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Abstract

Background: The history of glucagon started in 1920s when Kimball and Murlin stated that a
circulating molecule with an impact on glucose homeostasis oppose the insulin effect is present.
The glycogenolytic, ketogenic and gluconeogenic effects of glucagon were demonstrated in dogs
at first. Shortly after glucagon was refined and sequenced at Eli Lilly (IN, USA), and constructed
commercially by the company for treatment of insulin-induced hypoglycemia. Classically, the
pathogenesis of T2DM is centralized on insulin resistance and B cell dysfunction; however the
inappropriately raised a -cell function and resultant hyperglucagonemia have long been identified
as a supporter of hyperglycemia in diabetic patients by promoting glucose production by the liver.
Glucagon'’s positive inotropic and chronotropic impacts were first shown in the isolated heart of
cats, guinea pigs, rats, and dogs and were thereafter proved in vivo in humans. Although several
hormones might be involved in postprandial insulin secretion, most of the incretin effect can be
explained by increases in glucose dependant insulinotropic peptide so-called gastric inhibitory
polypeptide (GIP) and glucagon-like peptide 1 (GLP-1). GLP-1 is secreted from the intestinal L cells
that are located with increasing density from the duodenum to the colon. Agonists of the GLP-1
receptor improve glycemic control via both their acute insulinotropic action and, under certain
circumstances, also by chronic action to preserve B-cell mass through stimulation of (3-cell
proliferation and inhibition of apoptosis. Endothelial dysfunction is a common co-morbidity
associated with insulin resistance and T2DM. Treatment of type-2 diabetic patients that present
coronary artery disease with GLP-1 improves endothelial function without affecting insulin
resistance.
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Introduction

The history of glucagon started in 1920s when Kimball and Murlin stated that a circulating
molecule with an impact on glucose homeostasis oppose the insulin effect is present. The
glycogenolytic, ketogenic and gluconeogenic effects of glucagon were demonstrated in dogs at first.
Shortly after glucagon was refined and sequenced at Eli Lilly (IN, USA), and constructed

commercially by the company for treatment of insulin-induced hypoglycemia (1).

Glucagon physiology

Bioactive glucagon is secreted after enzymatic cleavage of the proglucagon precursor by
prohormone convertase 2 (PC2) to produce 29 amino acids glucagon molecule . Glucagon is
produced from a cells of pancreas in response to falling glucose levels (hypoglycemia e.g., long-
term fasting) or rising concentrations of amino acids (2). Its secretion is also regulated by the
autonomic nervous system and the intestinal peptides (oxyntomodulin and glucose-dependent
insulinotropic polypeptide (GIP) enhance whereas GLP-1 inhibits glucagon secretion) (1).

In addition to the complexity of stimulatory and inhibitory extrapancreatic factors, glucagon
secretion is also regulated by intra-islet factors (paracrine regulation) (3); the secretion of which
may, in turn, depend on stimulation by gut-derived hormones and/or neural signals; these signals
include somatostatin (from & cells) and possibly amylin, insulin, Y aminobutyric acid and zinc

(from B cells) (4).
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Figure (1): Molecular processing of proglucagon to glucagon in humans and immuno-based
methods for detection.
NB: Glucagon (33-61) results from prohormone convertase 2-dependent processing of

proglucagon (1-160).

Glucagon carries out the following functions:

Glucagon boosts insulin secretion and may in this way; regulate its secretion via insulin receptors
expressed on the a cells (5). However, insulin arriving via the arterial supply to the a cells may
also directly inhibit glucagon secretion (6).

On lipid metabolism:

igapo-lipoproteins by liver. In addition, glucagon determines lipolysis in white adipose tissue.

- Glucagon increments energy expenditure and thermogenesis by incrementing oxygen
consumption, blood flow and heat production in brown fat

- Glucagon increments fatty acid oxidation and ketone-body production (7)
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Glucagon lowers food intake, increases satiation (possibly mediated through ghrelin), decrements

gastric emptying, and inhibits motility of gastrointestinal tract (8).

Glucagon has positive chronotropic and inotropic effects on the cardiac muscle (1).

Glucagon regulates secretion of other hormones, such as growth hormone, ghrelin, insulin,
somatostatin, and cortisol (8).

Glucagon’s effects on T2DM development

Schematically, T2DM is discriminated by: B-cell failure, a-cells insulin resistance and decreased
incretin effect.

B-cell failure due to a partial loss of B-cell mass and B-cell dysfunction, affected by genetic
background and by long term exposure to gluco- and lipotoxicity, amylin and advanced glycation
end products (AGEs).

a-cells insulin resistance the so called by Unger and Orci, “paracrinopathy” and T2DM “a bi-
hormonal disorder”. In T2DM, a-cells might be resistant to the inhibitory impact of insulin or to
other B-cell secretory products such as zinc or y-aminobutyric acid (9).

Classically, the pathogenesis of T2DM is centralized on insulin resistance and 3 cell dysfunction;
however, the inappropriately raised a -cell function and resultant hyperglucagonemia have long
been identified as a supporter of hyperglycemia in diabetic patients by promoting glucose
production by the liver (10). Certainly, raised fasting levels of glucagon, inappropriate glucose-
induced glucagon inhibition and disrupted insulin—glucagon interaction in the postprandial period
were expressed in patients with T2DM, in contrast to healthy individuals who expressed plasma
glucagon and insulin levels inversely correlated in the postprandial state. The flop of the inverse
relationship between these two hormones in T2DM patients might be secondary to the diminished
mass of insulin pulses and implies that alterations in the cross-talk between 8 - and a -cells may
underlie hyperglucagonemia (11).

Glucagon’s effects on the cardiovascular system

Farah and Tuttle were the first to document that glucagon operates on the heart to augment
cardiac output by enhancing the potency and length of cardiac contractions. Glucagon’s positive
inotropic and chronotropic impacts were first shown in the isolated heart of cats, guinea pigs, rats,
and dogs (12) and were thereafter proved in vivo in humans (13).

The glucagon cardiovascular influences start around 1-3 min after its administration into the
circulation, with a peak after 5 min and a period of up to 20 min. Glucagon’s positive chronotropic
and inotropic impacts are less considerable but lengthier than those observed by the administration
of catecholamines. However, in contrast to catecholamines, glucagon’s cardiac impacts are not
chaperoned by an augmented risk of cardiac arrthythmias. The chronotropic but not the inotropic
impact of glucagon can be stopped by propranolol (B -adrenergic receptor blocker), implying that
glucagon’s impact on myocardial contraction is, against catecholamines, separated from f -
adrenergic signaling (13).

Collectively, these data point to the therapeutic importance of glucagon in the management of

acute heart failure and imply that glucagon has the potential as a life-saving first aid drug to
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neutralize the acute cardiac depressant impact of B-blockers or Ca2+ channel inhibitors. In line

with this concept, in patients with heart disease, the glucagon administration has been shown to
raise heart rate, improve cardiac output, and enhance cardiac index, stroke power index, and left
ventricular ejection and pressure (14).

Glucagon’s cardiovascular impacts are executed by stimulation of adenyl cyclase and thereon
increased production of cAMP in the cardiac muscle. In contrast to catecholamines, the increment
in cAMP levels does not affect the activation of -adrenergic receptors, observable worth
encouraging the usage of glucagon to enhance cardiac function following unexpected abuse of -
blockers (13).

Among HF patients, the more the severity of HF, the less the hemodynamic response to glucagon.
In addition, glucagon shows a weaker response in chronic than in acute HF. The inotropic
properties of glucagon are more powerful in the ventricle than in the atrium. It does not raise
irritability of the myocardium and it is active in the existence of digitalis and propranolol. Thus,
trials for the therapeutic benefits of glucagon have been made in situations of: myocardial
infarction, resistant heart failure, intoxication with 3-/calcium channel blockers, heart block, and
hypotension following cardiac operations (15).

Glucagon also promotes the atrioventricular conductivity and its inotropic action is chaperoned
by an antiarrhythmogenic effect (which might be due partially to raised insulin-mediated uptake
of potassium by the cardiac muscle following glucagon administration) (9).

Furthermore, glucagon can reduce histamine-induced cardiac injury during reperfusion (7) and
reforms the pressure of the coronary perfusion during ischemic vasodilation (16).

As an inotropic agent, glucagon improves heart function and, thus, it improves oxygen

consumption, lipolysis, and beta-oxidation of lipids (10).

Glucagon-like peptide 1 (GLP-1)

The incretin effect is defined as the augmentation of insulin secretion after oral glucose intake
compared with the insulin secretion after an isoglycemic intravenous glucose infusion. In healthy
individuals, the incretin effect is responsible for up to 70% of insulin secretion after an oral glucose
load and is thus essential for postprandial regulation of glucose levels. The incretin effect is
mediated by gut-derived peptide hormones, so-called incretins, which are released in response to
the oral intake of nutrients (17).

Although several hormones might be involved in postprandial insulin secretion, most of the
incretin effect can be explained by increases in glucose dependant insulinotropic peptide so-called
gastric inhibitory polypeptide (GIP) and glucagon-like peptide 1 (GLP-1) (18).

GLP-1 physiology

GLP-1 is secreted from the intestinal L cells that are located with increasing density from the
duodenum to the colon. GLP-1 is produced by post-translational processing of proglucagon by

proprotein convertase subtilisin-kexin type 1 (PCSK1) or PCSK3 (also known as furin) and exists
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in two equally bioactive forms, namely, glycine-extended GLP-1 (GLP-1 7-37) and amidated

GLP-1 (GLP1 7-36) (19).

Following the ingestion of nutrients, a rise in the plasma concentration of GLP1 is observed within
minutes (20). However, owing to local degradation of GLP1 by the enzyme Dipeptidyl-peptidase
4 (DPP 4) and further degradation by DPP4 in the liver, only 10-15% of endogenously released
GLP1 reaches the systemic circulation (21).

This rapid degradation of GLP-1 by DPP-4 is responsible for the short half-life of exogenously
administered GLP-1, which amounts to 1-2 minutes. GLP-1 exerts its actions through the GLP-
1 receptors (GLP-1R), which is expressed in numerous tissues, including the pancreas, kidney,
heart, lung, adipose and smooth muscle, as well as in specific nuclei in the central nervous system.
The widespread distribution of the GLP-1R suggests that GLP-1 has several additional effects other

than regulating glucose metabolism (17).
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Figure (2): Effects of GLP-1and GLP-1R on various tissues (17).
Effects on the B-cell
GLP-1 effects on insulin secretion
In the pancreatic -cells, stimulation of the GLP-1R results in glucose-dependent insulin secretion,
meaning that the insulinotropic effects of GLP-1 are present only when plasma levels of glucose
are above normal fasting plasma levels. Additionally, GLP-1 is a strong inhibitor of glucagon
secretion (which is also strictly glucose dependent), which is possibly mediated by a direct effect

on the pancreatic a-cells. However, this inhibitory effect is more likely to occur via the paracrine
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effects of increased levels of somatostatin and insulin from neighboring 8-cells and B-cells,

respectively (19).

In addition to its ability to stimulate insulin secretion, GLP-1 promotes insulin synthesis via
stimulation of insulin gene expression (13).

Moreover, its effect on the endocrine pancreas, GLP-1 has a pronounced effect on gastrointestinal
motility. The presence of nutrients in the small intestinal lumen, particularly in the ileum, which
is rich in L cells, induces the release of GLP-1, which delays gastric emptying and thereby postpones
nutrient uptake from the gut to result in reduced postprandial plasma glucose excursions (17).
This physiological phenomenon is known as ‘the ileal brake’. Importantly, the delay in gastric
emptying seems to be dependent on the intermittent activation of the GLP-1R, as this effect is lost
when GLP-1Rs are continuously activated (22).

GLP-1 effects on B-cell proliferation and apoptosis

The progression to T2DM is invariably associated with a decline in functional -cell mass. The
replication rate of human B-cells is greatest in young childhood and puberty but declines with
increasing age (23).

Collectively, these observations suggest that age related changes in -cell neogenesis and replication
might be causally linked to the development of T2DM diabetes (24).

Agonists of the GLP-1 receptor improve glycemic control via both their acute insulinotropic action
and, under certain circumstances, also by chronic action to preserve B-cell mass through
stimulation of B-cell proliferation and inhibition of apoptosis (6).

Cardiovascular effects of GLP-1

GLP-1R mRNA was discovered to be in the heart of rats and humans. Expression was subsequently
confirmed at the protein level and histologically. In the mice scattered GLP-1R expression was
detected in cardiomyocytes of the atrium but not in the ventricles, and widespread expression was
detected in smooth muscle cells of coronary vessels (13).

In humans, the presence of GLP-1R has primarily been demonstrated in the endothelium, the
coronary arteries and the smooth muscle cells (25).

Although best known for its insulinotropic and weight lowering action, GLP-1R agonism also
confers a series of beneficial effects on the cardiovascular system in rodents. These include an
increase of cardiomyocyte survival via inhibition of apoptosis, improvement of regional, global
cardiac output following injury and heart failure (26) and amelioration of endothelial dysfunction
9).

Effects of GLP-1 on cardiac performance after cardiac Injury

Endothelial dysfunction is a common co-morbidity associated with insulin resistance and T2DM.
Treatment of type-2 diabetic patients that present coronary artery disease with GLP-1 improves
endothelial function without affecting insulin resistance (25).

Similar findings have been reported for GLP-1 treatment of TIDM but GLP-1 improvement of
endothelial function seems to be related to native GLP-1 and is not observed when GLP-1R

agonists are compared head-to-head with equally glucose lowering medications. GLP-1
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improvement of endothelial function, assessed by flow-mediated vasodilatation, was also

demonstrated during a hyperglycemic clamp in patients with T2DM and normoglycemic controls
9).

In dogs with acute myocardial infarction, infusion of GLP-1 improves cardiac performance by
increasing myocardial glucose uptake and by enhancing left ventricular function. In the same
animal model, infusion of GLP-1 limited myocardial stunning (ventricular dysfunction without
myocardial necrosis) following reperfusion. These data are in agreement with non-controlled
clinical studies reporting that 72 h of native GLP-1 infusion improved regional and global left
ventricular performance in patients with acute myocardial infarction and severe systolic
dysfunction (27).

Generally, these data indicate that GLP-1 improves cardiac performance and output in the post-
ischemic heart but otherwise may decrease cardiac output under non-pathological conditions.
These data suggest that cardiomyocyte GLP-1R signaling is required for regulation of HR but is
unrelated to the cardioprotective effects of GLP-1R agonism following cardiac injury (13).
Cardio metabolic effects of GLP-1(9-36amide)

Accumulating evidence indicates that some cardiac effects of GLP-1(7-36amide) are actually
mediated via the DPP-4-generated GLP-1(9-36amide) and its smaller degradation products and,
thus, are independent of GLP-1R signaling. At a dose of 0.3 nmol/L, pretreatment with GLP-1(7-
36amide) improves recovery mice. Collectively, these data indicate that pharmacologic
administration of GLP-1(9-36amide) may have a functional role to improve recovery from injury
via GLP-1R-independent mechanisms, whereas GLP-1(7-36amide) but not GLP-1(9-36amide)
affects cardiac contractility via GLP-1R signaling (28).

Effect of GLP-1 on heart rate (HR) and blood pressure (BP)

Most human researches found a stimulatory effect of GLP-1 on heart rate (HR) with unchanged
or lowered BP only in hypertensive patients (13). Acute infusion of GLP-1 raises HR and cardiac
output in healthy individuals, via GLP-1-induced vasodilation in skeletal muscle and adipose
tissue. As displayed in health human volunteers, GLP-1 infusion acutely increments blood flow in
the subcutaneous abdominal fat and skeletal muscle without changes in splanchnic blood flow.
Notably, opposite to GIP, the GLP-1 induced increment in adipose tissue blood flow is not
dependent on postprandial hyperglycemia and hyperinsulinemia

GLP-1R agonists (29). lead to reduce BP in people with T2DM. Also, in healthy individuals,
acute administration of GLP-1, GLP-1(9-36amide), or exenatide did not influence renal blood
flow or mesenteric blood flow, excluding splanchnic vasodilatation as a potential mechanism
underlying the chronic hypotensive influence of GLP-1(30).

In a recent meta-analysis of 60 clinical studies, GLP-1R agonists were found to reduce diastolic
BP with a range of - 1.84 to - 4.60 mmHg and to slightly raise HR by 2 to 3.35 beats/min. Relative
to placebo, the decline of diastolic BP only achieved significance for the treatment of exenatide
10pg/twice daily (-1.08 mmHg) (31).
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Potential mechanisms underlying GLP-1 improvement of BP may include GLP-1-induced

vasodilatation and activation of nitric-oxide-dependent mechanisms. GLP-1R agonists could also
enhance BP via its capacity to promote sodium excretion (natriuresis) through the
kidneys (29). The chronic steady-state BP is affected by the intravascular volume, which is affected
by the vascular tone and the extracellular fluid volume (ECFV); the ECFV is in turn defined by
the sodium balance. Accordingly, when BP increments, the kidneys respond by enhancing
natriuresis to reduce BP via lowering the ECFV. GLP-1R agonists acutely facilitate natriuresis in
rodents and may also do so in humans, reducing BP, potentially also via lowering the ECFV (32).

GLP-1 and heart failure

Short-term infusion of recombinant GLP-1 over 48 h has been revealed a great enhancement in
LV systolic and diastolic function, and boost insulin sensitivity and glucose uptake in cardiac
muscle in the canine model of rapid pacing-induced dilated cardiomyopathy. Interestingly, GLP-
1(9-36) exerts similar valuable consequences to native GLP-1 in this model, supporting the
growing evidence that the metabolically inactive format of GLP-1 may recreate an active function
in the cardiovascular system. Moreover, spontaneously hypertensive HF-prone rats (featured with
hypertension, obesity, insulin resistance, and dilated cardiomyopathy), treated with long term
GLP-1 from nine months of age (when they started to develop advanced HF and death) exhibited
preserved contractile function of the myocardium, incremented myocardial glucose uptake,
enhanced survival and a significant decline in myocyte apoptosis (33).

Importantly, these experimental data are supported by preliminary clinical trials demonstrating
that GLP-1 may also enhance LV contractile function in patients with chronic HF. An early
analysis carried out on a small group of T2DM patients with chronic HF found that short-term
GLP-1 infusion for three days tended to enhance both systolic and diastolic function, though these
changes did not have statistical significance. However, longer-term GLP-1 treatment (5 weeks) in
both diabetic and normoglycaemic chronic HF patients (New York Heart Association class III and
IV) was reported to significantly enhance myocardial oxygen consumption, LV ¢jection fraction
and functional status, whereas no impact of GLP-1 was observed in patients with normal cardiac

function (33).
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