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RIASSUNTO

Premesse: L'introduzione della terapia incretinica nella cura del diabete ha rivelato un
potenziale ruolo protettivo di questi farmaci verso le comorlidita cardiovascolari. |1 GLP-
1 e dotato di effetti protettivi alivello endoteliale e cardiaco, mai meccanismi molecolari
attraverso i quali il GLP-1 esercita tali azioni sono solo in parte conosciuti.
Recentemente, e stato dimostrato che SIRT1, una protein- deacetilasi NAD-dipendente,
esercita un ruolo protettivo da danno vascolare nel diabete, attraverso la riduzione dello
stress ossidativo cellulare. In diverss modelli cellulari e animali di diabete |'espressione
genicadi SIRT1 e ridotta. SIRT1, pud dunque rappresentare un nuovo target terapeutico
per la prevenzione delle complicanze macrovascolari nel diabete mellito.

Scopo: Vautare gli effetti di GLP-1 sull'espressione genica di SIRT1, in celule
endoteliali in condizioni di normoglicemia e di iperglicemia. Identificare, inoltre, le vie
metaboliche attivate dal GLP-1, nellaregolazione di SIRT1.

Metodi: Gli esperimenti sono stati eseguiti in vitro, in colture di cellule endoteliali
(HUVEC). L'espressione genica di SIRT1 e stata misurata con RTPCR, in cellule
HUVEC dopo trattamento con i peptidi di GLP-1, GLP-1(7-37) e GLP-1(9-36)NHz in
condizioni di normoglicemia (glucosio 5.5 mM) ed iperglicemia (glucosio 20mM). E
stata successivamente valutata I'espressione proteica e |'attivazione delle vie Akt, AMPK
ed ERK mediante western bl ot.

Risultati: L'espressione genicadi SIRT1 e ridotta nelle cellule endoteliai in condizioni di
iperglicemia. Entrambi i peptidi di GLP-1 sono in grado di normalizzare |'espressione
genicadi SIRT1 in condizioni di iperglicemia. In condizioni normoglicemiche non vi e
alcun effetto di GLP-1 sull'espressione genica di SIRT1. Inoltre si é visto che i due
peptidi stimolano due vie metaboliche differenti: il peptide GLP-1(7-37) attivalavia Akt,
mentreil GLP-1(9-36)NH:attivalaviaAMPK.

Conclusioni: La normalizzazione dell'espressione genica di SIRT1 rappresenta un nuovo
e promettente target terapeutico per il diabete mellito. La normalizzazione
dell'espressione di SIRT1 da parte dei due peptidi GLP-1, apre nuove prospettive per
I'impiego dellaterapia incretinica nella prevenzione delle complicanze macrovascol ari nel

diabete mellito. L'evidenza di due vie metaboliche differenti attivate dai due peptidi
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permette di ipotizzare dei meccanismi indipendenti da parte di GLP-1(7-37) e GLP-1(9-
36)NH: nella regolazione dell'espressione di SIRT1, aprendo la ricerca di nuovi bersagli
molecolari per laterapiadel diabete con GLP-1



SUMMARY

Background: Incretin therapy may have a potentia protective role in the treatment of
diabetes associated with the cardiovascular comorbidities. GLP-1 may have beneficial
effects in the endothelium and in the cardiac tissue although the molecular mechanisms
by which GLP-1 exerts these actions are still unknown. Recently, it has been
demonstrated that SIRT1, a NAD’ + deacetylase protein, has a protective role on vascular
damage in diabetes by reducing oxidative stress. In several cells and in animal models of
diabetes SIRT1 gene expression is reduced. Therefore, SIRT1 may represent a new
therapeutic target in the prevention of macrovascular complications of diabetes.

Aim: To investigate the effects of GLP-1 on SIRT1 gene expression in human umbelical
vein endotelial cells (HUVEC) grown at norma and high glucose. Furthermore, we
explored the molecular pathways by which GLP-1 may regulate SIRT1 gene expression.
Methods: HUVEC were cultured at 5.5 mM 0 20 mM glucose in the presence/ absence of
two GLP-1 peptides: GLP-1(7-37) and GLP-1(9-36)NH2. Gene expression of SIRT1 was
assessed by RT-PCR real time. Akt, AMPK and ERK phosphorylation were measured by
Western Blot.

Results: SIRT1 gene expression was significantly reduced in HUVEC grown at 20mM in
comparison to cells grown at 5.5 mM of glucose. The treatment of cells with GLP-1(7-37)
or with GLP-1(9-36)NH2 increased SIRT1 gene expression at 20mM glucose but not at
5.5 mM glucose. Furthermore, GLP-1(7-37) e GLP-1(9-36)NH2 enhanced two different
intracellular pathways. GLP-1(7-37) stimulated Akt while GLP-1(9-36)NH2 activated
AMPK.

Conclusions: SIRT1 is anew and promising therapeutic target for diabetes. The increase
of SIRT1 expression by GLP-1 peptides opens new perspectives for the use of incretin
therapy in the prevention of diabetic macrovascular complications. Furthermore, the
evidence of different GLP-1-activated pathways alows us to hypothesize different

mechanisms in the regulation of the expression of SIRT1.



THE EFFECTS OF GLP-1 ON SIRT1 AND ON THE
RELATED METABOLIC PATHWAYS IN VASCULAR
ENDOTHELIAL CELLS: POTENTIAL EFFECTS ON
VASCULAR INJURY IN DIABETIC PATIENTS

INTRODUCTION

DIABETES: EPIDEMIOLOGY AND COMPLICATIONS

As stated in the guidelines developed by the American Diabetes Association
(ADA) and the International Diabetes Federation (IDF), diabetes mellitus is defined as a
heterogeneous group of disorders, characterized by the common finding of hyperglycemia
and glucose intolerance, caused by deficiency in insulin secretion or impaired insulin
peripheral action or both (1,2).

Diabetes mellitus is classified based on etiology and clinical features into four main
subtypes. diabetes mellitus type 1 (DM1), diabetes mellitus type 2 (DM2), gestational
diabetes mellitus (GDM) and other specific types of diabetes (1). Diabetes mellitus type 2
(DM2) is the most frequent in the population, representing 95% of al types of diabetes,
while other forms of diabetes are less frequent (3).

The rapidly increasing prevalence of diabetes mellitus worldwide in recent years, is one
of the most serious and challenging heath problems of 21th century, so that some
authors speak of "diabetes epidemic” (4). Data collected and revised in 2010 showed an
overal prevalence of diabetes of 6.6% with a total number of people affected, which
amounts to 285 million (5). The predictions for 2030 prospect a significant increase in
cases of diabetes worldwide, with an estimated prevalence of 7.8% for 2030 and a
number of cases of diabetes which amounts to 438 million (5). Recently, (September
2011) the IDF published new data on the epidemiology of diabetes, estimat a total
number of people affected worldwide, amounting to 366 million (3). The average health
care costs for the treatment of diabetes mellitus is of 465 million dollars representing
11% of total health care costs (3). IDF has aso reassessed the forecasts to 2030,
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estimating a total number of diabetes mellitus of approximately 552 million with an
average health care spending of 595 million $ (3).

The implications of these epidemiological aspects regard also the complications of
diabetes and therefore the morbidity and mortality associated with this disease. In fact,
diabetes is a mgjor cause of premature and sudden death in many countries (3). About 4
million of deaths a year in the U.S., which represent 6.8% of deaths in individuals aged
between 20-79 years (smilar to mortality from infectious diseases), are attributable to
diabetes méllitus (3). Mortality from diabetes has increased by 5.5% from 2007; this is
partly attributable to the increase in the prevalence of diabetes and in part to incomplete
therapeutic efficacy in preventing mortality due in particular to the macrovascular
complications of diabetes (3).

Complications of diabetes mellitus are classified into acute and chronic, the chronic being
divided into microvascular, macrovascular and non vascular (Table 1) (1). Chronic
complications of diabetes mellitus, in particular micro-and macrovascular complications
are the most frequent and are responsible for the majority of morbidity and mortality
associated with this disease. In particular, the macrovascular complications characterized
by the development of atherosclerosis lead to increased risk (2-4 fold) of myocardial
infarction and stroke which are the leading cause of death in diabetes mellitus (3). It is
estimated that approximately 50% of people with diabetes die from the onset of acute
cardiovascular events (MI, stroke or sudden death) or from their consequences (3). The
Framingham study showed a marked increase in risk, from 2 to 5 times, of developing
peripheral vascular disease, heart failure, coronary artery disease, myocardia infarction
and sudden death in diabetics (6). The risk for cerebrovascular disease (stroke) is
increased 3-fold in diabetics (6).

The American Heart Association has indicated diabetes mellitus as one of
major risk factors for cardiovascular disease, placing it in the same category of smoking,
hypertension and hyperlipidemia (7). Nevertheless, diabetic patients without previous
myocardia infarction have arisk of coronary heart disease and related events as high as
non-diabetic patients with previous myocardial infarction. Therefore type 2 diabetes is

considered a“ coronary heart disease equivalent” (8).



1. diabetic ketoacidosis

2. hyperglycemic hyperosmolar state

1. eyedisease
a) non-proliferative and
proliferative retinopathy
b) macular edema
2. neuropathy
a) sensitive, motor, mono-
polyneuropathy
b) autonomic

3. nephropathy

1. coronary artery disease
2. periphera vascular disease

3. cerebrovascular disease

1. gastrointestina
2. genitourinary
3. dermatologic
4. infectious

5. cataract

6. glaucoma

The increase in mortality and morbidity is related to hyperglycemia synergism with other
cardiovascular risk factors: dyslipidemia, hypertension, obesity, smoking, low physical
activity, abnormal platelet adhesion, alterations of the coagulation cascade, increased the
oxidative stress and inflammation (9). Severa studies have shown that after controlling



for al the known cardiovascular risk factors, DM2 increases the rate of cardiovascular
mortality twice in men and four times in women (10).

Hyperglycemia, which is common to for definition al types of diabetes, represents
the main pathogenetic factor for the onset and development of complications in diabetes
mellitus (9). Endothelial dysfunction, representing the first step toward the progression of
vascular damage in diabetes mellitus, is at the base of both microvascular and

macrovascular complications (11-13).

ENDOTHELIAL DY SFUNCTION AND VASCULAR COMPLICATIONS
IN DIABETES

The endothelium is an active monolayer, essential for the maintenance of vascular
homeostasis, localized on the inner surface of blood vessels, where it forms an interface
between circulating blood and the rest of the vessel wall. In physiological conditions,
through the production of chemical mediators, the endothelium regulates several
processes including: vascular tone and permeability, balance between fibrinolysis and
coagulation, inflammatory activity, synthesis of collagen for the extracellular matrix,
platelet aggregation, cell proliferation and interaction with other cells including vascular
smooth muscle cells, platelets, leukocytes, monocytes, renal mesangia cells and retinal
pericytes. (Fig. 1) (11-15). The regulation of vascular tone is mediated by the balanced
production of vasodilatory substances such as nitric oxide (NO) and prostacyclin (PGI2),
and vasoconstrictive substances like endothelin-1 (ET-1), prostaglandins and angiotensin
I (ANG I1) (16). In the clotting process, the endothelium acts by, regulating the
fibrinolysis through the production of the tissue plasminogen activator activator (t-PA)
and its inhibitor (PAI-1) and by limiting the activation of the coagulation cascade by
secretion of thrombomodulin, protein C and antithrombin 111 (17). The endothelial actions
on inflammation involve the expression of adhesion molecules such as LAM, ICAM and
VCAM for leukocytes and monocytes, which migrate from the bloodstream into the
extrarvascular site (17-19). Finally, the balanced production of substances such as PDGF
(plated-derived growth factor) and ANG Il promotes or inhibits the growth and
differentiation of vascular smooth muscle cells (20). All of these physiological properties

of the endothelium are more or less altered in endothelial dysfunction.
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Figure 1: Properties and production process of NO (nitric oxide) as important factor in
endothelial function.

The term endothelial dysfunction identifies a condition in which endothelium
activities capable to maintain this vasculature homeostasis are compromised (21). This
results in an increase of vascular tone mainly due to reduced production of nitric oxide
and vessel smooth muscle cell hypertrophy, in an increased synthesis of adhesion
molecules for leukocyte which leads to vascular inflammation, in alterations of the
coagulation process resulting in increased risk of thrombosis, and in atherosclerosis (22).
In diabetes mellitus, endothelia dysfunction is an important pathogenetic factor for
vascular complications, and represents the first step for the onset and development of
micro-macrovascular (atherosclerotic) complications (9). Numerous studies have
demonstrated the relationship between the presence of endothelia dysfunction and
subsequent development of diabetic retinopathy, diabetic nephropathy and atherosclerosis
in both type 1 and type 2 diabetes (12, 23).

Hyperglycemia s the principal responsible element for endothelia dysfunction in
diabetes mellitus, athough this is still a multifactorial process to which other concurrent
causes may contribute including ageing, obesity, insulin resistance, smoking,
hypertension, dyslipidemia and inflammation (13,24,25). The molecular mechanisms by
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which hyperglycemia causes endothelial dysfunction are different and some are not yet
fully clarified (Fig.2) (14)

Hyperglycemia causes microvascular complications (microangiopathy), increasing
cellular oxidative stress and consequent development of endothelial dysfunction through:
increased susceptibility to cell damage from free radicals (reactive oxygen species)
because of the reduction of cellular redox potentials mediated by activation of the polyol
pathway, of hexosamines and the of PKC (protein kinase C), and increased production
of free radicals related to the activation of the mitochondria p66 protein by AGES
(advanced glycosylated end-products), derived from non-enzymatic glycation of proteins
induced by hyperglycemia (13,14, 26-31)

Diabetic macroangiopathy recognizes hyperglycemia as its main pathogenic
factor, by determining endothelial dysfunction through the induction of vascular
senescence process, mediated in part by the same pathogenetic mechanisms of

microangiopathy (32).

HYPERGLYCEMIA

A\ 4

mitochondria, p66

\ 4

' ROS
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e

' oxidative stress

y

endothelial dysfunction

\

DIABETES COMPLICATIONS

Figure 2. Possible pathogenic mechanism through which hyperglycemia induces
endothelial dysfunction
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Currently, AGESs appear to be the main elements that can induce cell and vascular
damage causing both micro- and macrovascular complications (33). The currently
identified AGEs are 3: pentosidine, pyrraline and carboxymethyl-lysine through their
storage and their action on vessels determine the onset of vascular damage in diabetes
(33). AGEs cause vascular aging (progressive stiffening and loss of elasticity of the
arteries), changes in extracellular matrix, accelerated atherosclerosis, increased
endothelial permeability, a procoagulant state and reduced production of nitric oxide
(NO) (33). AGEs also interact with monocytes-macrophages through a specific receptor
inducing the production of growth factors and cytokines involved in atherogenesis (33).
The infiltration of the vascular wall by monocytes represents one of the earliest stages of
atherosclerotic lesions (33)

The reduced production of nitric oxide has the most important role in endothelial
dysfunction in diabetes mellitus (34). In fact, NO, besides vasodilatory action, presents a
set of properties that improve endothelial function and in particular it is able to inhibit
platel et aggregation and the proliferation of smooth muscle cells. It decreases the vascular
permeability and inflammation by inhibiting the expression of NF-kappaB and adhesion
molecules for monocytes (VCAM-1and monocyte chemotactic protein-1 (MCP-1)) and it
reduces cellular oxidative stress (34-37).

It was found that insulin is an important stimulator for the activation of eNOS
(endothelial nitric oxide synthase). Insulin binding to its receptor induces insulin receptor
substrate-1 (IRS-1) phosphorilation and consequently activates eNOS, resulting in
increased production of NO, by stimulation of the PI3K/Akt pathway (38-41). This
mechanism is strongly impaired in individuals with type 2 diabetes because of insulin
resistance that limits this action (42,43). Some studies have demonstrated that infusion of
insulin stimulates vasodilation in humans and increases blood flow to peripheral tissues,
but in diabetic patients this effect is reduced (44,45). In diabetes mellitus, another
pathway involved in endothelial dysfunction is
compromised: the AMPK pathway, whose activation inhibits endothelial cell apoptosis
and inflammation through inhibition of NK-kB transcription (46).

Hyperglycemia, besides determining the formation of AGEs, is responsible for the
non-enzymatic glycation of laminin and collagen 1V resulting in a reduction of the
adhesion of endothelial cells, thereby altering the structural integrity of the vascular wall

(33). Furthermore hyperglycemia promotes the oxidation of LDL, which contributes
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together with the above mentioned events to the development of macrovascular

complications (33).

DIABETES TREATMENT

The cornerstones of diabetes treatment are represented by diet, exercise and
pharmacological therapy (1). Because the complications of diabetes mellitus are related to
hyperglycemia, the main goal of diabetes therapy is maintaining optima blood glucose
levels, to delay the onset and slow the progression of micro-and macrovascular
complications, reducing mortality and morbidity related to the disease (9). However, it
appears difficult to achieve a normoglycemic condition with therapy, but severa studies
have shown that at any level of hyperglycemia, improved glucose control reduces the risk
of complications (1). Monitoring of therapeutic efficacy is based on the measurement of
blood glucose and glycated hemoglobin (HbA1c), which reflect respectively the current
glycemic status and glycemic profile of the last 2-3 months (9,10,33).

Drug therapy of diabetes is currently based on a series of drugs with different
mechanisms of action that can be used individually or in combination with each other.
Beside pharmacological therapy, it is also very important to maintain a healthy lifestyle
through constant physical activity and an appropriate dietary intake. Guidelines for the
treatment of diabetes indicate, in fact, as first line therapy for type 2 diabetes lifestyle
changes, which must always support all other treatment protocols of diabetes mellitus (1).
Drug therapy of diabetes mellitus is based on the use of two main categories of drugs:
insulin and its analogues and oral anti-diabetics (ADO) (1,10,33). Oral antidiabetic agents
are numerous and are classified on the basis of the mechanism of action in severa
categories: biguanides, sulfunilureas, thiazolidinediones and other PPAR-o/y agonists,
amylin agonist, incretin mimetics and incretin agonists, dipeptidyl peptidase-4 (DPP-4)
inhibitors, inhibitors of the sodium/glucose co-transporter and activators of glucokinase
(47). These drugs act by stimulating insuline secretion (sulphonylureas and glinides),
lowering insulin-resistance (metformin and glitazones) or slowing glucose absorbtion
from bowel lumen (acarbose), but no one has been demonstrated to be able to stop the
progressive decline of beta-cell function, neither to lower the elevated glucagon levels
(especidly the post prandial ones), which are important in the pathogenesis of type 2
diabetes.
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Currently, there is no evidence that tight glycemic control results in a reduction of
macrovascular complications and consequent mortality. Extended follow-up of UKPDS
and DCCT studies demonstrated that intensive glycemic control reduced the long-term
incidence of myocardial infarction and death from cardiovascular disease only in those
patients who received intensive glucose-lowering therapy very early after diabetes
diagnosis, and in contrast to blood pressure and lipid-lowering interventions a reduction
of CV mortality cannot be seen before 10-20 years after the start of the glucose-lowering
intervention. Severa internationa trials (ACCORD, ADVANCE, VADT) showed that
careful adjustment of blood sugar and glycated haemoglobin is more effective in
counteracting microvascular damage than in preventing major cardiovascular events.
(24,48-51). The latter objective requires a more comprehensive approach to the whole
constellation of modifiable risk factors both specific for diabetes and common to
atherothrombosis (52). This approach includes lifestyle changes (such as dietary changes
and smoking cessation, physical exercise ) and treatment for associated comorbidities
such as hypertension, obesity and dyslipidemia, if present (1). In spite of the benefic
effects of a broad-spectrum therapy and the numerous advancements in glucose-lowering
medications in recent years, there remains a substantial incidence of CVD in optimally
treated patients with type 2 diabetes. This represents the current limit in diabetes care and
a this regard, the study of new drugs potentially able to reduce the occurrence of
macrovascular complications is fundamental to improve mortality associated with
diabetes.

INCRETIN THERAPY

Glucagon-like peptide-1, and synthetic GLP-1 receptor agonists represent
promising new areas of research and therapeutics in the struggle not only against type 2
diabetes but also against the cardiovascular morbidity and mortality associated with type
2 diabetes (53). Patients with type 2 diabetes have a low concentration of GLP-1 in
response to the meal and for this reason treatment with incretin mimetic drugs is
specifically indicated in these patients.(54-55)

Native GLP-1 cannot be used for therapeutic purposes because of poor
bioavailability due to its unfavorable pharmacokinetic profile. Thus, active GLP-1
metabolites have a short haf-life of a few minutes undergoing rapid enzymatic

degradation by their primary endogenous inactivator, DPP-4 (56).
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The general principle, on which incretin therapy is based, is enhancement of GLP-
1 action. For this purpose two types of drugs have been developed: the GLP-1
homologous (exenatide, liraglutide) and DDP-4 inhibitors (sitagliptin, vildagliptin and
saxagliptin) (57). The GLP-1 homologous are proteins with different percentages of
homology with GLP-1 (53% exenatide, 90% liraglutide), which are resistant to DPP-4
through changes in the amino acid sequence (57). In addition to the action on glycemic
control, these drugs mimic all the other physiological actions of GLP-1 shown in detail
later on.

Homologues of GLP-1 are further subdivided into incretin mimetics and
analogues. GLP-1 analogues are those peptides which closely resemble the GLP-1 amino
acid sequence (e.g. liraglutide), whereas mimetics are compounds with alternative
structures that seek to mimic the actions of GLP-1 (e.g. exendin-4, small molecule agonist
Bocb) (58-59).

Exenatide, is a synthetic version of a protein, exendin-4, derived from the
Heloderma Suspectum (Gilamonster) lizards' venom. Exendin-4 is a highly potent GLP-
1R agonist both in vitro and in vivo. Alignment of native GLP-1 and exendin-4 amino
acid sequences demonstrates 53% amino acid identity. Exendin-4 contains a glycine
residue at position 2, which confers resistance to cleavage by DPP-4, and a half-life of 2-
4 hours allowing atwice-daily administration therapeutic scheme.(58)

The efficacy and tolerability of exenatide for the treatment of type 2 diabetes was
assessed by three phase 111 clinical trials. exendin-4, at a dose of 5 or 10 mg twice daily,
added to patients not achieving optima glucose control with either metformin, a
sulfonylurea, or both, for 30 weeks, was effective in lowering HbAlc in al three
treatment groups by about 0.9%. Approximately 34%—46% patients achieved a HbA1c
less than 7% after addition of exenatide. Exenatide-treated subjects displayed progressive
dose-dependent weight loss. (-2.8 +/- 0.5 kg [10 microg], -1.6 +/- 0.4 kg [5 microg]; P <
0.001 vs. placebo) The most frequent adverse events were gastrointestinal in nature, with
mild to moderate nausea being the principal side effect noted which, on the other hand
lessens over time. Nevertheless weight reduction is not correlated with nausea induction.
The incidence of mild to moderate hypoglicemia was increased compared to placebo only
in patients receiving concomitant sulfonylurea therapy and not in those in which
exenatide was added only to metformin (60-62); in fact one of the advantages of GLP-1

over conventional antidiabetic therapies, such as sulphonylureas, is that its insulinotropic

15



actions are dependent on ambient glucose concentrations, thus mitigating the risks of
hypoglycaemia.

A long-acting release formulation of exenatide, 2 mg administered once weekly,
has been developed. Exenatide-LAR, constitutes a microsphere-encapsulated suspension
of exendin-4 administered once weekly via subcutaneous injection, and a preliminary
phase I trial has indicated that it is effective in patients with type 2 diabetes. (63). Other
research efforts are also being invested in the direction of GLP-1-based therapies which
may be administered via aternative, more desirable routes, such as inhaation or orad
administration (64, 59).

Liraglutide, recently approved by FDA on the basis of the positive results of the
phase Il clinical trial LEADTM (Liraglutide Effect and Action in Diabetes), is a GLP-1
analogue obtained as an acetylated recombinant molecule; liraglutide is 97% homologous
to native human GLP-1; it presents only two changes. the binding of palmytic acid to a
lysine in position 26 and the substitution of lysine with arginine in position 34. These
changes cause pharmacokinetic modifications. The additional 16-carbon fatty acid chain
causes non-covalent binding to albumin, which slows absorption from the injection site
and protects the molecule from degradation by the enzyme dipeptidyl peptidase-4,
allowing for protraction of action, extending haf-life to 10-14 h, with plasma
concentration enough elevated for 24 h to allow once-daily subcutaneous injection ( 65).

Clinica trias of liraglutide in patients with type 2 diabetes demonstrated that
liraglutide, given at a dose of 1.2 and 1.8 mg/day, when used in addition to other
antidiabetic therapies, resulted in improved levels of both fasting and postprandial
glucose and in reductions in the mean glycated hemoglobin concentration of 0.8 to 1.4
percentage points as compared with placebo. When compared as monotherapy with a
sulfonylurea, liraglutide was associated with alower risk of hypoglycemia. Other benefits
include greater weight loss than that achieved with some active controls and the absence
of a need to adjust the dose for patients with renal impairment, improvement in j3-cell
function and areduction in plasma glucagon concentration (66-68).

In addition to the important effects on intermediary metabolism, GLP-1 receptor
agonists have important actions on the cardiovascular system such as reduction of blood
pressure, increase of myocardial contractility and improvement of endothelial function.
(69-71). In particular an interesting anti-atherogenic potential emerged, as it has been
shown that these drugs suppress the inflammatory response mediated by macrophages in

the plague and reduce the occurrence of cardiovascular events (72). Very recently two
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new incretin mimetic drugs still under study have been introduced: abiglutide and
lixisenatide (47). These compounds have been shown to maintain a similar activity on
glycemic control to the other incretin mimetics, with promising effects on cardiovascular
system disease observed in vitro and in vivo in animals. They reduce apoptosis of human
cardiomyocytes in vitro and reduce ischemic damage in isolated perfused rat heart (47)
This important result is interesting for the potential use of these drugs in preventing
macrovascular complications, cause of death in individuals with diabetes.

The DPP-4 inhibitors prolong the physiological action of GLP-1 by inhibition of
the metabolizing enzyme. This class of drugs has proved equal to the homologous of
GLP-1 in glycemic control, reporting same effects in this regard. In addition sitagliptin
has interesting anti-inflammatory effects, visible through the reduction in plasmalevels of
CRP (C reactive protein), TNF-adpha and IL-6. A further effect of siptagliptin on
cardiovascular level is the activation in anima models of reverse cholesterol transporter
in foamy macrophages, thereby reducing the risk of cardiovascular events (47). Two
recent DPP-4 inhibitor drugs, aogliptin and linagliptin, also determine an improvement
in lipid profile, reducing the circulating levels of LDL and an improvement in vascular
function through antioxidant activity and an increase in vasodilation (47).

In order to better understand the potential of these drugs in the prevention of
complications and mortality associated with diabetes it is necessary to analyze and know
in detail the biology of GLP-1.

THE HISTORY OF GLP-1

In 1902, W.M.Bayliss and E.H.Starling showed for the first time the existence of a
factor (which they called "secretin), contained in the acid extract of the intestinal
mucosa, which can stimulate through the blood pancreatic secretion (73). In 1930 La
Barre and Still purified the "secretin" factor identifying two components. one with
stimulatory activity for the exocrine pancreatic secretion and the other, with insulin
secretagogue properties (74). In 1932, La Barre coined the term "incretin” to define the
substances extracted from the intestinal mucosa with glucose-lowering action, and
without stimulatory capacity for exocrine pancreatic secretion, hypothesizing its use in
the treatment of diabetes in humans (75). In later years, research on incretins, suffered a

significant slowdown due to the conflicting results of various unsatisfactory experiments
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(76). Following the development of insulin radioimmunoassays for the study of glucose
tolerance, a series of studies demonstrated that oral glucose administration enhances
insulin secretion to a greater extent than that seen with isoglycemic iv loading in normal
human subjects (77). This gut-associated potentiation of insulin secretion was attributable
to one or more humoral or neural factors, called incretins that potentiated insulin secretion
following enteral nutrient ingestion (78). Respectively in 1970 and 1981 sequences of the
major incretins were identified: GIP (glucose-dependent insulinotropic polypeptide,
originally called gastric inhibitory-polypeptide because of its inhibitory activity on acid
gastric secretion) and GLP-1 (glucagon-like peptide-1, so called for its homology to
glucagon of about 50%) (76). In 1985 the insulinotropic effect of GLP-1 was shown, and
the increased activity of the truncated forms of GLP-1 (GLP-1 7-36NH2 and GLP-1 7-37)
compared to the intact form (GLP-1 1-36NH2 and GLP-1 1-37) emerged (79-80). From
1987 the first studies, designed for the perspective of incretin therapy for patients with
diabetes, were started (76).

It has been recently demonstrated that the incretin effect accounts for as much as
70% of insulin release in heath persons and that it is significantly impaired in type 2
diabetic patients (54-55).

THE BIOLOGY OF GLP-1

The incretinic effect depends mainly on the secretion of two peptidic hormones,
released by gastrointestinal endocrine cells, both belonging to the glucagon-related
peptides super family: GIP (glucose-dependent insulinotropic polypeptide) produced
predominantly in duodenal K cells and in the proximal small intestine, identified in 1970
and GLP-1 (glucagon-like peptide-1) produced in L cells in the distal small bowel and
colon, identified in 1983 (81-83). The intestinal enteroendocrine L cells, are polarized
cells, forming an open-type epithelium, which are directly in contact with [uminal
nutrients through the apical pole and are connected to a neurovascular network through
the basolateral surface (84). Plasma levels of GIP and GLP-1 rise rapidly within minutes
of food intake, with peaks being achieved within approximately 30 min of nutrient
ingestion. The precise mechanisms by which GIP and GLP-1 stimulate insulin secretion
only at elevated levels of plasma glucose remain unclear (85) (fig 3). Despite the
similarities in their effects on glucose-dependent insulin secretion, on promotion of
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pancreas beta cell proliferation and inhibition of apoptosis, the other targets of these

hormones demonstrate little overlap.
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Figure 3. Biological cycle of incretin hormones: secretion and metabolism of GIP and GLP-1.
GIP is secreted by K cells of proximal bowel; GLP-1 is secreted by L cells of the distal gut. GIP
and GLP-1 are then rapidly processed by proteolytic enzyme DPP-4 and their metabolites are
excreted by the kidney. The bioactive forms of incretin hormones, GIP (1-42), GLP-1 (7-36)
amide and GLP-1 (7-37) have an insulinotropic effect on pancreatic beta-cells, while their
metabolites GIP (3-42), GLP-1 (9-36) amide and GLP-1 (7-37) lose their function.

Hence, GIP increases fatty acid uptake and lipogenesis by adipocytes, leading to
suggestions that GIP may contribute to obesity. In contrast, GLP-1 appears to be largely
beneficial to glycemic control, via additional actions on glucose sensors, inhibition of
glucagon release, gastric emptying, appetite, gastrointestinal fat absorption (84).

Synthesis and secretion of GLP-1 in humans

Preproglucagon is transcribed on proglucagon gene, which is located on the long
arm of chromosome 2 and consists of 6 exons and 5 introns, with the entire GLP-1 coding

sequence localized only in exon 4 (86) and is expressed in pancreatic a-cells, intestinal L-
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cells an duodena K-cells, in the nucleus tractus solitarius in the hindbrain (which is the
nucleus of the vagus nerve) and in magnacellular neurons of the hypothalamus. The
transcription of the gene leads to the formation of a single mRNA, which is structurally
identical in the three cell types in which it is expressed (86-88). The transcript is then
trandated into a single precursor protein of 180 amino acids that is processed
differentialy in different cell types due to tissue-specific expression of prohormone
convertase enzymes (PC) (89,90). In gut L cels it is processed to glicentin,
oxyntomodulin, GLP-1, GLP-2, 1P-2 (fig.4). Products derived from the processing of
proglucagone, with the exception of 1P-2 for which no functions have been identified,
have different effects. Physiological actions of glicentin are not well defined yet, but it
was found that it exerts trophic effects in the small intestine of rodents (91).
Oxintomodulin inhibits gastrointestinal motility and secretions, it stimulates the exocrine
pancreatic secretion and intestinal glucose uptake, it promotes satiety and regulates heart
rate (92-95).

Proglucagon
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Figure 4. Structure of the proglucagone gene (A) mRNA (B) and protein (C). Proglucagone
tissue-specific post-translational processing (D). Generation of: GRPP (Glicentin-related
polypeptide), Gluc (glucagon), IP-1 (intervening peptide-1) and MPGF (major proglucagon
fragment) in pancreas. Generation of GLP-1, GLP-2, OXM (oxintomoduline), Glicentin and IP-2
(intervening peptide-2) in the gut and nervous system

GLP-2 stimulates cell proliferation and inhibits intestinal cells apoptosis, it up-
regulates intestinal glucose, transport, it improves intestinal barrier function, it inhibits
gastric acid secretion, gastric emptying and food intake, it reduces bone reabsorption and
promotes the survival and proliferation of neurons (96-99). The GLP-2, unlike GLP-1,

has no stimulatory function for insulin secretion from pancreatic -cells (84).

20



Proglucagons’ peptide sequence is identical in mouse, rat, and human (100,101)
and the derived products, are highly conserved throughout the evolution of animal
species. Sequence analysis performed in numerous species indicated that there is
complete conservation of the GLP-1 amino acid sequence in mammals. The high degree
of conservation of the glucagon and GLP sequences during evolution indicates the
importance of the physiological processes regulated by these hormones. The conservation
of GLP-1 aso reflects the fact that essentially the entire amino acid sequence of GLP-1is
required for full biological activity (102).

Four isotypes of GLP-1 are produced and secreted into circulation from the
intestinal enteroendocrine L cells under the action of prohormone convertase-1 and 3
(PC1 and PC3) enzymes (Fig.5). The convertases initialy process proglucagon, resulting
in the formation of two whole chain GLP-1 peptides: GLP-1 (1-36) NH2, derived from
proglucagone 78-107 and GLP-1(1-37 ) derived from proglucagone 78-108. Then, the
action of PC 1/3 on GLP-1 peptide whole chain generates two isotypes of GLP-1 with
truncated chain: GLP-1(7-36) NH2, derived from GLP-1 (1-36) NH2 and GLP-1(7-37)
derived from GLP-1(1-37) (90). The whole chain isotypes of GLP-1 are inactive, while
the truncated chain isotypes are the biologically active forms of GLP-1 (84).
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Figure 5. Isotypes of GLP-1 secreted by intestinal enteroendocrine L cells and their metabolites.
(1) GLP-1 non-trunkated forms: GLP-1 (1-36) and GLP-1 (1-37)

(2) bioactive forms of GLP-1: GLP-1 (7-36) amide, GLP-1 (7-37)

(3 )metabolites of GLP-1:GLP-1 (9-36) amide, GLP-1 (9-37).



The addition of an amide group to the peptide GLP-1 (1-36) NH2 and GLP-1 (7-
36) NH2, is mediated by the enzyme peptidylglycine monooxygenase, which adds the
amide group to arginine residue present in the C-termina extremity of the two peptides,
but the function of this process remains unknown (103). In humans, the maor isotype of
circulating GLP-1 is GLP-1 (7-36) NH2, which constitutes about 80% of GLP-1
secretion, and the remaining 20% is represented by GLP -1 (7-37) isotype (104).

GLP1-1(7-37) and GLP-1(7-36) are equipotent in humans and rapidly stimulate
glucose-dependent insulin secretion by binding to the GLP-1 receptor (GLP-1R)( 105).

Extensive studies have shown that secretion of GLP-1 is regulated by a variety of
dietary nutrient, neural and endocrine inputs. The result is a biphasic mechanism of
release, with both hormonal and neural mediation of early GLP-1 release (15-30 min),
and direct nutrient contact with L cells mediating later GLP-1 secretion (30-60 min) (84).

The primary stimulus for GLP-1 secretion is enteral nutrient ingestion. Secretion
of GLP-1 largely depends upon the specific nutrient composition of the meal. In
particular, meals rich in carbohydrates are the primary physiological stimulus for
secretion of GLP-1(106). Furthermore, the release of GLP-1 can be enhanced by a
number of nutrients, among which the most important are: glucose and other sugars, fatty
acids and triglycerides, essential aminoacids and fibers (107,108). It has been reported
that a particular caloric threshold or nutrient delivery rate must be reached in order to
trigger significant secretion (109). Although high concentrations of glucose have been
demonstrated to stimulate GLP-1 secretion from isolated rat intestinal cell cultures, it is
unlikely that glucose normally acts directly on L cells because under normal feeding
conditions the mgjority of glucose is absorbed before reaching the ileum. In addition, the
rapid GLP-1 secretory response to oral glucose suggests that glucose must activate the
release of GLP-1 by means of other then a direct effect on L cells. Otherwise, meals that
contain fat and proteins increase GLP-1 secretion in humans acting directly on L cells.
(84). In addition to nutrients, neuro-hormonal stimuli also regulate the secretion of GLP-
1. Many studies have demonstrated the role of the autonomic nervous system in the early
stage of secretion of GLP-1, which through the action of neurotransmitters such as
acetylcholine, the incretin hormone GIP and GRP (gastric releasing peptide), stimulate
the secretion (84)

The importance of the vagus nerve (the fundamental component of the
sympathetic nervous system which innervates, duodenum, jejunum, ileum and colon) in
mediating the release of GLP-1, was established in experiments in rats. It was shown that
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complete sub-diaphragmatic vagotomy blocks the early GLP-1 secretion, while the
electrical stimulation of the celiac branches of the vagus nerve increases the secretion in
rats (110). In humans, administration of atropine, a non-specific muscarinic antagonist,
decreases early secretion phase of GLP-1 following stimulation with ora glucose and
subsequent studies in rats have shown that the antagonists of muscarinic receptors M1
and M2 (to which acetylcholine binds) completely inhibit the secretion of GLP-1 in the
early phase (111-113). Experiments performed in rats also show a possible role of
catecholamines. In fact, the administration of beta-agonists in the isolated and perfused
gut determines an increase of secretion of GLP-1 (84).

Of the endocrine peptides tested for effects on L cells, GIP has been found to
stimulate GLP-1 release. It has been demonstrated in rats that physiological doses of GIP,
act through the nervous system (either vagal or myenteric) to indirectly stimulate the
secretion of GLP-1, rather than acting directly on the intestinal enteroendocrine L cell.
The GRP is an important component of the non-adrenergic/non-cholinergic branch of the
vagus nerve, as well as the enteric nervous system, and the candidate transmitter in these
pathways stimulating the release of GLP-1 in vivo in rats. Most likely, therefore, the
ingestion of nutrientsin rats, causes afew minutes later, the GRP mediated release of GIP
by the duodenal K cells, which via the vagus nerve and myenteric plexus indirectly
stimulates early secretion of GLP-1 (114). At present in humans the stimulatory action of
GIP and other gut peptides (GRP) on GLP-1 secretion has been excluded, so that the most
probable mechanism appears to be nerve stimulation mediated by acetylcholine and other
mediators not yet identified (115).

However, since the intestinal enteroendocrine L cells are present throughout the
small intesting, it is possible that the early secretion of GLP-1 is caused by direct contact
of nutrientswith L cellslocated in the proximal small intestine (82,83).

Recently other mechanisms of control of GLP-1 release emerged. First of all it has
been shown in vivo in rats and in vitro in humans that the hormone leptin, through the
presence of its receptor in the intestinal enteroendocrine L cells, stimulates the secretion
of GLP-1, identifying a leptin resistance at the base deficit of incretin secretion in obese
rats (116). Very recently, the molecular mechanism underlying the long-known ability of
bile acids to stimulate GLP-1 secretion has been elucidated, with the discovery that
intestina L cells express the G protein-coupled bile acid receptor (TGR5; aso known as
GPR131); the available evidence to date implicates TGR5 agonism as a feasible approach
to incretin therapy. (117)
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In vitro and in vivo studies in humans have shown an inhibitory action on the release of

GLP-1 by insulin, somotostatin and the neuropeptide galanin (84).

Clearance and metabolism of GLP-1

After secretion from enteroendocrine L cells, GLP-1(7-36) amide is rapidly
degraded, by its primary endogenous inactivator dipeptidyl peptidase-4 (DPP-4) to its N-
terminally truncated metabolite GLP-1(9-36). DPP-4 is a serine protease that specifically
cleaves dipeptides from the amino terminal region of oligopeptides or proteins containing
proline or alanine amino acid residues at position 2 (84,118). GLP-1 contains aresidue of
alanine at position 2, which serves as a substrate for the action of DPP-4. The enzyme is
expressed in many tissues and cell types including: kidney, lung, liver, intestine, spleen,
testicle, pancreas, centra nervous system, adrenal medulla and the surface of
lymphocytes and macrophages (84). In addition, DPP-4 is present on the surface of
endothelia cells, including the vascular system supplying the intestinal mucosa, which is
adjacent to the site of secretion of GLP-1 (119). As aresult, more than half of the GLP-1
product that enters the portal circulation, is inactivated by DPP-4 before reaching the
systemic circulation (119). DPP-4, besides being present in the membrane bound form on
cell surfaces, aso exists in a soluble form in the blood stream (120). In rats, more than
50% of an intravenous bolus of GLP-1 is converted into its N-terminal metabolites by
DPP-4, approximately two minutes after administration, whereas in the DPP-4 knock-out
rodents, GLP-1 is not metabolized (121,122). DPP-4, by cleaving the N-termina
fragment of the bioactive forms of GLP-1, leads to the formation of two metabolites:
GLP-1 (9-36) NH2, derived from the metabolism of GLP-1 (7-36) NH2 and GLP-1 (9-
37) derived from the metabolism of GLP-1 (7-37) (Fig. 6) (121,123,124). GLP-1 (9-
36)NH? has a 1000-fold lower affinity for the GLP-1 receptor (GLP-1R) and is
characterized by a complete lack of insulinotropic activity (125,126).
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Figure 6. GLP-1 metabolism

In addition to the importance of DPP-4 for inactivation of GLP-1 and GIP, both
peptides are also rapidly cleared from the circulation via the kidney through a variety of
mechanisms including: glomerular filtration, tubular reabsorption and catabolism (127).
In rats, bilateral nephrectomy or ligation of the ureters, is associated with an increased
half-life of GLP-1 and GLP-1 levels are increased in patients with chronic renal failure
(127,128). In patients with chronic renal failure, the concentration of metabolites of GLP-
1 is increased compared to healthy individuals, while the concentration of the bioactive
forms of GLP-1 remains similar in both categories. This shows the importance of renal
function for elimination of the metabolites of GLP-1 (128,129).

The glucose lowering activity of GLP-1 is of relatively short duration, given the
GLP-1 half-lifein circulation of 2 minutes (84). Plasma levels of bioactive forms of GLP-
1 in fasting in humans, are in the range 5-10 pmol/L and increased approximately 2-3
times after the meal, with a peak absolute value dependent both on the amount and of the
composition of nutrient intake (54,104,130,131). The postprandial peak of the GLP-1
bioactive forms is reduced in obese subjects and in subjects with type 2 diabetes (54,132-
134). Since the elimination fraction is similar in healthy, obese and type 2 diabetes
subjects, the decreased levels of GLP-1 observed in obese subjects and in subjects with
type 2 diabetes is caused by reduced secretion of GLP-1 in the last two categories (135).
It has been shown that the decrease in the secretion of GLP-1 in obese subjects can be
attributed to leptin resistance, while the factors responsible for the phenomenon in
individuals with diabetes have not yet been identified (84,116).
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Numerous studies in animals and humans have shown that inhibition of DPP-4,
prolongs the half-life of bioactive forms of GLP-1 (84).

GLP-1 receptor

GLP-R is a heptahelical transmembrane-spanning G protei n—coupled receptor that
consists of 463 amino acids functionally associated with adenylate cyclase through the
stimulatory G protein subunit (Gas, Go, Goi and Gow) (136-138). (figure 7). The human
GLP-1R has 90% sequence homology to the rat GLP-1R, and its gene is localized to
chromosome 6p21 (139). The GLP-1R, comprises eight hydrophobic domains, seven of
which span the membrane, with a further extracellular N-terminal domain, linked by
hydrophilic intra-and extracellular |oops (84).
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Figure 7. Illustration of the structure of the glucagon-like peptide-1 receptor (GLP-1R) including
the number of amino acid residues in each segment.

GLP-1R is expressed in the pancreatic islets beta-cells and in several tissue
including gut, lung, kidney, heart, endothelium and multiple regions of the peripheral and
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central nervous system, including hypothalamus and autonomic nuclei that control
cardiovascular functions (84).

The specific cellular localization, relative abundance, and functional importance
of the GLP-1R in cardiovascular tissues have not been fully defined. Ban et a showed
that GLP-1R is expressed throughout the mouse cardiovascular system, with absence in
cardiac fibroblasts and particular abundance in the endocardium and, remarkably,
demonstrated that some cardioprotective and vasodilatory actions of GLP-1 are
independent of the known GLP-1R (140,141).

Although numerous studies suggest the functional existence of a second GLP-1
receptor, only a single GLP-1R coupled to glucose homeostasis has yet been identified.
Evidence supports arole for the GLP-1 inactive metabolic product GLP-1(9-36) amide in
regulation of cardiovascular function, but a separate receptor for this peptide has not yet
been discovered( 140,141). This presupposes the existence of other receptors for GLP-1
or the presence of non-receptor mediated actions by the peptides.

GLP-1 has been demonstrated to bind to the receptor in an orthosteric manner.
However, recent studies employing both a small molecule GLP-1R agonist and molecular
modeling of the three-dimensional structure of the receptor, have also identified a non-
alosteric activation site (59,142).

The GLP-1R has an extremely high affinity for GLP-1 (7-37, 7-36) and similar
agonists (exendin 3, exendin 4) which selectively binds at nanomolar concentrations,
while other peptides of the glucagon superfamily, such as glucagon, PACAP, GIP and
VIP, bind either poorly or not at all.

It is well established that activation of the GLP-1R stimulates the production of
cyclic AMP via the action of adenylate cyclase. CAMP signaling may then be further
amplified and diversified via the activation of several downstream factors, such as protein
kinase A (PKA) and cAMP regulated guanine nucleotide exchange factors (GEF) (143).

Activation of the GLP-1 receptor can trigger at least 2 downstream pathways,
generation of the second messenger cCAMP (cCAMP) followed by activation of protein
kinase A (PKA), and the indirect activation of epidermal growth factor receptor followed
by phosphoinositide 3-kinase (PI3K) and Akt signaling

Activation of GLP-1R is known to be associated with inhibition of voltage-
dependent potassium channels, thereby generating cellular depolarization, elevation of
intracellular calcium, phosphorylation of the cyclic AMP response binding element
(CREB) and activation of a number of kinases, including AMPK and extracellular signal-
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regulated kinase (ERK)1/2, protein kinase C, phosphoinositide 3-kinase (PI3K), mitogen
activated protein kinase (MAPK) (p38 and JNK) and protein kinase B (144-148). The
different activated metabolic pathways are responsible for severa cellular effects that are
the expression of the physiological actions of GLP-1 in various organs and tissues.

Physiologica actions of GLP-1

The physiological actions of GLP-1 reflect the functions of organs in which
specific GLP-1 receptors are expressed. These organs include the pancredtic idlets,
stomach, lung, brain, kidney, pituitary gland, cardiovascular system, kidney, and small
intestine (84). A wide range of biological actions for GLP-1 have been reported in severa
experimental systems from in vitro cell lines to human subjects (table ).

In pancreatic islets bioactive GLP-1 peptides act through receptor mechanism, on
beta-cells, alpha cells (glucagon producing) and delta-cells (producing somatostatin). The
actions on beta-cells include increase of glucose dependent insulin secretion and
biosynthesis, inhibition of apoptosis, stimulation of proliferation, increase in beta-cell
mass and increased in glucose cellular sensitivity (79,80,149). The molecular mechanisms
a the basis of the insulin secretagogue function are the activation of adenylate cyclase
and the production of cAMP that induces: membrane depolarization by inhibition of
KATP channels, increased intracellular Ca®*, activation of two metabolic pathways: a
PKA-dependent and a PKA-independent mediated by the EPAC2 enzyme and finaly
exocytosis of insulin granules (fig. 8). Whereas the increase in insulin biosynthesis is
mediated by activation of two major promoters of the insulin gene, NFAT, and Pdx-1 (by
both PKA-dependent and independent pathways) which increase gene transcription and
MRNA stability (84, 150-152).

The anti-apoptotic and pro-proliferative processes appear mediated by PI3K/Akt
metabolic pathway, which results in activation of MAPK and inhibition of FOX01 with a
consequent increase in Pdx-1 and up-regulation of cyclin D1 (153-155). GLP-1 inhibits
glucagon secretion in apha-cells, and stimulates the secretion of somatostatin in
pancreatic 4-cells through the activation of metabolic pathways not entirely understood
(156,157).
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Figure 8. Metabolic processes activated by the binding of GLP-1 to its receptor (GLP-1R) in
pancreatic beta-cell

In addition to its insulinotropic actions on pancreatic beta-cells, GLP-1 inhibits
glucagon secretion, gastric emptying and small bowel motility, regulates gastric acid
secretion through mechanisms partly directly receptor mediated and partly indirect
mediated by the vagus nerve, and induces satiety acting on the appetite control centers
located in the hypothalamus, thereby reducing postprandial glycemia and favoring weight
loss (158-162).

As for the nervous system, GLP-1 improves memory and learning, stimulates
afferent sensory nerves, and has neuroprotective functions (84,140).

GLP-1 receptors are expressed at high density in rat lung membranes and on
vascular smooth muscle. The treatment of rat trachea and pulmonary artery with GLP-1
results in inhibition of mucous secretion and relaxation of smooth muscle; GLP-1
receptor MRNA is detected in type || pneumocytes (84, 163) and stimulates the secretion

of surfactant from these cells.
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Table 11. GLP-1 (7-36)amide and GLP-1 (7-37) physiological actions

Tissue-System Effect

- Stimulation of insulin biosynthesis and secretion
- Proliferation of beta-cells

- Inhibition of beta-cells apoptosis

PANCREAS
- Increased glucose sensibility of beta-cells
- Inhibition of glucagone secretion
- Stimulation of somatostatin secretion.
- Decreased appetite and body weight
CNS/PNS - Neuroprotection.

- Improvement of memory and learning

- Inhibition of acid gastric secretion

GASTROINTESTINAL SYSTEM

Inhibition of gastric emptying

- Inhibition of bowel motility

LIVER - Inhibition of glucose production

MUSCLE - Increase in glucose uptake

- Increase in glucose uptake
ADIPOSE TISSUE
- Lipolytic and lipogenic effects

- Increase in heart rate and blood pressure

- Improvement of endothelial function
CARDIOVASCULAR SYSTEM
- Cardioprotection.

- Relaxation of smooth muscle

LUNG - Inhibition of mucous secretion

- Stimulation of surfactant secretion

KIDNEY - Natriuresis

PITUITARY GLAND - Stimulation of TRH, LH, ACTH secretion
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Severa experimental findings suggest that GLP-1 activates hormone secretion
from the anterior pituitary gland, where GLP-1 receptors have been detected (140).

GLP-1Rs have been reported to be widely expressed in the heart and vasculature
of both rodents and humans, with specific localization in vascular smooth muscle,
cardiomyocytes, endocardium and coronary endothelium/smooth muscle (163,164).
Nevertheless GLP-1 has been demonstrated to have cardiac and vascular actions that
include effects on blood pressure (165-167), contractility and cardiac output (168-172),
cardioprotection (141,173,174) and endothelia function (175-178).

The administration of GLP-1 to rats results in increases in arterial blood pressure
and heart rate. These actions of GLP-1 on the cardiovascular system have been attributed
to actions of GLP-1 receptors in the nucleus tractus solitarius, which is involved in the
central control of cardiovascular function (165). Furthermore, GLP-1 activates c-Fos
expression in the adrenal medulla and in neurons in autonomic control sites in the rat
brain, and rapidly activates tyrosine hydroxylase transcription and catecholamine
production in brainstem neurons (166). Severa studies have demonstrated that the
infuson of GLP-1 into Dahl sat-sensitive rats attenuated the development of
hypertension, with reduction of proteinuria and improvement in endothelial and cardiac
functions (167). Consistent with the cytoprotective actions of GLP-1 in the endocrine
pancreas, severa different groups using various experimental models have reported that
acute GLP-1treatment exerts beneficial effects after ischemia and successful reperfusion.
Thus, GLP-1 reduced infarct size in the isolated perfused rat heart and in vivo animal
models (141,168,171). GLP-1 exerts beneficial effects on cardiac function also in human
subjects following myocardial infarction and angioplasty or bypass grafting (170,172). A
72 hours infusion of GLP-1 in patients with acute myocardial infarction and an gjection
fraction less than 40% resulted in significantly improved left ventricular gjection fraction
and improved regional and global wall motion scores, in association with a trend toward
earlier hospital discharge (170).

Finally, the presence of GLP-1 receptors on vascular endothelia cells, and the
evidence that GLP-1 can improve endothelia cell dysfunction (141,175-178), suggests
that GLP-1 may modulate vascular endothelial cell function as discussed later.

Even if the presence of GLP-1Rs in skeletal muscle, liver, and adipose cells is
debatabl e there are numerous reports of physiological anabolic (glycogenic and lipogenic)
actions of GLP-1 on these tissues (179, 180). In particular, it inhibits the release of

hepatic glucose, increases glucose uptake in muscle and fat cells and it stimulates
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lipogenesis in adipose tissue (180-185). These effects are probably mediated through

indirect extra-receptorial mechanism.

GLP-1 (9-36) actions

Accumulating evidence indicates that GLP-1 metabolically inactive breakdown
product, GLP-1(9-36), may play an active beneficia role acting on liver and in the
cardiovascular system. GLP- 1 (9-36) amide suppresses hepatic glucose production
through not yet identified mechanisms, exerts antioxidant cardioprotective actions and
reduces oxidative stress in vascular tissue by a GLP-1 receptor independent mechanism in
subjects with type 2 diabetes and stable coronary disease. GLP-1 has beneficia effects on
flow-mediated vasodilatation by an increase of nitric oxide production. These effects
seem to be mediated by the activation of cAMP and the K+-channel opening and
independent of alterationsin glucose or insulin concentrations (141,168,186-188).

EFFECTS OF GLP-1 ON VASCULAR FUNCTION

First of all, the beneficial effect of GLP-1 bioactive peptides on the endothelium is
related to the peptides hypoglycemic action. In fact, the lowering of blood glucose
reduces the damage to endothelia cells caused by hyperglycemia by inhibition of the
polyol pathway, inactivation of the protein kinase C (PKC) and reduction of advance
glycation end products formation (AGEs) that lead to a decrease of cellular oxidative
stress, increased synthesis of nitric oxide, reduction of endothelial permeability,
inflammation, pro-coagulant and pro-aggregating activity (14). Existence of GLP-1
bioactive peptides effects on the endothelium unrelated to hypoglycemic action, resulting
in improvement of endothelial function through the stimulation of the synthesis of
vasodilators, primarily nitric oxide, and the inhibition of the expression of adhesion
molecules, was also demonstrated. In a number of small trials in humans, as well as in
preclinica and in vitro studies, both native GLP-1 and GLP-1 receptor agonists have
demonstrated to improve vascular function in vivo in humans. Using the flow-mediated
dilatation technique, Nystrom et al. (176) observed that GLP-1 intra-venous infusion
improved flow mediated vasodilatation in type 2 diabetic patients with established

coronary artery disease, without any effects in healthy subjects There was no effect on
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endothelial independent vasodilatation or on blood pressure. Furthermore, the authors
demonstrated that GLP-1 receptor is expressed in human coronary artery endothelial cell
cultures (176). Similarly, Basu et a., using venous occlusion plethysmography,
demonstrated that acute treatment with intravenous infusion of GLP-1 increased
endothelium-dependent blood flow in the resistance vessels (arterioles and small arteries)
in response to acetylcholine (which stimulates muscarinic receptors on the endothelial
cells that evoke nitric oxide (NO) release through stimulation of endothelial isoform of
the NO synthase enzyme)), in the forearm of healthy non-diabetic human subjects at |east
in part, via the nitric oxide pathway and that this effect is modulated by KATP. There
were no dterations in endothelium-independent responses to GLP-1 implying
upregulation of endothelial nitric oxide synthase enzyme system as a possible mediator of
its effects (189).

Study models of ex vivo isolated rat vessels demonstrated that GLP-1 has a direct
vasorelaxant action on pulmonary (175, 190), mesenteric artery and aorta (141,167,186)
and femoral artery (177). Golpon et al. (175) in fact demonstrated that GLP-1 induced a
dose-dependent and time-reversible endothelial-dependent relaxation of preconstricted
pulmonary artery rings and it also reduced vascular tone in the isolated, perfused and
ventilated rat lung. The authors suggested that this effect was NO dependent, since it was
abolished by L-NAME, a nitric oxide inhibitor (175). Yu et a. showed that chronicaly
administered GLP-1 improves vasodilator response in preconstricted aortic ringsin a salt-
sensitive rodent model (167). Green et a. (186) demonstrated that GLP-1 causes
significant concentration-dependent relaxation of isolated rat aorta through mechanism
leading to stimulation of CAMP and subsequent opening of K-ATP channels. The GLP-1
agonist exendin-4 has the same effect (though weaker than that of GLP-1) (186).
Furthermore it was demonstrated that GLP-1 dose dependently relaxes rat femora
arteries and this effect is NO and endothelium independent and occurs specificaly
through its receptor binding as exendin 9-39 significantly inhibits GLP-1-induced
relaxation in rat femora artery (177).

The mechanisms through which GLP-1 influences cardiovascular function are
complex and incompletely understood. Some studies have suggested that the vasorel axant
actions of GLP-1 are both endothelium and nitric oxide dependent (141,175), whereas
others have indicated that these effects may occur via endothelium independent pathways,
through activation of KATP channels and cyclic AMP (177,186) mediated via the
classical GLP-1R, as they were found to be abolished in the presence of the GLP-1R
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antagonist, exendin (9-39) (177). However, it has recently been reported that both
exendin (9-39) and metabolically inactive GLP-1(9-36) are by themselves capable of
causing vascular relaxation (141,186). Indeed, relaxation responses to both native GLP-1
and GLP-1(9-36) were found to persist in gene-modified mice lacking the GLP-1R,
indicating that there may be more than one type of GLP-1R in the cardiovascular system
or that GLP-1 is capable of exerting receptor-independent effects (141).

Beside the measurement of FMD in humans and of vasoreactivity in animal
isolated vascular models, in vivo and in vitro studies on the expression of biomarkers
associated with vascular dysfunction have been conducted to investigate the role of GLP-
1 and GLP-1 receptor agonists on endothelial function. Courreges et al demonstrated that
liraglutide reduces the expression of such markers of vascular inflammation as high-
sensitivity C-reactive protein, plasminogen activator inhibitor-1, and brain natriuretic
peptide in type 2 diabetes patients (67). Arakawa et al., showed that GLP-1 receptor
agonist, exendin-4, reduced monocyte/macrophage accumulation in the arteria wall by
inhibiting the inflammatory response in macrophages, and that this effect may contribute
to the attenuation of atherosclerotic lesion by incretins (72). Liu et al. demonstrated that
the treatment with GLP-1 and liraglutide, inhibited TNF or hyperglycaemia-mediated
induction of PAI-1, intercellular adhesion molecule-1 and vascular cell adhesion
molecule-1 mMRNA and protein expression in a human vascular endothelial cell line and
this effect may involve the modulation of NUR 77 nuclear orphan receptor. (191, 192). In
recent study it was demonstrated that GLP-1 dose-dependently inhibited RAGE gene
expression, and decreased reactive oxygen species generation and subsequently reduced
vascular cell adhesion molecule-1 mRNA levelsin AGE-exposed HUVEC, and that GLP-
1 directly acts on HUVEC via GLP-1R through activation of cyclic AMP pathways (193).
Recently, Hattori et a found that liraglutide exerts an anti-inflammatory effect on
vascular endothelial cells by increasing nitric oxide production and suppressing NF-xB
activation, partly at least through AMPK activation which occurs through a signaling
pathway independent of cyclic AMP: in HUVECs liraglutide dose-dependently increased
nitric oxide production, caused eNOS phosphorylation, potentiated eNOS activity and
restored the cytokine induced downregulation of eNOS mRNA levels, which is dependent
on NF-«xB activation. The effect of liraglutide on TNFa-induced NF-kB activation and
NF-kB-dependent expression of proinflammatory genes was therefore examined:
liraglutide dose-dependently inhibited NF-xB activation and TNFa-induced kB
degradation. It also reduced TNFa-induced MCP-1, VCAM1, ICAM1 and E-selectin
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MRNA expression (71). Oeseburg et a. demonstrated that GLP-1 could prevent oxidative
stress-induced cellular senescence in endothelial cells involving downstream PKA
signaling and induction of antioxidant genes (HO-1 and NOO1) (194). Finally, GLP-1
agonist exendin-4 stimulates proliferation of the of human coronary artery endothelial
cells in vitro (effects that are shared by native GLP-1 (7-36) and its mgor metabolite
GLP-1 (9-36)) and this effect is mediated through PKA-PI3K/Akt-eNOS activation
pathways via a GLP-1 receptor-dependent mechanism. In contrast, MAPK (Erk1/2) does
not seem to play an important role in the exendin-4-induced cell proliferation, athough
exendin-4 stimulated phosphorylation of this kinase (195).

Taken together, the data reported sofar suggest that incretine mimetic drugs
improve endothelia dysfunction associated with premature atherosclerosis identified in
type 2 diabetes patients and could be useful as a starting point for further research in this
field.

SIRT1: ROLE IN ENDOTHELIAL DY SFUNCTION

The activity of SIRT1, a protein belonging to the sirtuin family, recently emerged
as being involved in endothelia homeostasis. It was found that SIRT1 improves
endothelia function and an increase of its expression exerts protective effects against the
development of atherosclerosis and endothelia dysfunction (196-198). SIRT1 promotes
endothelium dependent vasodilation and regenerative functions in endothelial and smooth
muscle cells of the vascular wall by targeting endothelial nitric oxide synthase for
deacetylation, which stimulates the activity of this enzyme and consequently increases
endothelia nitric oxide production and the scavenger activity on oxygen reactive species
(ROS). If SIRT1 deacetylation is inhibited in endothelia tissue, nitric oxide synthase
acetylation predominates, nitric oxide production decreases, and vasodilation is impaired
(199).

Furthermore, SIRT1 is involved in the regulation of endothelial inflammatory
response and this raises the possibility that targeting of SIRT1 might be a useful strategy
for treating the inflammatory component of metabolic diseases. In endothelial cells,
knockdown of SIRT1 activates NF-kB inflammatory pathways and increases the
inflammatory gene expression induced by TNFa, while SIRT1 activators inhibit TNF-a.
stimulated inflammatory pathway (200-202). NF-«B is of special interest in endothelial

35



cells, since it drives the expression of important adhesion molecules, such as vascular cell
adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1) and E-
Selectin, which recruit blood monocytes to atherosclerotic lesions (203). Severa studies
have demonstrated that SIRT1 regulates the transcriptional activity of Nf-kB by
deacetylating RelA/p65 subunit of Nf-kB at lysine 310. This regulation is biologically
significant because the activation of SIRT1 inhibits NF-xB transcription and reduces the
expression of inflammatory adhesion molecules (201). Since increasing evidence
indicates that chronic, low-grade inflammation can cause insulin resistance and metabolic
syndrome, it is very important to understand the role of SIRT1 in protection against pro-
inflammatory responses in endothelial tissue and whether its expresson may be
modulated by pharmacological treatment.

SIRT1 exerts also other effects on atherosclerotic plaque macrophages: it
deacetylates RelA/p65-NF-kB, it suppresses the expression of Lox-1 (a scavenger
receptor for oxydized LDL), it favors the expression of the reverse ABCA-1 cholesterol
transporter, preventing the formation of foamy macrophages in the atherosclerotic plaque
and it suppresses the expression of endothelial tissue factor (coagulation factor 111), and
hence it exerts anti-thrombotic properties (204).

SIRT1 is up regulated by caloric restriction or fasting in multiple tissues and an
abnormal regulation of SIRT1 expression may play a key role in the pathogenesis of age-
associated metabolic diseases. According to several studies, decreased expression of
SIRT1 in endothelium, is involved in the onset and development of atherosclerosis in
diabetic patients: in conditions of hyperglycemiathe gene expression of SIRT1 is reduced
through molecular mechanisms which are still unknown (205-209).

We have recently demonstrated that SIRT1 expression is reduced in periphera
blood mononuclear cells from subjects who are insulin resistant, specifically in those who
are glucose intolerant, and particularly in those with severa components of metabolic
syndrome. We also demonstrated how hyperglycemia and saturated fatty acids (palmitic
acid) are responsible for the reduction of SIRT1 expression and activation in cultured
lymphomonocytes. (210)

Increasing SIRT1 activity inhibits glucose-induced endothelial senescence and
dysfunction (206,207,209). These effects were also seen in vivo; activation of SIRT1
prevented hyperglycemia induced vascular cell senescence and protected against vascul ar
dysfunction in diabetic mice (211). On the other hand, transgenic mice that overexpress

SIRT1 display some phenotypes similar to mice on a caloric restricted diet since they are
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leaner than littermate controls and are more metabolically active and show a better
glucose tolerance (212).

Overdl these data indicate that a defect in the regulation of SIRT1 expression and
activation might play a role in both metabolic derangement and cardiovascular
complications associated with diabetes and metabolic syndrome and the increased
expression of SIRT1 is an exciting therapeutic perspective in the prevention and treatment
of atherosclerosis and therefore of macrovascular complications in diabetic patients. Until
now, a link between the physiological and pharmacological action of GLP-1 and the
molecular target SIRT1 has not been studied.

SIRTUINS

Sirtuins (SIRT) comprise a unique protein family with nicotinamide adenine
dinucleotide (NAD(+))-dependent deacetylase activity that target histonic proteins and
several transcription factors. Originaly, they were identified as belonging to
MAR1(Mating-Type Regulator 1) protein group, able to act on gene suppression and/or
activation; later, they were recognized to have an important biochemical and molecular
role in Saccharomyces cerevisiae yeast by which the name of SIR2 (Silent Information
Regulator 2). Later, Gottlieb and Esposito showed that SIR2 was able to repress the
expression of certain genes through deacetylation of the e-amino group of N-terminal
lysine residues of histones and identified the presence of four additiona SIR2
homologous genes, which were called HST 1-4 (homologues of SIR2) in S. cerevisiae.
The discovery of homologs of SIR2 in yeast and later in bacteria, plants and mammals,
showed that SIR2 is a member of a large and ancient family of genes that expresses
proteins that are now called "sirtuins’. These enzymes have akey role in the regulation of
many aspects of cellular metabolism, modulating the transcription of chromatin gene and
regulating the activity of severa transcription factors such as p53, NF-kB, PGC-1a,
FOXO and HSF-1. SIRT arein fact involved in metabolic processes that delay aging and
increase lifespan, in cell cycle regulation, in inhibition of apoptosis, in glucose
homeostasis and in insulin secretion.

SIRT have gained considerable attention over timein the medical field due to their
role as metabolic sensors and as mediators of cell survival under stress conditions, such as
the restriction of caloric intake and exercise, in which their transcription is activated. The

characterization of the molecular, biochemical and physiological mechanisms involved in
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effects of SIRT is important not only for a better definition of their physiological and
pathophysiological role but also for the identification of new potential pharmacological
targets in metabolic disorders, diabetes, endothelial dysfunction, and in cardiovascular

and neurodegenerative disease (213).

Biochemical properties of sirtuins

In eukaryotes, the family of sirtuins consists of seven proteins called SIRT 1, 2, 3,
4,5, 6 and 7. SIRT consist of a central catalytic domain of 275 amino acids capable of
binding NAD +, highly conserved in eukaryotic cells, and an N-terminal and/or C-
termina sequence of variable length that is responsible for the different biological and
functional properties of each of them (214).

Sirtuins are enzymes with deacetylase activity that remov lysine residues from
proteic substrates or histones in the presence of cofactor NAD + (nicotinamide adenine
dinucleotide). The products of this reaction are nicotinamide (NAM), the protein substrate
or deacetylated histone on lysine residues, and the 2'-O-acetyl-ADP-ribose molecule.

NAD + is a coenzyme involved in many biological functions, in oxidation-
reduction reactions, in DNA repair, in the reactions of ADP ribosylation, in the immune
response and in transcriptiona regulation. An increase in cellular levels of NAD + leads
to an increase of the action of SIRT1 activating the regulation of glucose-stimulated
insulin secretion in pancrestic B-cells (215).

Unlike other sirtuins, SIRT4 has transferase activity (catalyzing ADP-ribosylation

of severa proteins), whereas SIRT3 and SIRT6 possess both the enzymatic activities.

SIRT 1

In mammal's, seven genes belonging to the family of sirtuins (SIRT1-7) have been
identified. In particular, the homologous gene to Sir2 is SIRT1 (Sir2homolog 1), the best
understood in terms of cellular activity and function. SIRT1 is localized predominantly in
the nucleus, but in response to particular physiological conditions or stimuli, it can be
translocated into the cytoplasm through nuclear export signal (NES). The subsequent
transport from the cytoplasm to nucleus occurs through nuclear localization signal (NLS).

It is expressed in all organs, but particularly in those in which energetic metabolism is
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more developed. SIRT1 knock-out mice die prenataly, while those that survive become
sterile and present lung infections and pancreatic atrophy (216).

SIRT1 codes for a protein capable to deacetylate nuclear and cytoplasmic factors
that control critical cellular processes such as apoptosis and metabolism. It also regulates
the production of insulin and glucose, the lipid metabolism and cell survival, mediating
the effects of caloric restriction in mammals (217). Therefore, the potentia anti-aging role
of the gene appears to be valid because involved in a complex protein pattern that
includes enzymes involved in cellular repair mechanisms. Thus, caloric restriction

promotes cell survival by inducing SIRT1 deacetylase (218).

SIRT1 and transcription factors

Sirtuins have the capability to deacetylate transcriptional factors, in addition to
histones, interfering with gene expression. In most cases, these factors control genes
related to growth, cell cycle, apoptosis and energy metabolism.

Severa transcription factors are negatively regulated by SIRT1. This leads to an
alteration of the cellular metabolic and survival balance, since deacetylation of lysine
residues decreases the expression of transcription factors, such as p53, FOXO1, PPARY,
HSF1, Ku70, PGC-1a and NF-kB.

SIRT1 and p53: inhibition of apoptosis

The p53 protein is involved in cell cycle control and has several potentia sites of
acetylation of lysine residues in the C-terminal region where SIRT1 may exert its
catalytic activity (219). The acetylated form of p53 activates the transcriptional program
with increased cell proliferation and apoptosis. In fact, in tumor cells this transcription
factor is hyperacetilated. In vitro and in vivo animal models, the overexpression of SIRT1
reduces cell proliferation and inhibits apoptosis by deacetylation of p53, indicating SIRT1
as apotentia target for cancer therapy (220).
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SIRT1 e FOXOL1: stress resistance and cell survival

The FOXO (Forkhead Box type O) family consists of 4 proteins (FOXO1-4)
involved in various cell functions such as cell response to oxidative stress, cell cycle
regulation and response to insulin. In response to a cellular stress, increased expression of
SIRT1 causes deacetylation of the FOXO transcription factor resulting in increased
expression of genesinvolved in resistance to stress, in cell cycle slowing and in inhibition
of apoptosis (221).

The FOXOL1 isoform isinvolved in intracellular signal transduction mechanism of
insulin. Insulin, by means of the enzyme Akt, regulates the expression of several
gluconeogenic and lipogenic enzymes by regulating the activity of FOXOL1 which is
found primarily in tissues responsive to insulin, such as the liver, the adipose tissue and p3-
pancreatic cells. Activation of FOXOL1 by acetylation of lysine residues induces its
tranglocation from the nucleus into the cytoplasm, inhibiting activation of gluconeogenic
enzymes and favoring the activation of genes involved in glycolysis such as glucose-6-
phosphatase (222). Under conditions of prolonged fasting or caoric restriction
overexpression and activation of SIRT1 induce deacetylation of FOXO1 that leads back
into the nucleus promoting gluconeogenesis and inhibiting glycolysis. Therefore, the role

of SIRT1 iscrucial in the regulation of cellular energy metabolism.

SIRT1 and PPARYy: inhibition of lipogenesis and stimulation of lipolysis

SIRT1 acts as a negative regulator of the adipogenic process. It was shown that in
SIRT1 transgenic mice the intracellular level of triglycerides was reduced by 50%, while
in SIRT1 knock-out mice the fatty acids amount was significantly increased (223). Under
conditions of restricted caloric intake, SIRT1 inhibits PPARy (peroxisome proliferator-
activated receptor v), a transcription factor essential for the differentiation of adipocytes.
In response to caoric restriction SIRT1 binds PPARy through the PGC-1a co-factor,
inhibits the adipogenesis and stimulates lipolysis, i.e. promoting mobilization of fatty

acids in white adipose tissue.
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SIRT1 and Ku70: increased DNA repair activity

SIRT1 directly interacts with Ku70, a protein involved in DNA repair, with which it
forms a complex. The interaction between SIRT1 and Ku70 leads to an increase in DNA

repair and promotes cell survival in response to stress (224).

SIRT1 and HSF1.: protection from cell damage

HSF1 (heat shock factor 1) is a transcription factor that controls the expression of
Heat Shock Proteins. Under basal conditions HSF1 is present in cytoplasm as a monomer
complexed with several chaperone molecules in particularly Hsp90. Binding to these
proteins inhibits binding to DNA and transcriptional activity. Exposure to stress factors,
such as temperature and age, leads to an increase in the proportion of denatured proteins
present in the cell and a consequent increase in needs of chaperone proteins, so that the
dissociation from HSF1 takes place. The detachment from Hsp90 determines exposure of
signal residues for the nuclear localization of HSF1, allowing transocation into the
nucleus, a process followed by trimerization and phosphorylation of the transcription
factor. At this stage HSF1 is able to bind to the promoters of the genes for HSPs and to
unlock the RNA polymerase, which undertakes its transcriptional activity. HSF1 has a
protective role in the cellular damage associated with protein denaturation. Deacetylation
operated by SIRT1 prolongs the binding of HSF1 to Hsp70 (promoter of heat shock
proteins) and maintaines it in a competent state for binding to DNA. Conversdly, a
reduction of SIRT1 expression attenuates the response to heat shock and causes the
detachment of HSF1 from the promoter and its complex with cytoplasmic Hsp90. The
role of SIRT1 in the regulation of proteins production, in the resistance to insults, in the

protection from damage caused by the protein misfolding is therefore essential (225).

SIRT1 and PGC-1a: decrease of glycolysisin favor of gluconeogenesis

Factor PGC-la (PPAR-y co-activator lo) is a transcriptional coactivator of
nuclear receptors that induces mitochondrial biogenesis, promotes the remodeling of the

composition of muscle fibers and is involved in regulation of glucose and lipid
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metabolism. By deacetylating PGC-lo, SIRT1 represses glycolysis, increases

gluconeogenesis, and promotes hepatic glucose output (226).

SIRT1 and NF-kB: inhibition of apoptosis and regulation of the immune response

The nuclear factor kB, as explained in previous paragraphs, is a dimeric
transcripion factor that regulates the expression of genes involved in the immune and
inflammatory response, and in cell proliferation and differentiation.

One of the main mechanisms of NF-kB inactivation is deacetylation that occurs
through interaction of the factor with co-repressors, HDACs enzymes. These translocate
an acetyl group from the five lysine residues of the protein to other substrates. Severa
studies have demonstrated that SIRT1 regulates the transcriptional activity of Nf-kB by
deacetylating RelA/p65 subunit of Nf-kB at lysine 310 leading to its inactivation (204).
Thisregulation is biologically significant because the activation of SIRT1 inhibits NF-xB
transcription and reduces the expression of inflammatory adhesion molecules. A recent
study has shown that in addition to blocking cell proliferation, SIRT1 acting on NF-kB,
sensitizes cells to apoptosis induced by TNF-a (201). In microglia NF-kB is involved in
neuronal death induced by peptide f-amyloid, which causes Alzheimer's disease. SIRT1
may thus play aso a neuroprotective role by inactivating NF-kB (227).

REGULATION OF SIRT1 EXPRESSION

The regulation of SIRT1 expression occurs through the control of transcriptional
and post-transcriptional mechanisms, activated by different pathways. However, not all

the mechanisms of expression regulation have been identified.

Akt and SIRT1

Akt, also known as PKB (protein kinase B) is a serine/threonine kinase involved
in the regulation of various cell processes. There are three isoforms of Akt: Aktl, Akt2,
and Akt3, expressed in different cell types. Akt is an enzyme that is activated by
phosphatydil inositol-3 phosphate kinase (PI3K). This pathway is usually activated
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following activation of various receptors, induced by binding of specific ligands. Once
activated, Akt, through phosphorylation of different substrates, contributes to cell cycle
regulation and apoptosis, to cell differentiation, to the regulation of cell metabolism and
oxidative stress and to the synthesis of extracellular matrix (228).

Recently it has been observed that the activation of Akt results in a increas of
SIRT1 by inhibition of MIRNA199a-5p. It is actually a pre-microRNAs of 120bp, which
generates a microRNA that bind to 3-UTR untranslated region of SIRT1 mRNA, and
inhibits SIRT1 gene expression SIRT1. Activation of Akt through inhibition of this
micro-RNA precursor results in increased gene expression of SIRT1 (229). In addition to
this control mechanism, the activation of PI3K/Akt pathway regulates SIRT1 gene
expression through pre-transcriptional mechanisms. Recently it has been demonstrated
that statins increase SIRT1 gene expression in endothelia cells through activation
PI3K/Akt pathway (230).

AMPK and SIRT1

AMP activated protein kinase (AMPK) is a serine/threonine kinase highly
conserved during evolution. Structurally it is a heterotrimeric complex composed of a
catalytic a subunit, aregulatory  subunit and ay subunit. There are also two isoforms of
the a subunit (a1l and o2) and B subunits (1 and p2) and three y subunits, which are
differently expressed in cells of various tissues (230-232).

AMPK, when activated in allosteric way, determines the phosphorylation of
various substrates, including numerous proteins and transcription factors, by the increase
in cAMP and phosphorylation of the o subunit by the kinases LKB1 and CaMKKf} (233).
In particular, the main role of AMPK is the regulation of cell metabolic and energy
processes by stimulation of the production of energy through the catabolism of glucose
and lipids, inhibition of metabolic pathways with energy consumption and by synthesis of
proteins, fatty acids and cholesterol. Furthermore, AMPK plays a key role in cdlls, by
maintaining homeostasis under conditions of cellular stress (234-235). Severa studies
have shown that a reduced activation of AMPK is involved in a series of diseases,
characterized by insulin resistance, including obesity, metabolic syndrome and diabetes
(235-238). It was aso demonstrated that AMPK has an important anti-inflammatory role
through inhibition of NF-kB pathway. Recently it was shown that this process is mediated
by activation of SIRT1 by AMPK through a mechanism not fully known, but probably
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due to direct phosphorylation of SIRT1 protein by AMPK. This mechanism is atered in
particular in endothelial dysfunction induced by diabetes and hypertension (234).

ERK and SIRT1

The extracellular regulating kinase (ERK 1 and 2) belongs to the family of
mitogen activated protein kinases (MAPK) and are important regulators of signal
transmission within the cells. They are specific serine/threonine kinases involved in the
regulation of several cellular processes. Their activation is mainly induced by activation
of stimulatory G protein-coupled receptors. ERK1 and ERK2, when activated,
phosphorylate a number of molecular targets including several cytoplasmic proteins and
nuclear transcription factors thereby regulating various cells activities including:
apoptosis, cell cycle and expression of various genes. It has been demonstrated that ERK
can be activated by different metabolic pathways including the PI3/Akt and the AMPK
pathway (239-241). A link between ERK and the molecular target SIRT1 is currently

unclear.

AIMS OF THE STUDY

Aim of the present study is to verify, in vitro, in endothelia cells (HUVEC), the
effects of treatment with GLP-1(7-37) and GLP-1 (9-36) NH2 peptides on gene and
protein expression of SIRT1 in conditions of normoglycemia and hyperglycemia. Another
objective was to identify the GLP-1 dependent metabolic pathways that are involved in
SIRT1 activation.

METHODS

EXPERIMENTAL PROTOCOL
HUVEC cells (1x10 ° cells) were incubated with GLP-1 (7 -37) and GLP-1 (9-36)
NH2 (Sigma) at concentration of 2.33 mM in the presence or the absence of the inhibitor

of DPP-4 (vainepirolidide) a 24.1 mM concentration, under conditions of
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normoglycemia and hyperglycemia for 6h, 12, 24h and 48h. The peptides GLP-1 (7-37),
GLP-1 (9-36) NH2 and the DPP-4 were kindly provided by the Department of Chemistry,
University of Padua (Prof. L.Toniolo). During incubation with GLP-1 peptides, the cells
were placed in quiescence (3% FBS) in complete medium. After treatment with different
peptides, the cells were immediately collected for extraction of RNA or proteins.

EXPERIMENTS IN HUVEC CELLS
Cdl culture

The experiments were performed in human endothelial cells (HUVEC) extracted
from umbilical vein, obtained from Clonetics Inc. (SanDiego, USA) (Fig. 9). The célls
were cultured in complete medium (PromoCell, Heidelberg, Germany), containing 10%
fetal bovine serum (FBS Sigma), 0.02% of Supplemental Mix / Endothelial Cell Growth
Medium (Promo Cell, Heidelberg, Germany) and 1% penicillin and streptomycin
(Sigma). The cells were maintained in an incubator at 37° C in a humidified atmosphere,
with 5% CO 2 in the presence of normal levels of glucose (5.5 mmol/L). They were
commonly used between the third and sixth passage.

Figure 9. HUVEC image at microscope
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Cdl vitality

Endothelia cell vitality was measured before and after treatment with GLP-1
peptide by Trypan Blue. This chromophore is negatively charged and is unable to pass
through the intact cell membrane, but through that of dead cells, which turn into blue.
This alows the easy discrimination of alive cells (which excluded the color) from those
death, by simple observation under a microscope. Usually, celular vitality in our

experiments corresponds to 80-90%.

GENE EXPRESSION OF SIRT1

RNA extraction

RNA was extracted and purified from endothelial cells using the RNeasy Mini kit
(QIAGEN), by separation on silica columns and elution using Eluition buffer (QIAGEN).

Quantification of RNA

RNA concentration (mg/l) was determined by spectrophotometric analysis (NanoDrop
2000C, Thermo Scientific) at A of 260 nm. The absorbance value at A of 260 nm allows us
to quantify total RNA extracted using the formula

44 microgram/ml x A260 x dilution factor.

The quality of RNA was determined by electrophoresis on Agilent microchip
(RNAG600ONano kit). Values greater than 8 R..N. were considered optima for
subsequent analysis.
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Reverse transcription of RNA

The reverse transcription reaction is used to amplify the double stranded DNA
from the extracted single-stranded RNA. During the RT phase (reverse transcription) the
enzyme reverse transcriptase synthesizes a single-stranded DNA molecule (cDNA)
complementary to the template RNA. The RT reaction was performed using the iScript
cDNA Synthesis Kit (Bio-Rad). The temperature gradient of the reaction consists of a
first phase at 25 ° C for 5 minutes, a second at 42 ° C for 30 minutes to activate the
reverse transcriptase and a third at 85 ° C for 5 minutes to inactivate the reverse

transcriptase

Real-Time PCR

The quantification of gene expression of SIRT1 was obtained by Real Time-PCR
using specific primers and a fluorescent probe (SY BR-Green). This fluorescent probe has
the particularity to emit fluorescence only when bound to double-strand of the
amplification product of the oligonucleotidic sequence (300 bp) of the gene of interest.
Conseguently the increase of fluorescence signal will be proportiona to the amount of
amplification product obtained by the PCR reaction that corresponds to the value of the
threshold cycle (Ct). In fact, in real-time PCR reaction, monitored in real time for 40
cycles, asigmoidal curveis obtained, where the first 10-15 cycles correspond to values of
fluorescence given by the background noise (background), then between 15-25 cycles the
reaction has an exponential proceeding and then it flexes and reaches the plateau (30-40
cycles). The value of Ct, used to quantify the product of the PCR reaction, corresponds to
Ct where the fluorescence increase results to be significantly higher than baseline levels
(background) measured during the first cycles of amplification.

The Real-Time PCR was performed using the i-Cycler iQ5 Real Time detection
system (Bio-Rad). The Real-Time PCR reaction was performed using iQ SYBR Green
Supermix Kit (Bio-Rad) and the specific primers for the genes of interest. The PCR
reaction is carried out with a total of 20 ul containing 10 ul of PCR-SYBR Green PCR
Master Mix 2x (Biorad), 2 ul of forward primers (400 nM), 2 ul reverse primer (400 nM),
2 ul H20 and 4 pl of cDNA (equivalent to 1/5 of the reverse transcription). The thermal
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profile of the reaction includes areaction cycle at 95 ° C for 5 min (to activate the enzyme
Taq polymerase) and 40 cycles consisting of 15 seconds at 95 ° C (for denaturation) and 1
min at 60 ° C (for the hybridization and extension phase ). The oligonucleotide sequences
of the primers for SIRT1 and the housekeeping gene B-actin were designed in our
laboratory using the Primer3 (Whitehead Institute, Cambridge, Massachusetts, USA) and
Operon (Operon Technologies Inc., Alameda, California, USA) software. The specificity
of the primers was verified by agarose gel electrophoresis and by melt-curve analysis that
alows to obtain the temperature a which half of the complementary molecules are
hybridized. This allows to verify the presence of primer dimers or the presence of
nonspecific products in PCR reaction. After verifying that the choice of primers was
optimal, calibration curves for each gene at scalar concentrations (dilution 1:2) of total
RNA were made. This has alowed to obtain the efficiency of the PCR reaction that must
be approximately of 100%. Using the calibration curves, the slope values, the intercept of
the regression line (r) and coefficient of correlation of the points were obtained. The slope

value is then used to calculate the efficiency of the PCR reaction:

E(eff)= 10 -1/slope

The quantification of the expression of the gene of interest is of relative type because it is
normalized for a housekeeping gene and is calculated using the following mathematical

formula:

expression= 2-44Ct

where -AACt= [(Ct (SIRT of a sample) — Ct (B-actin of a sample)] — [(Ct (SIRT of a
normalizer) — (Ct ( B-actin of anormalizer)].
Normalizer is defined as a sample with expression value of 1, in our case the j3-

actin.

GLP-1R RECEPTOR GENE EXPRESSION IN HUVEC

The determination of gene expression of the GLP-1R receptor in HUVEC cells
was performed by PCR and the amplification product (278 bp) was detected by 1%
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agarose gel electrophoresis. PCR reaction was performed using High Fidelit PCR System

kit (Roche) using the primers:
sense (forward) GAGGAACCGGAACAACATTG

antisense (reverse) CCAAGTGACTGGCAGGAGAT.

PROTEIN EXPRESSION OF AKT/P-AKT, AMPK/P-AMPK, ERK/PERK

Protein extraction

After incubation with GLP-1 peptides HUVEC cells were lysed with 150 pl of
hypotonic buffer containing: 20 mmol HEPES, 2mmol EGTA, 10 mmol
glycerophosphate, 1mmol DTT (ditiotritol), 2mmol vanadium, 10 mmol
fenilmetilsulfonil fluoride (PMSF), 1 mmol leupeptin, 1 pg/ml aprotinin. The cells are
detached at the bottom of the plate by means of a "scraper”, collected and stored at -80 °
C.

Then the protein lysate was sonicated in lysis buffer and the homogenate was
centrifuged at 800 x g for 10 min at 4°C to remove cell debris. All this must occur at

temperatures around 4 ° C to avoid protein degradation.

Protein assay by an assay with BCA

To determine the total concentration of protein in a solution of lysate an assay
with BCA (bicinchoninic acid, Euroclone) was used. This method is extremely sensitive
and precise, it can revea quantity of protein less than 0.5 ug/ml. It is based on the
chemical principle for which under alkaline conditions copper ions Cu % form a complex
with peptide links of proteins and are reduced to Cu” (fig 10).

Bicinchoninic acid under alkaline conditions is a highly sensitive, stable and
specific reagent for Cu+, and forms with it a purple colored compound, whose intensity is
proportional to the amount of protein. The change in intensity is determined by
spectrophotometric absorbance at 562 nm. The concentration value is then extrapol ated
from a calibration curve previously constructed using samples of bovine serum abumin

of known concentration.
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OH
Protein + Cu*? cu't

cul + 2BCA

Figure 10. Bicinchoninic acid reaction

Western blot

Protein expression and activation of Akt, AMPK and ERK was measured by
polyacrylamide gel e ectrophoresis and Western blot. Proteins (50-200ug) were denatured
in Laemmli buffer, containing dithiothreitol (DTT) and SDSin 1:9 ratio, at 100 ° C for 5
minutes. The protein separation was performed by polyacrylamide gel electrophoresis
SDS-PAGE 10%, with the electrophoresis buffer containing 0.12 M TRIS, 1.23 M
glycine, 0.01 M SDS. The proteins were then transferred through electroblotting (for 180
minutes at 100 V a 4 ° C) on a nitrocellulose membrane using a Transblot device
(Elettrofor, Padua, Italy) with the blotting solution containing 48 mM TRIS, 39 mM
glycine, 0,037%, SDS and 20% Methanol (vol/val). The proteins, once transferred to a
membrane, were incubated with a solution of PBS containing 0.05% (vol/vol) Tween (T-
PBS) and 5% albumin, overnight at 4 ° C. The membranes were again incubated
overnight with primary antibodies anti-Akt, anti-ERK1/2, anti-AMPK (dilution 1:2000,
Santa Cruz Biotechnology) and anti-p (phospho) Akt, anti-p (phospho) ERK1/ 2,
antip(phospho) AMPK (Cell Signaling Biotech) and then with secondary antibody
(Amersham) conjugated to horseradish peroxidase.

The detection of antibody binding with the protein under examination was made
by chemiluminescent reaction (ECL) using the Versa-Doc Imaging System 3000
(BioRad) (Figure 11). The densitometric analysis of the bands corresponding to the
protein in question was analyzed using the software Quantity One (Biorad) that allows the
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measurement of the protein in examination expression. The primary antibody was then
removed from the membrane by incubation at 50 ° C for 30 minutes in a solution
containing 0.76 g Tris base, 2 g SDS, 700 ul B-mercaptoethanol at pH 6.8 and incubated
again with primary antibody anti-GAPDH (glycera dehyde-3-phosphatodehidrogenase,
1:5000, Chemicon). The densitometric analysis of the expression of GAPDH was used to
normalize the expression of the protein under consideration and to correct any errors in
sample loading. The results were expressed as the percentage of control, which was set as
egual to 100%.
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Figure 11. Chemiluminescent detection of western blot

STATISTICAL ANALYSIS

All the quantitative results were expressed as the mean £SD. The statistical analysis was
performed by SPSS18 software package. Comparison of numerical variable data was
conducted with analysis of variance (ANOVA) and statistical significance was set at
P<0.05
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RESULTS

GLP-1R-RECEPTOR EXPRESSION IN HUVEC

The presence of GLP-1R receptor in endothelial cells HUVEC was documented
by RT-PCR with gpecific primers for receptor mRNA and 1% agarose gel
electrophoresis. Figure 12 shows the presence of a single band corresponding to the
amplification product of 278 bp obtained by PCR reaction of GLP-1 receptor RNA .

278bp (GLP-1R)

Ma (bp) HUVEC

Figure 12. Electrophoresis on 1% agarose gel of GLP-1R. The first left column (Ma)
represents the marker, while the other two columns represent the presence of a band at
278 bp indicating the presence of GLP-1R in endothelial cells.

EFFECTS OF GLP-1 PEPTIDES ON SIRT1 GENE EXPRESSION
UNDER NORMOGLY CEMIA

HUVEC have been treated for 24h and 48 h with GLP-1 (7-37) and GLP-1 (9-
37)NH2 in the presence and absence of DPP-4 inhibitor, in conditions of normoglycemia
(glucose concentration 5.5 mM) (fig 13 and 14). Gene expression of SIRT1 was measured
by means of real time PCR. As shown in figure 13 and figure 14 treatment with GLP-1
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peptides did not modify SIRT1 expression either in the absence, or in the presence of
DPP4 inhibitor.

14

1,2

B - inhibitor

0,6 w .+ inhibitor

04 -

Gene expression of SIRT1

CTRL24 h CTRL 48h GLP1(7-37)24h GLP1(7-37)48h

Figure 13. Effect of GLP-1 peptide (7-37), in the absence and presence of the DPP-4 inhibitor on
gene expression of SIRT1 at 24 and 48 hours. The graph shows that there is no effect on the
expression of SIRT. Values are expressed as mean + SE, n = 3.
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Figure 14. Effect of GLP-1 peptide (9-36) NH2, in the absence and presence of the DPP-4
inhibitor on gene expression of SIRT1 at 24 and 48 hours. The graph shows that there is no effect
on the expression of SIRT. Values are expressed as mean £ SE, n = 3.

EFFECTS OF GLP-1 PEPTIDES ON SIRT1 GENE EXPRESSION
UNDER HYPERGLICEMIA

Recently our group demonstrated that SIRT1 gene and protein expression was
reduced in human linfomonocytes (THP-1) in the presence of high glucose levels (20
mM) for 48 h compared to what happens in normoglycemic conditions (210). This effect
is due to an increase of oxidative stress and reactive oxygen species (ROS) production
induced by hyperglycemia which inhibits SIRT1 expression. We investigated the effects
of GLP-1 and DPP4 inhibitor on SIRT1 expression in condition of hyperglycemia
(20mM) at 48 h, as hyperglycemiainduced reduction of SIRT highest at 48 h (210).
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Figure 15. Gene expression of SIRT1 at 48 hours after treatment with the GLP-1 peptides and
rI]Dlin-4 inhibitor under conditions of hyperglycemia (20 mM). Values are expressed as mean + SE,

Measurement of SIRT1 gene expression by real time PCR shows that in
hyperglycemia SIRT expression is reduced compared to normoglicemia (5,5 mM)
confirming previous observations (fig.15). Treatment of cells with GLP1 (7-37) and
GLP1 (9-37) in conditions of hyperglycemia normalizes SIRT expression. The increase of
SIRT expression levels induced by GLP-1 peptides was not affected by DPP-4 inhibitor
treatment.

EFFECTS OF GLP-1 PEPTIDES ON ACTIVATION OF p-AKT, p-AMPK
AND p-ERK

GLP-1, by interacting with GLP-1 receptor coupled with G proteins or
independently of the receptor activate different intracellular signal transducting pathways,
in particular extracellular regulated enzymes (ERK1/2), IP3/Akt pathway, and AMPK,
which induce different cellular and molecular effects, dependent on the cell type. To
investigate wheter the GLP-1 induced increase of SIRT1 expression in condition of
hyperglycemia is dependent on one or more of these intracellular pathways, we studied
the effects of GLP-1 on Akt, AMPK and ERK activation.
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EFFECTS OF GLP-1 PEPTIDES ON ACTIVATION OF p-AKT

HUVECs were treated for different times (5 min, 10 min, 30 min, 1 h, 3 h, 24h,
48h) with GLP-1 (7-37) and GLP-1 (9-37), in the presence or absence of DPP4 inhibitor.
Fig.16 and Fig.l7 show the effect of GLP-1 (7-37) on AKT measured by
phosphorylation levels of AKT protein.

p-Akt - .
Akt - — h —— —— — C— —  —
Ctvl 5S5m 10m 30m 1h 3h Cwl  6h 24h  48h

Figure 16 . Western blot of Akt and p-Akt after treatment of endothelial cells with GLP-1
(7-37).

GLP-1 induced AKT phosphorylation is highest at 1 hour, it remains high up to 24
hours and it normalizes at 48 h. Treatment of HUVEC with GLP-1 (9-37) NH2 didn’t
affect AKT phosphorilation . The presence of DPP4 inhibitor had no effect on AKT

activation.

—a— GLP1(7-37)

—a— GLR1(7-371+HN

——— GLP1(5-36)MNH2
GLP-1(9-36NH2 HN

Akt phosphorylation

o5

ctrl S min 10 min 30 min 1h 3hn 6h 24n 48 h

Time course

Figure 17 . Akt phosphorylation over time after treatment with GLP-1 (7-37) and GLP-1
(9-36) NH2 in the presence and absence of DPP-4 inhibitor. Values are expressed as
mean = SE, n = 3.
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EFFECT OF GLP-1 PEPTIDES ON AMPK ACTIVATION

The effects of GLP-1(7-37) and GLP-1 (9-36) on AMPK activation were studied
in conditions of normoglycemia (5.5mM). Figure 19 shows the effects of GLP-1(7-37)
and GLP-1(9-36)NH2 on AMPK activation measured by AMPK phophorylation levels.

p-AMPK - — . — -

— —— T — —  —

AMPK

Ctrl 10m 1h 6h  24h 48h

Figure 18 . Western blot of AMPK and p-AMPK after exposure of endothelial cells with GLP-1
(9-36).
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Figure 19 . Phosphorylation of AMPK over time after treatment with GLP-1 (7-37) and GLP-1
(9-36) in the presence and absence of DPP-4 inhibitor. The values are expressed as mean = SE, n

=3
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Figure 19 shows that treatment with GLP1 (9-36)NH2 induced a marked increase in
AMPK phosphorylation achieving a peak after 6 hours, which is not affected by DPP4
inhibitor. GLP-1(7-37) had no effect on AMPK activation.

EFFECTS OF GLP-1 PEPTIDES ON ERK ACTIVATION

HUVECs were treated for different times (5 min, 10 min, 30 min, 1 h, 3 h, 24h, 48h) with
GLP-1 (7-37) and GLP-1 (9-37), in the presence or absence of DPP4 inhibitor. Asit can
be seen in figure 20 there is no effect of GLP-1 peptides and of DPP4 inhibitor on ERK

activation.
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Figure 20 . ERK phosphorylation over time after treatment with GLP-1 peptides in the presence
and absence of DPP-4 inhibitor.
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DISCUSSION

Our study demonstrates that in human endothelial cells GLP-1 peptides, GLP-1
(7-37), and GLP-1 (9-36) NH2 antagonize the negative effects of hyperglycemia on the
expression of SIRT1. In fact, both peptides have the ability to normalize SIRT1 gene
expression, which is decreased in conditions of hyperglycemia. On the contrary, treatment
with GLP-1 peptides, has no effect on the expression SIRT1 in normoglycemia.

The study aso shows that the peptide GLP-1 (7-37) induces specifically the
activation of phosphatidyl inositol-3 kinase (IP-3)/Akt pathway in HUVEC, while GLP-1
(9-36) leads to activation of the AMPK pathway. On the other hand we did not observe
any effect of these peptides on the activation of ERK.

These data suggest a possible protective effect of GLP-1 peptides on vascular
injury, manifested by increased expression of SIRT1 in conditions of hyperglycemia, that
could involves two different intracellular signal transduction pathways for the two
different peptides. The clinical importance of these aspects is evident if we anayze the
results of a number of studies, which demonstrate the reduction of gene expression of
SIRT1 in the endothelium in patients with diabetes, which plays a role in the onset and
progression of atherosclerosis (196-209).

SIRT1 is a therapeutic target for the prevention and treatment of macrovascular
complications, which are the leading cause of death in diabetes mellitus. The results of
this study confirm a reduced expression of SIRT1 gene expression under conditions of
hyperglycemia and demonstrate that GLP-1 peptides normalize the expression of SIRT1
reduced by hyperglycemia.

To our knowledge this is the first observation of the ability of GLP-1 to modulate
the regulation of gene expression of SIRT1 in conditions of cellular stress, caused by the
presence of high concentrations of glucose, and not in normoglycemic conditions,
suggesting a specific protective effect against the vascular damage induced by
hyperglycemia. Recent in vitro studies have shown that some effects of GLP-1, as the
reduction of oxidative stress and reduced expression of adhesion molecules, occur only in
pathological conditions (hyperglycemia or endothelial damage) and not in normal
conditions (192). This finding is therefore of very important biological and clinical
significance, since the normalization of the expression of SIRT1 in hyperglycemia may
have a beneficia effect at endothelial level. In particular, it can regulate cell metabolism,
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reduce inflammation, reduce production and increase disposal of reactive oxygen species,
inhibit apoptosisand the development of atherosclerosis (196-209).

This study in addition to assessing the effects of GLP-1 on SIRT1 gene
expression, investigated the possible molecular pathways through which GLP-1 peptides
modulate the expression of SIRT, and in particular Akt, AMPK, ERK pathways were
analyzed.

The magjority of the actions of GLP-1 peptide (7-37) occurs as a result of the
peptide interaction with the receptor GLP-1R, even if effects non mediated by GLP-1R
have aso been documented. The action of GLP-1 (9-36) is currently not well known.
Probably the peptide does not bind to the GLP-1R, given the very low affinity for the
receptor and non-receptorial mechanisms or the existence of a second receptor seem to be
involved (59,84,140,141). The binding of GLP-1 to its receptor activates adenylate
cyclase, resulting in increased CAMP and activation of various metabolic pathways
including IP3/Akt and ERK pathways (143-147). Our results demonstrate also the
activation of Akt in endothelia cells following treatment with the GLP-1 (7-37) peptide,
while the other peptide studied, GLP-1 (9-36), did not stimulate IP3/Akt pathway. The
activation of this pathway is very important because it regulates various cell processes
such as increased transcription of eNOS, inhibition of the secretion of ET-1, inhibition of
apoptosis and increased transcription of glucose transporters. In addition, some studies
have shown the involvement of the IP3/Akt pathway aso in the regulation of SIRT1gene
expression. In particular, it has been demonstrated that, if activated, Akt pathway is able
to reduce the synthesis of a specific microRNA (miR-199th), which is a regulation factor
for SIRT1 expression, by binding to 3-UTR (untranslated) sequence of SIRT1 mMRNA,
thus increasing the gene expression of SIRT1 (229). To reinforce the hypothesis of alink
between Akt and SIRT1, a very recent study demonstrated the increased SIRT1 gene
expression through 1P3/Akt pathway activation induced by statins (230). Based on these
experimental data it can therefore be hypothesized that increased expression of SIRTL,
induced by GLP-1 (7-37), under conditions hyperglycaemia may involve the activation of
|P3/Akt.

Activation of the AMPK pathway by GLP-1 active isotypes has also been
described in different tissues, but whether this effect is mediated by the GLP1 receptor or
by a non receptor mechanism is still unknown. In the liver this pathway mediates GLP1
inhibition of lypogenesis (242), in endothelia cells a GLP-1 analogue, liraglutide, exerts

anti-inflammatory properties through activation of AMPK (71), in cardio-myocytes
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AMPK pathway mediates GLP-1 protection from ischemia (243). On the other hand, it
has been demonstrated that GLP-1 inhibits AMPK causing appetite loss through GLP-1
receptor binding mechanism.

Until now there was no evidence of any effect of GLP1(9-36) on the AMPK
pathway. The data of our study show, for the first time, that the peptide GLP-1(9-36)
induces activation of AMPK in endothelial cells possibly via a GLP1R independent
mechanism while there is no effect by the other peptide, GLP-1 (7-37).

The identification of GLP-1R in endothelia cells implies a possible action with
receptor mechanism by peptide GLP-1 (7-37) and an action with extra-receptoria
mechanism by peptide GLP-1 (9-36), which has alow receptor affinity. The activation of
the latter pathway is very important because it regulates various cellular processes such as
control of cellular metabolism, inhibition of apoptosis and inhibition of inflammatory
state.

Some studies have shown a possible link between AMPK pathway and SIRT1,
and in particular evidence that activation of AMPK increases the expression of SIRT1
gene, resulting in inhibition of NF-kB and reduction in the inflammatory state, is
emerging (234)

Activation of ERK following treatment of endothelial cells with GLP-1 peptides
was aso evaluated, but we could not find evidence for effects of ERK activation by

GLP-1 peptidesin our experimental conditions.

CONCLUSIONS

The demonstration that GLP-1 is able to specifically normalize the expression of
SIRT1 in hyperglycemia represents a new and promising therapeutic approach for type 2
diabetes mellitus and its complications, especially for the macrovascular complications.
In addition to their metabolic effects GLP-1 agonists may improve endothelial function
and reduce the risk of micro- and macrovascular complications. The finding of two
different metabolic pathways activated by the two peptides studied suggests the existence
of two independent mechanisms of action: GLP-1 (7- 37) by binding to the receptor
activates the 1P3/Akt pathway while GLP-1 (9-36) activates AMPK, probably through an
extrareceptorial mechanism. This may stimulate research for new pharmacological
pathways for the modulation of GLP-1 effects.
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