestinal cells secrete GIP, while GLP-1 is secreted from distal
ileal and colonic L cells. It is the amount of ingested foods and the gastric emptying rate which
effect the type of incretin hormone secreted [22, 23]. For example small amounts of food and
a rapid gastric emptying induce GIP secretion, while slow gastric emptying and large complex
food portions induce GLP-1 secretion. The exact mechanism of how food components induce
the selective secretion of incretin hormones are still not clear. Elements of glucose transport
system, such as sodium glucose transporter 1 (SGLT-1) and G protein coupled long chain fatty
acid receptors on L cells has been shown to mediate the pathways which induce enteric
endocrine cells to secrete incretin hormones in a selective manner [24, 25]. In conclusion
incretin hormone levels are very low during fasting state, they are secreted in response to
ingested glucose and lipids. Food ingestion is the trigger which starts enteroinsulinar axis
result with insulin secretion from pancreatic β-cells. Although neuronal pathways modulate
insulin secretion, neuronal pathways do not have role in the induction of enteroinsulinar axis,
since GLP-1 does not increase during cephalic phase of insulin secretion [26].

2.4. Functions of incretin hormones

The incretin GIP shows its actions via a G protein coupled membrane receptor which belongs
to the secretin-glucagon receptor family [27, 28]. The other incretin GLP-1 also shows its effects
on target cells via a G protein coupled GLP-1 receptor (GLP-1R), which is widely expressed in
the body unlike limited secretion sites of GLP-1 [29]. Only one type GLP-1R has been defined
in the body, and the organ spesific effects of GLP-1 is believed to be determined by the
difference in the glycosilation of the receptor. Wide distribution of the receptor such as
endocrine pancreas, brain, heart, gastrointestinal system and kidney, is responsible for the
extrapancreatic and extraintestinal effects of the peptide.

Because GIP has been reported to be nearly not affected in diabetic patients, and there is a clear
evidence of diminished GLP-1 secretion in T2 DM, this chapter will mention GLP-1 as a
representative of incretine hormones [30, 31].

1. Effects of GLP-1 on β-cells:

It has been shown that GLP-1 has insulinomimetic, insulinotropic and insulinotrophic
effects, which mean insulin-like, insulin secretory and regenerative and proliferative
effects respectively.

Insulin-like effect of GLP-1 has been shown in several studies, in which GLP-1 inhbibited
hepatic glucose output [32, 33]. The mechanisms of inhibition of hepatic glucose output
and involving receptors need to be clarified, since hepatocytes do not express GLP-1R.

Insulin secretion is potentiated by GLP-1 only in the presence of glucose. This effect starts
with the interaction between the GLP-1 and its G protein coupled membrane receptor.
GLP-1 induces insulin secretion only in the presence of glucose in the β-cell [34]. GLP-1
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and glucose both increase intracellular cAMP levels sinergistically, then cAMP induces
protein kinase A (PKA) and cAMP regulated guanine nucleotide exchange factor II
(cAMP-GEF II), also known as Epac2. These two system induce β-cells to secrete insulin
by several mechanisms. Closure of ATP sensitive potassium channel and activation of
calcium channels both cause depolarisation of β-cell, and then insulin secretion occurs.
Both calcium derived from intracellular stores and extracellular space contribute in
increase in intracellular calcium levels. Increase in intracellular calcium further stimulate
insulin secretion via granule exocytosis. The latter calcium dependent insulin secretion
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apoptotic effect of GLP-1 on β-cells has been currently defined and may be a promis‐
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intracellular  anti-oxidant.  The  function of  TRX is  downregulated by a  binding pro‐
tein,  called TRX binding protein-2 (TBP-2).  This binding protein has been shown to
induce β-cell apoptosis, by increasing intracellular oxidative stress. Intracellular levels
of TBP-2 closely correlate with blood glucose level [46, 47]. Several studies have found
that  GLP-1  decreases  TBP-2  levels,  which  in  turn  increases  intracellular  TRX  and
decreases oxidative stress, and further β-cell damage [47, 48].

Figure 2. The wnt pathway and the role of GLP-1 on wnt pathway (APC:adenomatosis polyposis coli, CK-1: casein
kinase 1, pERK: phosphorylated extracellular signal-regulated kinase, GSK-3β: glycogene synthase kinase 3β, β-cat:be‐
ta catenin, TCF-7: T cell like factor 7) (A and B: Inactive wnt pathway, C: Activation of wnt pathway by a wnt ligand,
D: Activation of wnt pathway by GLP-1).

2. Effects of GLP-1 on alpha cells:

Glucagon plays an important role in pathogenesis of T2 DM. Glucagon hypersecretion
has been shown during both fasting and postprandial states in patients with diabetes [49].
GLP-1 decrease glucagon secretion. The exact mechanism of this inhibition is not yet
elucidated, but the most possible mechanism is the induction of pancreatic somatostatin
secretion, which inhibit the glucagon secretion by paracrine manner [50, 51].
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3. Effects of GLP-1 on gastrointestinal system:

Gastrointestinal system has a central role in nutrient metabolism with its absorption and
endocrine functions. GLP-1 inhibits gastrointestinal system motility, gastrin induced
gastric acid and exocrine pancreatic secretions, which lead to a physiological malabsorp‐
tion state [52, 53]. This malabsorbtive state contributes to alleviation of postprandial
glucose excursions in diabetic patients.

4. Effects of GLP-1 on central nervous system and satiety:

Low levels of GLP-1 in the systemic circulation may not reach to the central nervous
system, but it has been shown that GLP-1 mediated vagal stimulation may play role in
decreased gastrointestinal motility. The effect of GLP-1 on vagal afferent sensorial neurons
may be a local effect, which in turn these afferent neurons transmit the inputs to solitary
tract nucleus, then inhibit the gastrointestinal motility [54, 55]. GLP-1 decreases food
intake by inducing satiety. Hypotalamic satiety centers, predominantly arcuate nucleus
has been shown to express GLP-1 receptors. But the exact mechanism of how peripheral
GLP-1 stimulate these central receptors is not yet elucidated.

5. Pleitropic effects of GLP-1

Nontraditional (pleitropic) effects of GLP-1 and its metabolites is an evolving area of
research. Wide expression of GLP-1R mediate the widespread action of the peptide.
Insulin like effects of GLP-1 has been shown in heart and vasculature. Since cardiovascular
diseases are the major contributor of mortality and morbidity in patients with T2 DM,
scientific concerns about cardiovascular effects of GLP-1 and based therapies are growing.
Preclinical and clinical studies revealed several cardioprotective effects of GLP-1. There
are two possible mechanism of action of GLP-1 on cardivascular system, one via GLP-1R,
and the other one is receptor-independent [56]. Preliminary cinical studies show that
GLP-1 decreases post-ischemic left ventricular dysfunction in patients with coronary heart
disease [57, 58].

Invitro studies revealed that GLP-1 improves endothelial dysfunction via decreasing
TNF-α, PAI-1 and cellular adhesion molecules [59]. But these observations need to be
suggested by clinical studies.

A study with an insulin resistant patient population showed that GLP-1 increases renal
sodium and fluid excretion, which is oppose to the mechanism of hypertension in T2 DM
[60]. This finding raise the possible blood pressure lowering and renoprotective effect of
GLP-1 and based thearpies. Improved endothelial function and anti-oxidant effects of
GLP-1 may be another contributory effect in their renoprotective action.

Favorable effects on lipids is another important metabolic action of GLP-1. Preliminary
studies reveal that GLP-1 decreases triglyceride, apo B-48 and cholesterol levels [61].

GLP-1 is proposed to be a new therapeutic option for neurodegenerative diseases with its
neuroprotective effects which has been shown in animal studies [62].
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3. Contribution of incretin system in the pathogenesis of diabetes

Diabetes is the state of compromised insulin secretion which resulted with hyperglycemia.
Incretin effect is reduced or almost absent in T2 DM [63]. Although the secretion of GIP is
nearly normal, its insulinotropic effect has been shown to be lost in T2 DM [27]. Secretion of
GLP-1 is decreased in contrast to GIP, but its favorable effects on endocrine pancreas and
extrapanceratic sites are preserved in T2 DM [20, 64]. In conclusion, detoriation of both the
effect and secretion of incretin hormones are involved in the pathogenesis of T2 DM. It is not
clear wheter the detoriation of incretin effect is a primary defect in the pathogenesis of diabetes
or not. Studies suggest that incretin hormone detoriation is a secondary defect during pro‐
gression of diabetes. Another important fact is the restoration of insulin secretion with GLP-1
replacement is possible and improve hyperglycemia [65, 66].

There are several mechanisms of action of GLP-1 in T2 DM. The first one is the augmentation
of glucose induced insulin secretion, resulting with improvement in hyperglycemia. Near-
normal improvement in β-cell response to glucose, improvement in the first phase insulin
secretion and completely normalisation of second phase insulin secretion by GLP-1 has been
exactly defined [67]. Although the induction of insulin secretion is lost during chronic GLP-1
administration, glucose lowering action with maintained insulin levels tend do persist.
Reduction in glucagon secretion is another mechanism of antiglycemic effect of GLP-1 [68].
Administration of GLP-1 delays gastric emptying significantly, and results with reduced
postprandial glucose levels [69, 70]. The latter mechanism seems to be lost in chronic fashion.
Based upon these mentioned antiglycemic effects of GLP-1, several pharmacological agents
are developed for the treatment of diabetes, which will be talked about elswhere in this chapter.

4. Incretin based therapies and their role in the management of type 2
diabetes

Effects of incretin hormones on glucose metabolism and contribution of incretins in the
pathogenesis of T2 DM, make these hormones ideal therapeutical targets. Decrease in apetite,
reduction of body weight, improvement in insulin secretion and delay in gastric emptying are
among several favorable effects of GLP-1 infusion [71]. Rapid degradation of bioactive GLP-1
by DPP-4 shortens half life, and limits anti-diabetic effects of GLP-1 [73]. Two treatment
strategies has been developed to overcome this problem, first to develop DPP-4 resistant GLP-1
analogs, and the second to inhibit the degrading enzyme DPP-4. These two groups of medi‐
cations will be discussed in detail.

4.1. Dipeptydyl peptidase-4 inhibitors

These oral agents are approved for treatment of diabetes whose hyperglycemia do not improve
with monotherapy with sullphonylurea, tiazolidinedione and metformin or their dual
combinations. They exert their effects by inhibiting the enzyme which cleaves the incretins and
increase GIP and GLP-1 levels. Sitagliptin, saxagliptin, linagliptin and alogliptin are available
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in US, and vildagliptin is used in outside US. They have the advantage of being weight neutral
and do not cause hypoglycemia except for combinations with sulphonylureas. They have been
shown to be effective and safe when combined with sulphonylurea, tiazolidinedione or
metformin in patients with T2 DM [73]. Usual dose of sitagliptin is 100 mg once daily, and
renal dysfunction necessitate dose reduction (50 mg for patients who have glomerular filtration
rate 50 mL/min and 25 mg for patients with <30 mL/min) [74]. Saxagliptin is used 2.5-5 mg
once a day and the dose should be reduced to 2.5 mg for moderate renal insufficiency. It is also
an effective agent in combinations like sitagliptin [75, 76]. Vildagliptin is used 50 mg twice
daily in T2 DM. Dose adjustment is not necessary in mild renal insufficency, 50 mg daily dose
is suggested in case of modarate and severe renal dysfunction. Linagliptin is used 5 mg daily,
and it differs from other DPP-4 inhibitors with its completely hepatic elimination, which makes
it possible to use in renal dysfunction. Efficacy and safety of linagliptin have been proven in
monotherapy and combination studies [78-80]. Alogliptin is used 25 mg daily and dose
adjustment is necessary in renal dysfunction. It has similar efficacy and safety profiles with
other DPP-4 inhibitors [80].

All of the members of DPP-4 inhibitors seem to have similar efficacy, but their enzymatic
affinity may be different [81, 82]. Their side effects include headache, increased risk of
nasopharyngitis, urinary tract infection, and skin reactions [83]. There are reports about hepatic
dysfunction with alogliptin and vildagliptin. Although the incidence of pancreatitis is not
increased, a population based data suggested an increased frequency of hospitalisation for
pancreatitis among sitagliptin users [84]. There is concern about whether DPP-IV inhibitors
cause panceratic cancer development or not, but a causal relationship has not been established
yet.

Cardiovascular safety of DPP-4 inhibitors is the matter of concern, since cardiovascular
diseases are the most common cause of death in T2 DM patient population and there are several
antidiabetic drugs which have been withdrawn from marketing due to their cardivascular
safety problems. In a study which cardiovascular events was an endpoint, saxagliptine and
metformin showed similar cardiovascular safety pattern, but patients in saxagliptin group
hospitalised more frequently for heart failure when compared with metformin group [85]. Two
other studies showed that neither alogliptin, nor sitagliptin have beneficial or adverse
cardiovascular effects in short term use [86, 87]. Although these studies showed increased or
decreased risks for cardiovascular events with DPP-4 inhibitors in short term use, their long
term cardiovascular safety need to be further evaluated in long term clinical trials.

4.2. GLP-1 receptor agonists

There are two approved synthetic GLP-1R agonist molecules in the marketing. First one is
Exenatide and the second one is Liraglutide. They are approved for T2 DM as an add-on drug
for patients whom glycemic regulation is failed with one or two oral anti-diabetic medication
[88]. Lower hypoglycemia risk is an important advantage of these molecules, which make them
an excellent choice of therapy in patients whom hypoglycemia is of concern. Although they
are as effective as other older anti-diabetic agents in comparison trials, data about their long
term safety, effects on mortality and weight reduction is lacking [89]. Their effects on weight
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reduction has been proven by several studies, in which weight reducion was a secondary
endpoint [90].

4.3. Exenatide

It is the synthetic analog of GLP-1, and it naturally occurs in the saliva of Gila monster
(Heloderma spectum) as Exendin-4. It has 53% aminoacid homology with original GLP-1
molecule and has a long half-life beacuse of its resitance to DPP-4 mediated degradation. It is
approved for T2 DM, as single or an add-on agent with other oral anti-diabetics in US. It can
be combined with all of the oral anti-diabetics except for DPP-4 inhibitors.

It binds to GLP-1R and shows insulinotropic effects of GLP-1 on β-cells in the presence of
glucose. It slows gastric emptying, lowers plasma glucose levels and reduces weight by
inducing satiety like GLP-1 [91, 92]. Insulinotrophic effects has been shown in animal models
[93, 94].

Beneficial effects on hyperglycemia, weight reduction, lipids and blood pressure has been
shown with clinical trials, which has less than 30 weeks of duration [71, 95-99]. Exenatide
reduces a1c levels by aproximately 1%, has lower hypoglycemia risk and hypoglycemia risk
is increased with concurrent use of sulphonylurea. Exenatide causes a significant weight loss,
which seems independent from its nausea inducing effect. Of note, patients experience nause
lose more weight compared with patients who do not have [83, 100]. Preceding type of of drug
is another important factor on weight loss during exenatide use. Patients using metformin
show much more weight loss when compared with patients using sulphonylurea and
tiazolidinedions [100-103].

The most common side effect of exenatide is gastrointestinal, predominantly nausea and rarely
vomitting, which wane with ongoing therapy. Starting with 5 mcg and increasing the dose
after one month to 10 mcg help to overcome nausea. Although risk of pancreatitis among
patients who use incretin based drugs has been shown to be similar to the diabetic patients
who do not use incretin based therapy, hospitalisation for acute pancreatitis may be increased
[84, 104-106]. Insulinotrophic effects of GLP-1 raised concerns about the possibilty of pancreatic
cancer and neuroendocrine tumor risk among patients using incretin-based therapies
[107-110]. There is no data which prove or unprove these issues, so it is suggested to monitor
patients for possible adverse effects affecting pancreas [111]. Although acute renal failure
following exenatide use has been reported, it is difficult to prove direct relationship with
exenatide use and renal failure in this patient population, which is prone to develop acute renal
failure because of concurrent use of nephrotoxic drugs and underlying diabetic nephropathy
[112]. Exenatide is conraindicated in severe renal impairment (creatinine clearance below 30
mL/min), and close follow up for serum creatinine is suggested when initiating therapy and
after the dose titration from 5 to 10 mcg in patients with moderate renal impairment (creatinine
clearance 30-50 mL/min. Gastroparesis and history of past acute pancretitis are the other
contraindications for exenatide use.

Although Exendin-4 is a GLP-1R analog, it shares a %53 homology with human GLP-1, which
leads to development of anti-exendin antibody. It has been shown that anti-exenatide antibody
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development occur in about %40-57 of treated group [103, 113]. In one study the frequency of
anti-exenatide antibody was reported to be more than %70 at the end of 24 weeks, and %40 of
these antibody positive patients did not show further a1c reduction [114].. Although these
mentioned studies have some limitations, ineffectiveness of exenatide due to blocking
antibodies in long term use is possible.

The usual administarion schedule is starting with 5 mcg sc twice a day within 1 hours before
breakfast and diner, and titration to 10 mcg twice a day 1 month later. Exenatide once weekly
sc formulation is also available in US and Europe, and efficacy on hyperglycemia has been
shown [115]. There are studies which compare the efficacy of daily and weekly formulations
of exenatide. The improvement in a1c level seem to be better achieved with weekly formulation
when compared with daily formulation, with similar body weight reduction [116, 117].

4.4. Liraglutide

Liraglutide is a GLP-1 analog which is produced by a recombinant DNA technology. Substi‐
tution of lysine at position 34 by arginine, and attachment of palmitic acid side chain to lysine
group at position 26 of original GLP-1 produce liraglutide. The lipid side chain lead to
formation of a non-covalent bond with albumin, which in turn slows degredation of the
molecule, allowing it to be used once a day sc. Liraglutide shares 97% aminoacid homology
with GLP-1.

Clinical indications are similar with exenatide. Once daily administration of 0.6 mg sc for one
week reduce gastrointestinal side effects. The dose should be increased to 1.2 mg once daily
for one week, and to 1.8 mg once daily if blood glucose remains above the goals [118].
Liraglutide monotherapy and comibination with one or two oral agents are efficacous in
reducing blood glucose and a1c, causing significant weight reduction compared with placebo,
glimepride and sitagliptin [119-121].

Nausea, vomiting and diarrhea are the most common adverse events [119]. The relationship
between liraglutide use and pancreatitis is controversial. Animal studies have shown a
relationship between liraglutide use and benign and mallignant parafollicular C-cell tumors
[122]. It may be a species specific effect and GLP-1R expression of human C-cell has been shown
to be very low [122]. Short term human studies did not show any elevation in calcitonin levels
with liraglutide, but this issue need further evaluation, since it takes a long time for a mallig‐
nant transformation. Liraglutide is not recommended for use in patients who have medullary
thyroid carcinoma or a related syndrome, or a family history of these diseases.

4.5. Is one GLP-1 receptor agonist superior to the other?

In a 26 week trial comparing the effects of liraglutide and exenatide showed a beter glycemic
control with liraglutide compared with exenatide, with similar weight loss and adverse effects
[123]. In another study the effects of both analogs on hyperglycemia was similar, with slightly
better weight reduction in liraglutide group [124]. One potential superiority of liraglutide to
exenatide may be its molecular homology to GLP-1, which is not associated with development
of blocking antibodies causing drug ineffectiveness during chronic use.
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Besides their beneficial effects like weight reduction and low frequency of hypoglycemia, long-
term safety data, effect on diabetic macro and microvascular complications and mortality of
these GLP-1R analogs are still lacking.

5. Summary

The role of comperatively older drugs such as insulin, insulin secretagogues, metformin,
thiazolidinediones and alpha glucosidase inhbitors in the management of diabetes are familiar
aspects of diabetes therapy. These medications target insulin secretion, insulin sensitivity and
glucose absorption, which may be intrepreted as having limited targets in the pathogenesis of
diabetes. Definition of incretin hormones and their role on β-cell function and survival are the
new aspects of the pathogenesis of diabetes, and management of hyperglycemia. Besides the
novelty of incretin based therapies in the management of diabetes, their roles on β-cell function
and regeneration, which are really promising effects for an anti-diabetic agent are so interesting
and need to be observed in long term clinical practice. Possible effects of these drugs that is
associated with their pleitropic effects, which have been shown in invitro studies on diabetes
related complications are the new era in diabetology. In our opinion the role of incretin besed
therapies in the progression of diabetes and diabetic complications will be determined in the
future, although fovarable or not.
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future, although fovarable or not.
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1. Introduction

Despite considerable research, the relationships between obesity and metabolic disorders have
yet to be fully understood. Recent evidence has revealed that fat depots, rather than the volume
of fat, are essential in determining systemic insulin sensitivity. Adipose tissue is classified into
visceral adipose tissue, including epididymal, mesenteric and perirenal fat, and subcutaneous
adipose tissue according to its anatomical location. Increases in visceral adipose tissue are
considered to be linked to insulin resistance [1, 2]. Especially, mesenteric fat is postulated to
relate more closely to metabolic disorders, as mesenteric fat secretes free fatty acids and other
substances directly into the portal vein [3]. Although the mechanisms regulating fat distribu‐
tion remain obscure, sex hormones are unquestionably one of the determinants.

Since men tend to accumulate much more visceral fat than women, androgens have been
postulated to promote insulin resistance. In practice, low serum testosterone levels promote
obesity. Numerous studies have demonstrated that androgen deprivation therapy (ADT)
increases the risk of obesity, metabolic syndrome, type 2 diabetes and cardiovascular disease
in patients with prostate cancer [4-8]. Basaria et al, pointed out that high fat mass, as well as
low bone density and anemia, was observed in men with prostate cancer treated with ADT
compared with ones treated without it. They concluded that patients receiving ADT are at
enhanced risk for insulin resistance and cardiovascular disease. Katznelson et al, reported that
percent body fat was greater in acquired hypogonadal men compared with eugonadal
controls, which was improved by testosterone replacement therapy [9].

Recently, a high prevalence of hypogonadism in men with obesity, metabolic syndrome and
type 2 diabetes has been recognized. Dhindsa et al, reported that total testosterone and free

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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testosterone inversely relate to BMI and fat mass [10] in type 2 diabetic men. Kapoor et al, in a
cross-sectional study of 355 type 2 diabetic subjects, found overt and borderline hypogonadism
in 42%, with 42 of these men having free testosterone levels <0.255 nM [11]. Although the
Framingham Heart Study concluded that sex hormone-binding globulin (SHBG), but not
testosterone, is significantly associated with metabolic syndrome [12], both low SHBG and low
free testosterone may contribute to low serum total testosterone level in obese and diabetic
men [13]. Another issue currently of interest is whether low testosterone is a cause or result
[13, 14]. Weight loss induced by diet or surgery has been demonstrated to increase testosterone
level and sexual function [15-17]. Probably, low testosterone and metabolic disorders worsen
each other. The results of clinical studies of testosterone replacement therapy were reviewed
by Grossmann [13]. RTC was performed in 10 trials in obese men with borderline low
testosterone levels. Although reduced fat mass was commonly observed, improved insulin
sensitivity was detected in only 2 trials. Six RCTs in diabetic patients similarly demonstrated
beneficial changes in body composition. However, reduction of HOMA-R was detected in 3
trials, and decreased HbA1c in one. These data suggested the limited efficacy of testosterone
replacement. Although only one meta-analysis noted that combined prostate events including
prostate cancer, elevated PSA and prostate biopsies were more frequent in testosterone-treated
men [18], there is no clear evidence that testosterone replacement increases the incidence of
prostate cancer. However, the possibility remains that the study was too small to detect
significant results. In contrast, a significantly increased risk of cardiovascular events has been
associated with testosterone therapy [19, 20], emphasizing that its potential risks should not
be ignored.

Dehydroepiandrosterone (DHEA) and its sulfate ester, dehydroepiandrostrone-sulphate
(DHEA-S) are referred as a weak androgen produced in adrenal gland (90%) and testis (10%)
in men [21]. DHEA is an intermediate product, which is synthesized from pregnenolone, and
converted to testosterone and estrogen. DHEA is one of the most abundantly secreted steroids,
although its precise physiological roles remain uncertain. DHEA exerts 0.1-2% of the activity
of testosterone on the genital organs [22], and 42% on bone formation in mice [23]. Since no
specific nuclear receptor for DHEA or DHEA-S has been identified, these hormones are
regarded as precursors of more active androgens, such as testosterone and 5α-dihydrotestos‐
terone (DHT), or estrogens. In addition, DHEA and DHEA-S can be converted to more active
forms subcellularly in target tissues, the underlying mechanism of which was referred to as
“intracine” by Labrie [24].

Both serum DHEA and testosterone levels decline during the aging process [25, 26]. Hence,
low  serum  DHEA  level  has  been  assumed  to  be  involved  in  the  development  of  age-
related diseases and shortening of the life span. Such studies suggest an association between
high serum DHEA-S level and longevity. However, numerous studies have reported that
serum  DHEA(-S)  exhibits  positive,  negative  or  no  relation  to  adiposity,  cardiovascular
disease  and  mortality  in  men and women [27].  Recent  longitudinal  and  cross  sectional
studies support the favorable effects of DHEA-S on cardiovascular disease and all-cause
mortality in both sexes [28-30].
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level and sexual function [15-17]. Probably, low testosterone and metabolic disorders worsen
each other. The results of clinical studies of testosterone replacement therapy were reviewed
by Grossmann [13]. RTC was performed in 10 trials in obese men with borderline low
testosterone levels. Although reduced fat mass was commonly observed, improved insulin
sensitivity was detected in only 2 trials. Six RCTs in diabetic patients similarly demonstrated
beneficial changes in body composition. However, reduction of HOMA-R was detected in 3
trials, and decreased HbA1c in one. These data suggested the limited efficacy of testosterone
replacement. Although only one meta-analysis noted that combined prostate events including
prostate cancer, elevated PSA and prostate biopsies were more frequent in testosterone-treated
men [18], there is no clear evidence that testosterone replacement increases the incidence of
prostate cancer. However, the possibility remains that the study was too small to detect
significant results. In contrast, a significantly increased risk of cardiovascular events has been
associated with testosterone therapy [19, 20], emphasizing that its potential risks should not
be ignored.

Dehydroepiandrosterone (DHEA) and its sulfate ester, dehydroepiandrostrone-sulphate
(DHEA-S) are referred as a weak androgen produced in adrenal gland (90%) and testis (10%)
in men [21]. DHEA is an intermediate product, which is synthesized from pregnenolone, and
converted to testosterone and estrogen. DHEA is one of the most abundantly secreted steroids,
although its precise physiological roles remain uncertain. DHEA exerts 0.1-2% of the activity
of testosterone on the genital organs [22], and 42% on bone formation in mice [23]. Since no
specific nuclear receptor for DHEA or DHEA-S has been identified, these hormones are
regarded as precursors of more active androgens, such as testosterone and 5α-dihydrotestos‐
terone (DHT), or estrogens. In addition, DHEA and DHEA-S can be converted to more active
forms subcellularly in target tissues, the underlying mechanism of which was referred to as
“intracine” by Labrie [24].

Both serum DHEA and testosterone levels decline during the aging process [25, 26]. Hence,
low  serum  DHEA  level  has  been  assumed  to  be  involved  in  the  development  of  age-
related diseases and shortening of the life span. Such studies suggest an association between
high serum DHEA-S level and longevity. However, numerous studies have reported that
serum  DHEA(-S)  exhibits  positive,  negative  or  no  relation  to  adiposity,  cardiovascular
disease  and  mortality  in  men and women [27].  Recent  longitudinal  and  cross  sectional
studies support the favorable effects of DHEA-S on cardiovascular disease and all-cause
mortality in both sexes [28-30].
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Like the case of testosterone, inconsistent results of DHEA replacement have been published.
DHEA replacement decreased fat mass and elevated bone mineral density (BMD) [31],
whereas, opposite results were obtained [32] in elderly men and women with DHEA defi‐
ciency. Recently, Corona et al, conducted a meta-analysis study of 25 RTC trials of DHEA
supplementation in elderly men. They observed no significant effects on the levels of glucose,
insulin, total cholesterol or BMD with DHEA, while a small but significant reduction of fat
mass was detected in the supplemented group [33].

Production of testosterone in the testis is regulated by gonadotropin, while that of DHEA in
the adrenal gland is by ACTH. Low free testosterone is correlated positively with LH in diabetic
men, and therefore, hypogonadotropic hypogonadism is common in these patients [34].
However, the pathogenesis of low DHEA level has been unclear. Both serum testosterone and
DHEA levels decline with aging. Although some studies have published data on testosterone
and DHEA in elderly persons [35, 36], to our knowledge, no research has focused on individual
relationships among testosterone, DHEA and metabolic disorders. Theoretically, low testos‐
terone level might be compensated for by DHEA via an intracrine mechanism in men having
low testosterone and normal DHEA level. The opposite can also be supposed. Therefore, we
speculate that severe metabolic impairment might be observed in men with low testosterone
and low DHEA levels. Further study is necessary to help clarify this issue.

In animal studies, extensive research has elucidated the physiological and pharmacological
roles of androgens. However, few papers have compared testosterone and DHEA. The
hormonal actions of testosterone and DHEA are mediated via the androgen receptor (AR), and
so the difference in biological activity between these hormones may be caused by the efficacy
of steroid converting enzymes mediated by an intracrine mechanism. In addition, numerous
cell surface receptors for testosterone and DHEA have been identified [37, 38]. Differences in
the biological responses to testosterone and DHEA may be derived from these membrane
receptors. Anagnostopoulou et al, reported opposite effects of DHEA and testosterone on the
apoptosis of prostate and colon cancer [39]. They concluded that the differential effects of these
hormones on nerve growth factor receptors in cancer cells accounted for these results. Piñeiro
et al, showed that DHT, DHEA-S, stanozolol (non-aromatizable androgen), and androstene‐
dion, but not testosterone, suppressed leptin secretion in cultured adipocytes sampled from
female omental adipose tissue [40]. The authors presumed that aromatization of testosterone
might result in effects opposite to those of other androgens. Sato et al, considered that testos‐
terone increased the expression level of Glut4 more potently than DHEA in cultured skeletal
muscle, which was abrogated by a DHT inhibitor [41]. These results suggested that DHT, a
metabolite of testosterone and DHEA, finally acts as an androgen in skeletal muscle. In this
article, we outline our research investigating the impact of androgens, testosterone and DHEA,
on adiposity and glucose metabolism, and the results of our recent study.
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2. Materials and Methods

2.1. Animals

Male Wistar rats and C57/black mice at 8 wk of age were fed with or without (control)
0.4%  testosterone  or  0.4%  DHEA  containing  food  in  CE2  powder  (carbohydrate  51.4%,
protein  24.9%,  fat  4.6%,  fiber  3.7%)  for  4  wk.  Individual  food  consumption  was  deter‐
mined  by  subtracting  the  food  remaining  from  that  supplied  every  2-3  days,  with  the
averages  of  these  values  in  one  week  expressed  as  the  weekly  food  consumption.  The
animals were housed in a specific pathogen-free facility with a 12-h light/12-h dark cycle.
After sacrifice white adipose tissue (epididymal fat), skeletal muscle (gastrocnemius muscle)
brown adipose tissue (BAT) and liver were collected. All procedures for animal care were
carried out in accordance with protocols approved by the University of Gifu’s Institution‐
al Animal Care Committee.

O2 consumption (VO2), CO2 production (VCO2) and locomotor activity in mice were measured
individually by indirect calorimetry using an Oxymax apparatus (Columbus Instruments,
Columbus, OH) as described previously [42]. Respiratory exchange rate (RER) was calculated
as VCO2/VO2. Heat generation was calculated as caloric value (3.815+1.232 × RER) × VO2.

2.2. Cell culture

3T3-L1 preadipocytes were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 0.1 mg/mL streptomycin.
Upon confluence, 3T3-L1 preadipocytes were differentiated with differentiation medium
containing insulin, dexamethasone and IBMX for 3 days followed by incubation with DMEM
again. At 5 days after the differentiation, cells were stimulated with 50 nM DHEA or 50 nM
testosterone for 48 hr. The content of triglyceride was visualized with Oil Red O (Santa Cruz
Biotechnology, Santa Cruz, CA) according to the manufacturer’s instruction.

F442A preadipocytes were cultured in DMEA with supplement as described above. When
confluence was reached (0d), 50 nM DHEA or testosterone was added to the medium to
evaluate the effects of these hormones on spontaneous differentiation of F442A cells into
mature adipocytes without differentiation medium.

C2C12 myoblasts were cultured in DMEM supplemented with 10% fetal bovine serum, 100 U/
mL penicillin, and 0.1 mg/mL streptomycin. When cells reached 90% confluence, the medium
was exchanged for DMEM containing 4% horse serum (differentiation medium). After
incubation with the differentiation medium for 7 days, cells were morphologically determined
to complete the differentiation into C2C12 myotubes, and then these cells were treated with
various concentrations of testosterone for 48 hr

2.3. Real time PCR

Real time PCR was performed to measure mRNA expression levels of PPARγ, fatty acid
binding protein 4 (FABP4), lipoprotein lipase (LPL), adiponectin, SREBP-1, fatty acid synthase
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(FAS) and glyceraldehyde 3-phosphate dehydrogenase (G3PDH) in 3T3-L1 adipocytes, and
PGC1α, cytochrome C and G3PDH in C2C12 myotubes, as described previously [43-45]. All
data were normalized to the expression level of G3PDH.

2.4. Triglyceride content in liver and skeletal muscle

Liver and gastrocunemius muscle were homogenized in KRP buffer, and the triglyceride
in the homogenate was extracted with chloroform-methanol, and assayed using a LabAs‐
say  Triglyceride  kit  (Wako  Pure  Chemical  Industries,  Ltd,  Osaka,  Japan)  as  described
previously [43].

2.5. Western blot

The cell lysate was mixed with Laemmli sample buffer and boiled for 3 min. Equal amounts
of cell lysate were subjected to SDS-PAGE, and transferred onto nitrocellulose paper. The
paper was blocked with 1% BSA, and incubated with anti-PPARγ antibody, anti-adiponectin
antibody or anti-actin antibody (Santa Cruz). Protein bands were visualized with an ECL
system.

2.6. Statistics

All experimental results were calculated as means ± SE. Statistical comparisons were per‐
formed by Student’s t-test or ANOVA. Significance was defined as P < 0.05.

3. Results

3.1. Body weight and plasma glucose level

Treatment with testosterone or DHEA containing food reduced weight gain in both rats (Fig.
1A) and mice (Fig. 1B). Administration of testosterone and DHEA reduced body weight
equivalently. The dose response study showed that food containing both testosterone and
DHEA at 0.4% significantly suppressed body weight gain (Fig.1C). Our previous study [43]
indicated that treatment with 0.4% testosterone for 4 wk resulted in an increase of serum
testosterone and DHEA-S levels up to 674% and 1040%, respectively (note that serum DHEA-
S level is very low in rodents due to the lack of 17α hydroxylase in adrenal glands), whereas
treatment with DHEA increased testosterone and DHEA-S levels up to 310% and 6420%,
respectively. The fact that these androgens are convertible to each other, partially explains the
similar results obtained with administration of these hormones. Administration of testosterone
and DHEA did not influence fasting plasma glucose level in rats (Fig. 1D), while testosterone
suppressed it a little but significantly in mice (Fig. 1E). Food consumption was not influenced
by the administration of either hormone in rats (Fig. 1F).
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Fig. 1
Figure 1. Effects of administration of DHEA and testosterone on body weight. Effects of treatment with 0.4% DHEA or
testosterone containing food for 4wk on body weight in Wistar rats (n=6) (A) and C56/black mice (n=4) (B) at 8 wk of
age are shown. *: p<0.05 vs control. Effects of 0.1%-0.4% DHEA or testosterone containing food for 4wk on body
weight in C57/black mice (n=4) (C) are shown. *: p<0.05 vs control. Effects of treatment with 0.4% DHEA or testoster‐
one containing food for 4wk on fasting plasma glucose level in Wistar rats (n=6) (D) and C56/black mice (n=4) (E) are
shown. *: p<0.05 vs control. Effects of DHEA or testosterone administration on food consumption in mice (n=4) are
shown. Black solid line: Control, Red broken line: DHEA, Blue broken line: testosterone. *: p<0.05 vs control.

3.2. Effect of DHEA and testosterone on adipocytes

Administration of DHEA or testosterone suppressed fat weight, including that of subcutane‐
ous, epididymal and mesenteric fat (Fig. 2A). In addition, both DHEA and testosterone
decreased adipocyte size equivalently (Fig. 2B). We found that treatment with DHEA reduced
the expression of PPARγ in adipocytes in both in vivo and in vitro [42]. Treatment with DHEA
and testosterone similarly reduced the expression level of PPARγ in adipose tissue isolated
from Wistar rats and 3T3-L1 adipocytes (Fig. 2C, D). Genes regulated by PPARγ, such as FABP
4, LPL and adiponectin were equally down-regulated by DHEA and testosterone in 3T3-L1
adipocytes. Neither hormone influenced the expression levels of genes, which are not directly
regulated by PPARγ, such as SREBP-1 and FAS (data not shown). Administration of DHEA
or testosterone decreased triglyceride content in liver and skeletal muscle to the same degree
in rats (Fig. 2 E, F).
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3.2. Effect of DHEA and testosterone on adipocytes

Administration of DHEA or testosterone suppressed fat weight, including that of subcutane‐
ous, epididymal and mesenteric fat (Fig. 2A). In addition, both DHEA and testosterone
decreased adipocyte size equivalently (Fig. 2B). We found that treatment with DHEA reduced
the expression of PPARγ in adipocytes in both in vivo and in vitro [42]. Treatment with DHEA
and testosterone similarly reduced the expression level of PPARγ in adipose tissue isolated
from Wistar rats and 3T3-L1 adipocytes (Fig. 2C, D). Genes regulated by PPARγ, such as FABP
4, LPL and adiponectin were equally down-regulated by DHEA and testosterone in 3T3-L1
adipocytes. Neither hormone influenced the expression levels of genes, which are not directly
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Figure 2. Effects of administration of DHEA and testosterone on adipocytes. Effects of treatment with DHEA or testos‐
terone for 4wk on fat weight (black: subcutaneous, green: epididymal, blue: mesenteric fat, n=6) (A), and histological
findings (B) are shown. *: p<0.05 vs each control. Effects of treatment with DHEA or testosterone on the protein level of
PPARγ and adiponectin in adipose tissue in Wistar rats were evaluated. A typical result was shown (C). Effects of
treatment with DHEA or testosterone on the expression of adipocyte specific genes in 3T3-L1 adipocytes are shown
(D). Fully differentiated 3T3-L1 adipocytes were incubated with 50 nM DHEA or testosterone for 48 hr. Expression lev‐
els of PPARγ (black), FABP4 (blue), LPL (red), adiponectin (green) were shown (n=6). *: p<0.05 vs each control. Effects
of treatment with DHEA or testosterone on triglyceride content in liver (n=5) (E) and skeletal muscle (n=5) (F) in Wistar
rats are presented. *:p<0.05 vs control.

Next, we examined the effects of these hormones on adipocyte differentiation. We observed
the differentiation of F442A cells, since they spontaneously differentiate into mature adipo‐
cytes when they reach confluence. DHEA and testosterone suppressed the accumulation of
triglyceride (Fig. 3A) and the appearance of PPARγ and FABP4 mRNA during the differen‐
tiation process. These data indicated that DHEA and testosterone similarly suppress adipocyte
differentiation.

3.3. Effect of DHEA and testosterone on mitochondrial biogenesis

As noted above, since the administration of neither DHEA nor testosterone influenced food
consumption, we speculated that these hormones elevate energy expenditure. Hence we
examined the effects of testosterone administration on energy production. Mice were treated
with or without testosterone for 4 wk, and then, oxygen consumption and locomotor activity
were measured by indirect calorimetry. O2 consumption and CO2 production were increased
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significantly in testosterone-treated mice, regardless of whether the values were normalized
by body weight or not (Fig. 4B-E). In addition, heat production, the values of which were
normalized by body weight, was elevated in testosterone-treated mice (Fig. 4G). No difference
was detected in respiratory exchange rate between control and testosterone-treated mice (Fig.
4H). To our surprise, administration of testosterone suppressed locomotor activity (Fig. 4I).

These results indicate that administration of testosterone increases the basal metabolic rate.
Therefore, we evaluated the effects of administration of these androgens on mitochondri‐
al biogenesis and its upstream regulator, PGC1α. Expression of mitochondrial protein, Cox4,
and PGC1α was elevated in skeletal  muscle,  but not brown BAT or liver,  isolated from
testosterone-treated rats (Fig. 5A). The increase of Cox4 in skeletal muscle induced by DHEA
administration  was  less  than  that  induced  by  testosterone  (Fig.  5B).  The  testosterone-
induced increases  in  mRNA levels  of  PGC1α and cytochrome C were  greater  than  the
DHEA-induced  ones  in  C2C12  myotubes  (Fig.  5C).  These  results  show  that  increased
mitochondrial  biogenesis  by  these  hormones  leads  to  up-regulation  of  energy  expendi‐
ture, which may result in reduced adiposity.
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Fig. 3Figure 3. Effect of treatment with DHEA and testosterone on the differentiation of F442A adipocytes. F442A preadipo‐
cytes were cultured in DMED. When cells reached confluence as judged by the morphological findings (0d), 50nM
DHEA or testosterone was added to the medium, followed by subsequent incubation for the indicated period. Trigly‐
ceride accumulation was assessed with oil-Red staining at 7d (A). Expression levels of PPARγ and FABP4 were meas‐
ured with real time PCR on the indicated day (n=4) (B). *:p<0.05 vs each control.
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Figure 4. Effects of treatment with testosterone on oxygen consumption, heat production and locomotor activity. C56/
black mice at 8 wk of age were treated with testosterone for 4 wk, and individual oxygen consumption and locomotor
activity were determined by indirect calorimetry (A). Cumulative O2 consumption for 24 hr (B) and normalized values
by body weight (C), CO2 production (D) and normalized values by body weight (E), heat production for 24 hr (F) and
normalized values by body weight (G) are shown. Values of RER (H) and locomotor activity (I) for 24 hr are also
shown. *: p<0.05 vs control, **: p<0.01 vs control
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Figure 5. Effect of treatment with DHEA and testosterone on mitochondrial biogenesis. Wistar rats were treated with
DHEA or testosterone for 4 wk. Effects of treatment with testosterone on the expression of PGC1α and Cox4 in skeletal
muscle, BAT and liver are shown (A). Typical results of western blot are shown in the left panel, and quantified results
are shown in the right (n=4). White: Control, Black: Testosterone-treated. *:p<0.05 vs control. Representative image of
immunohistochemistry of skeletal muscle isolated from control, DHEA-treated and testosterone-treated rats are shown
(B). Effects of incubation with 10 nM DHEA or testosterone for 48 hr on the expression of PGC1α and cytochrome C
mRNA in C2C12 myotubes (n-4) are shown (C). *: p<0.05 vs control, #: p<0.05 vs DHEA.

4. Discussion

Coleman et al., demonstrated that administration of DHEA reduces blood glucose level in db/
db mice [46]. We found that administration of DHEA improved blood glucose in OLETF rats,
a model of obese diabetes, but not GK rats, a model of lean diabetes [47]. Accordingly, we
presumed that DHEA-induced weight reduction might contribute to improving blood glucose
levels. Although administration of DHEA consistently suppresses body weight and fat weight,
significant improvement of blood glucose is detected only in extremely obese animals [44]. We
noted that DHEA and testosterone reduce the expression of PPARγ in adipocytes [43, 44].
Heterozygous PPARγ deficient mice are protected from insulin resistance under a high-fat
diet [48], and reduced receptor activity of PPARγ by Pro12Ala substitution leads to lower body
mass index in man [49], suggesting that modest suppression of PPARγ activity may help to
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prevent obesity and resultant insulin resistance. However, the production and secretion of
adiponectin are positively regulated by PPARγ in adipocytes [50], and inhibition of PPARγ
may result in insulin resistance due to low plasma adiponectin level. In this study, we showed
that DHEA and testosterone decrease PPARγ, as well as adiponectin (Fig. 2C, D). This result
is consistent with the fact that despite their obese phenotype, glucose homeostasis remained
intact because of a high plasma adiponectin level in androgen receptor null mice (ARKO) [51].
These data explain the results of the numerous clinical studies described above in which
administration of DHEA or testosterone consistently reduced adiposity, despite which
numerous studies have failed to find proof of any beneficial effect on glucose metabolism.

This study confirmed that administration of DHEA and testosterone reduced body weight and
fat weight equally, as described in our previous study [44]. If this conclusion is applied to men
for weight reduction, supplementation of DHEA would be more desirable than that of
testosterone given the smaller possibility of adverse effects. Our study also reveals that DHEA
and testosterone attenuate proliferation of 3T3-L1 preadipocytes in a similar concentration
dependent manner [44]. In addition, we showed that these hormones decrease the expression
levels of PPARγ, LPL and FABP4, but not SREBP-1, at common concentrations and in a time
dependent manner [44]. The possibility that fat content increased in other organs in compen‐
sation for the decrease in fat mass, was ruled out by the fact that fat content in liver and skeletal
muscle decreased similarly both in DHEA and testosterone-treated rats [44], which was
confirmed in this experiment. The findings that neither DHEA nor testosterone increased
glycerol release in 3T3-L1 adipocytes and administration of these hormones decreased serum
free fatty acid concentration in rats, rule out the possibility that these hormones reduce
adiposity by increased lipolysis [41]. In this study, we revealed that both DHEA and testos‐
terone suppress differentiation of adipocytes using F442A. Both DHEA and testosterone
equivalently inhibited spontaneous differentiation of cells. Recently, concurrent results have
been published with regard to 3T3-L1 preadipocytes, C3H 10T1/2 pluripotent cells and human
preadipocytes [52-55]. Singh et al, reported that formation of androgen receptor/β-catenin and
T-cell factor 4 complex and activation of Wnt signaling are involved in androgen-induced
inhibition of adipogenesis [54].

To clarify the mechanisms underlying androgen-induced weight reduction, we analyzed the
effect of testosterone administration on energy expenditure. Administration of both DHEA
and testosterone increased the rectal temperature in rats [44]. Although an abnormally high
body temperature was not detected, elevated O2 consumption and CO2 production was
observed in testosterone-treated mice (Fig. 4A-D). Although heat production was increased in
testosterone-treated mice, it was not significant when these values were not normalized by
body weight (Fig. 4E). We have no data on lean body mass or water. If lean body mass is not
influenced by testosterone, testosterone-induced reduction of adiposity could not result from
an increase in energy expenditure. On the other hand, our results indicate that basal metabolic
rate increases in testosterone-treated mice since heat production in these mice did not decreas
despite suppressed locomotor activity. The result of suppressed locomotor activity in testos‐
terone-treated mice was unexpected, since lower locomotor activity was also reported in
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ARKO [51]. We are not yet able to explain this discrepancy, probably because change in
locomotor activity may not occur in parallel with an androgen signal.

Next, we speculated that testosterone might increase mitochondrial activity to explain the
increased basal metabolic rate. As shown in Fig. 5A, increased Cox4, a mitochondrial protein,
as well as PGC1α, an up-stream regulator of mitochondrial biogenesis, was recognized in
skeletal muscle isolated from testosterone-treated rats. Similar results were noted in mice [45].
In addition, treatment with testosterone up-regulates the expression levels of genes contribu‐
ting to mitochondrial biogenesis, such as nuclear respiratory factor-1 (NRF-1), NRF-2 and
mitochondrial transcriptional factor A (Tfam), as well as mitochondrial DNA (mitDNA) in
skeletal muscle [44]. Although DHEA and testosterone exhibit similar effects on adipocytes,
administration of DHEA resulted in less increase in Cox4 than that of testosterone in skeletal
muscle. This result was confirmed by the experiment showing that the testosterone-induced
increase in mRNA of PGC1α and cytochrome C was greater than the DHEA-induced ones
(Fig. 5C) in C2C12 myotubes. These results are consistent with data published by Sato et al. [41].
These differences in the response to DHEA and testosterone between adipocytes and myocytes
may be attributable to differences in the efficacy of subcellular steroid converting enzymes.
Although we did not assess the effect of androgens on total skeletal muscle volume, androgens
have been reported to enhance the differentiation into skeletal muscle [53]. Therefore, the
conclusion derived from our experiment should be further explored by increasing the whole
skeletal muscle mass. In addition, we found that expression of PGC1α and mitochondrial genes
was reduced in skeletal muscle isolated from ARKO [45].

The results of our studies were summarized in Fig. 6. DHEA and testosterone equally sup‐
pressed proliferation of preadipocytes, differentiation of adipocytes and expression of
PPARγ and its down-stream genes including adiponectin in adipocytes. Both DHEA and
testosterone up-regulated PGC1α and mitochondrial biogenesis, more actively in the latter
than the former in skeletal muscle. Which organ plays the main role in the androgens-induced
reduction of adiposity remains an interesting problem. Our results suggest that reduced
adiposity in testosterone-treated animals may be derived from decreased expression of
PPARγ and suppressed differentiation into adipocytes. Moderate suppression of PPARγ
activity by its antagonist HX531 resulted in decreased fat mass and increased oxygen con‐
sumption [56], and therefore androgen-induced reduction of PPARγ expression may be able
to influence systemic energy metabolism.

Whole body silencing of AR results in late-onset obesity [51, 56]. Recent technology has
facilitated the generation of organ specific deletion of a gene. Adipocyte specific AR deficient
mice showed identical body weight and adiposity with wild type at 20 wk of age in one study,
although the authors did not show the data of older mice [57]. Since late obesity after 20 wk
of age is the distinguishing feature in ARKO, this point is important. Conversely, mice lacking
AR in the central nervous system develop late onset obesity and insulin resistance [59].
Although several investigations have reported that myocyte specific AR knockdown did not
influence body weight and adiposity [60, 61], myocyte specific AR overexpression resulted in
an increased metabolic rate and fat body mass [62]. These results suggest that skeletal muscle
and brain might be responsible organs for androgen-induced reduction of adiposity. However,
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the role of AR in adipocytes in systemic insulin sensitivity cannot be ruled out at present.
Further experiments will be required to help clarify these issues.
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