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Summary

The heavy impact of obesity on the development and progression
of cardiovascular disease has sparked sustained efforts to
uncover the mechanisms linking excess adiposity to vascular
dysfunction. Impaired vasodilator reactivity has been recognized
as an early hemodynamic abnormality in obese patients, but also
increased vasoconstrictor tone importantly contributes to their
vascular damage. In particular, upregulation of the endothelin
(ET)-1 system, consistently reported in these patients, might
accelerate atherosclerosis and its complication, given the
pro-inflammatory and mitogenic properties of ET-1. In recent
years, a number of gut hormones, in addition to their role as
modulators of food intake, energy balance, glucose and lipid
metabolism, and insulin secretion and action, have demonstrated
favorable vascular actions. They increase the bioavailability of
vasodilator mediators like nitric oxide, but they have also been
shown to inhibit the ET-1 system. These features make gut
hormones promising tools for targeting both the metabolic and
cardiovascular complications of obesity, a view supported by
recent large-scale clinical trials indicating that novel drugs for
type 2 diabetes with cardiovascular potential may translate into
clinically significant advantages. Therefore, there is real hope
that better understanding of the properties of gut-derived
substances might provide more effective therapies for the
obesity-related cardiometabolic syndrome.
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Introduction

The incidence of obesity and type 2 diabetes is
still increasing worldwide at an alarming rate, in relation
predominantly to lack of regular physical activity and
consumption of high fat/sugar diets, and carries a heavy
burden in terms of morbidity, mortality and health care-
related costs. One direct consequence of obesity is the
rising incidence of type 2 diabetes, which occurs when
insulin resistance is present and insulin secretion fails to
compensate. Another unwanted complication of excess
body weight is the development and progression of
cardiovascular  disease, with multiple, complex
mechanisms underlying this relationship. Of note, the rate
of obesity-related cardiovascular consequences is higher
with
accumulation that predispose them to the metabolic

in those individuals excessive visceral fat
syndrome, an association of hypertension, disglycemia
and lipid abnormalities that occurs as a consequence of
insulin resistance (Ahima and Lazar 2013). In contrast
with this “metabolically unhealthy” phenotype, obese
patients with predominant fat storage in the subcutaneous
adipose tissue seem to possess a metabolically inert
profile, the so called “metabolically healthy obesity”. In
these individuals, it is likely that subcutaneous adipose
tissue acts as a safe depot for potentially toxic lipids
produced in excess,

thereby leading to improved

metabolic and cardiovascular health due to preserved
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insulin sensitivity, absence of diabetes and reduction of
other risk factors for cardiovascular disease (Lee et al.
2013, Wildman et al. 2008).

Vascular abnormalities in human obesity

Over the last couple of decades, a number of
studies performed in the human circulation in vivo have
defined the main mechanisms underlying obesity-related
vascular dysfunction.

Impaired vasodilator responsiveness
(1996) first reported that,
compared to lean controls, insulin resistant patients with

Steinberg et al.

high body mass index (BMI) or type 2 diabetes have
blunted leg blood flow response to graded doses of
acetylcholine, which is known to be largely mediated by
endothelial release of nitric oxide (NO). These results
were later replicated by Van Guilder ef al. (2006), who
reported impaired endothelium-dependent vasodilation in
normotensive and normoglycemic obese adults, and by
Weil et al. (2011), who observed that the forearm flow
response to acetylcholine is lower in overweight/obese
individuals than in lean controls. In a larger investigation
performed in our laboratory, we have observed that obese
patients have impaired vasodilator response not only to
acetylcholine but also to sodium nitroprusside,
an endothelium-independent NO donor, hence suggesting
impaired vascular smooth muscle responsiveness to NO
in these patients (Schinzari et al. 2015), probably due to
defects in the NO/cyclic GMP/protein kinase G pathway
and/or to increased oxidative stress (Christou et al. 2012).
Of note, among the obese patients included in our study,
those with metabolically “unhealthy” obesity, defined as
the presence of at least one glucose or lipid abnormality
characteristic of the metabolic syndrome, had further
impairment in the responsiveness to acetylcholine, but
their
observation

not to sodium nitroprusside, compared to
metabolically healthy counterpart; this
suggests that coexistence of metabolic changes sums
further endothelial

dysfunction induced by obesity in itself.

impairment to the vascular

Increased endothelin (ET)-1-dependent vasoconstriction
Another relevant feature of the obesity-related
vasculopathy is enhancement of the vasoconstrictor tone,
related predominantly to increased activity of the ET-1
system. The first evidence in this regard was reported by
Mather et al. (2004), who investigated the interactions

between the ET-1 and NO systems in the vasculature of
obese or type 2 diabetic individuals. They observed that
antagonism of ET-1 by use of BQ-123, a selective
blocker of ET, receptors, is able to correct the defect in
endothelium-dependent vasodilation seen in these
patients. In a study performed in our laboratory to
enhanced ET-1
hypertensive patients is related to increased body mass
(Cardillo et al. 2004), we observed that overweight and

obese patients had a significant vasodilator response to

investigate ~ whether activity  in

ET, blockade, whereas lean hypertensive participants did
not. In contrast, BQ-123 administration did not determine
any significant hemodynamic change in normotensive
controls, irrespective of their body mass. Of note,
a significant association was observed between BQ-123-
with
hypertension but not in normotensive controls, thereby

induced vasodilation and BMI in patients
indicating a selective enhancement of ET-mediated
vasoconstriction in the former group. This abnormal
ET,-dependent vascular response in the presence of
hypertension and elevated BMI may be secondary to
either increased availability of ET-1 at the ET4 receptor
level or to enhanced vasoconstrictor responsiveness to
ET-1. To gain a more precise mechanistic insight, we
then assessed the response to exogenous ET-1 in our
study groups. As the vasoconstrictor response in the
obese normotensive participants did not differ from that
observed in the obese hypertensive group, our results
indicate that ET-1-mediated vasoconstriction in obesity is
independent of blood pressure values and hence suggest
that enhanced ET-1 synthesis is the likely mechanism
underlying the increased ET,-dependent tone in obese
hypertensive patients. In another investigation, we
assessed whether patients with the metabolic syndrome
present enhanced vascular ET-1 activity (Tesauro et al.
2009). We observed that ET, antagonism with BQ-123
elicits a significantly higher vasodilator response in
patients with the metabolic syndrome than in controls,
confirming that an enhanced ET-1 vasoconstriction tone
is present in these patients. In addition, NO synthase
inhibition with L-NMMA during ET4 receptor blockade
was associated with lower vasodilator response in lean
patients than in lean controls, consistent with impaired
NO bioactivity in the obese vasculature. Given the
inhibitory effect of NO on the endothelial production of
ET-1 (Boulanger and Luscher 1990), it is likely that
reduced NO availability plays a role in the enhanced
ET-1 mediated vasoconstrictor tone in these patients. To

further expand the understanding of ET-1 system
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activation in obesity, Weil and colleagues (2011)
conducted an investigation to assess if ET-1-mediated
vasoconstrictor tone is elevated in overweight and obese
adults independent of other cardiovascular risk factors
and, if so, to determine whether the enhanced vascular
ET-1
endothelium-dependent

activity contributes to the impairment in

vasodilation in these two
populations (Weil et al. 2011). Consistent with the main
hypotheses, the overweight and obese participants
showed a blunted forearm vasoconstrictor response
to acetylcholine compared with those with normal
weight; also, selective ETa receptor blockade induced
a significant forearm vasodilator response in the
overweight and obese groups but not in the lean
participants; and finally, selective ET receptor blockade
increased endothelium-dependent vasodilation in the
overweight and obese patients to levels similar to those of
lean controls. A number of mechanisms may underline
the improved endothelium-dependent vasodilator
responsiveness following blockade of ET, receptors in
of ET,-mediated

inhibition of NO synthase or decrease in ET-1-induced

obese vessels, including removal
oxidative stress (Callera et al. 2003, Iglarz and Clozel
2007). An alternative explanation relates to the possibility
that blockade of ET, receptors might unleash ET-1
stimulation of endothelial ETy receptors, with an ensuing
1998);
however, this hypothesis seems less likely, given that

increase in NO production (Verhaar et al

nonselective ET, + ETy blockade by combined infusion
of BQ-123 and BQ-788 has
the responsiveness

shown to enhance
to acetylcholine in overweight
hypertensive patients (Cardillo ef al. 2002). In line with
previous results, we have more recently observed higher
ET-1-dependent with

metabolic abnormalities than in those with metabolically

vasoconstriction in patients
healthy obesity (Schinzari et al. 2015), hence confirming
that the presence of metabolic changes results in
incremental endothelial dysfunction. Taken together, the
bulk of studies collected to date by our and other
laboratories strongly and consistently indicates that the
ET-1 system is activated in human obesity and is
associated with impaired NO bioactivity, hence leading to
abnormal vasodilator function. It must be noted that most
of these studies included a limited number of patients and
were performed by acute intravascular administration of
ET-1 receptor antagonists. However, indirect support to
that evidence stems from the results of a few larger,
long-term studies testing orally active ET-1 receptor
blockers. Thus, administration of the ET, receptor

antagonist atresantan for 6 months has proven effective in
improving coronary endothelial function (Reriani et al.
2010) and attenuating coronary plaque progression (Yoon
et al. 2013) in patients with early atherosclerosis.
Importantly, treatment with the dual ET, + ETy blocker
bosentan for 4 weeks has shown to improve endothelial
with type 2 diabetes and
microalbuminuria (Rafnsson et al. 2012).

function in patients

Vascular insulin resistance

An important aspect of vascular dysfunction in
obesity relates to the physiological actions of insulin in
blood vessels and to the consequence of insulin resistance
on vascular homeostasis.

Physiological vascular effects of insulin

Insulin receptors are present on endothelial cells,
where they activate both the phosphatidylinositol (PI)
3-kinase/Akt pathway and the MAP kinase cascade,
leading to NO and ET-1 synthesis, respectively
(Muniyappa et al. 2008, Zeng et al. 2000) (Fig. 1).
Evidence of the concurrent insulin-induced stimulation of
both the NO pathway and the ET-1 system in humans
was first collected by our group in the forearm circulation
of healthy volunteers, where simultaneous blockade of
ET, and ETj receptors by combined infusion of BQ-123
and BQ-788 was associated with a significant vasodilator
response during hyperinsulinemia, but not during saline
(Cardillo et al. 1999). Furthermore, during ET-1 receptor
blockade, the vasoconstrictor response to NO synthesis
inhibition with L-NMMA was significantly higher after
insulin infusion than in the absence of hyperinsulinemia,
indicating a concurrent increment in NO bioavailability.
Under physiological conditions, insulin-induced release
of NO may lead to expansion of the available capillary
surface area in peripheral tissues, particularly in the
skeletal muscle, thus augmenting the delivery of insulin
itself, glucose, and other nutrients to the metabolically
active tissues (Clark et al. 2003).

Changes of insulin actions in obesity
This
microvascular effects of insulin, muscle perfusion and

functional  coupling Dbetween the
glucose utilization, however, seems to be impaired in
insulin resistant states like obesity and type 2 diabetes
(Clark 2008), where a pathway-specific insulin resistance
seems to take place at the vascular level. In fact, a pivotal

biochemical defect in these patients is an impairment of
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Fig. 1. Schematic representation of transduction pathways influencing the endothelial balance between nitric oxide (NO) and
endothelin (ET)-1 in response to various gut hormones. Under normal physiological conditions, NO production by endothelial cells
tonically inhibits ET-1 activity. By contrast, in conditions of impaired NO availability, such as obesity, unmitigated ET-1 activity may lead
to enhanced vasoconstriction; under these circumstances, substances like GLP-1, ghrelin or obestatin may increase NO availability,
hence resulting in decreased ET-1-mediated vasoconstrictor tone. Note that NO inhibition on ET-1 may occur at various levels, including
decreased synthesis of ET-1, diminished conversion of big-ET-1 to ET-1, inhibition of the exocytosis of Weibel-Palade bodies, decrease
of the constrictor effect of ET-1 via inhibition of receptor binding or downstream signaling. Activation of NO synthase by ghrelin may
also occur through a GHSR-1a (ghrelin receptor-1a)-independent mechanism. IRS-1, insulin receptor substrate-1; PI3K,
phosphatidylinositol 3-kinase; eNOS, endothelial NO synthase; MEK, mitogen-activated protein kinase kinase; MAPK, mitogen-activated
protein kinase; AC, adenylate cyclase; PKA, phosphokinase A; AMPK, AMP-activated protein kinase; CaMKKB, Ca*/calmodulin-
dependent protein kinase kinase f3; GLP-1R, glucagon-like peptide-1 receptor. The pointed arrows indicate activation, the blunted arrow

indicates inhibition.

the PI 3-kinase-dependent signaling cascade, while the
MAP kinase pathway is spared (Cusi et al. 2000). Given
the compensatory hyperinsulinemia occurring to maintain
euglycemia in insulin resistant states, the potential
pathophysiological implications of this abnormality
become relevant. Thus, hyperinsulinemia overstimulates
the normally functioning MAP kinase-dependent
pathways, an effect that cannot be balanced by the
abnormal PI 3-kinase cascade, hence leading to increased
endothelial production of ET-1 and consequent
vasoconstriction (Kim ef al. 2006). This higher ET-1-
dependent tone may also be responsible for the defective
insulin enhancement of vasodilator responses seen in the
obese vasculature. We have indeed observed that, in lean
subjects, insulin potentiates the responses to a variety of
vasodilators acting through disparate mechanisms; by
contrast, in obese patients this generalized effect of
insulin to facilitate vasodilation is lost (Schinzari et al.
2010). These results have been later reproduced by
Christou et al. (2012), who have reported reduced
vascular smooth muscle responsiveness to exogenous NO

in healthy adults with increased adiposity. In addition to
augmented ET-1 dependent vasoconstriction, defective
c¢GMP inhibition of Rho kinase in vascular smooth
muscle cells (Sandu et al. 2001) or reduced endothelium-
derived hyperpolarization due to K™ channel dysfunction
(Busija et al. 2006, Dimitropoulou ef al. 2002) are other
mechanisms potentially involved in this abnormality.
Overall, impaired insulin-mediated vasodilation may
contribute to the pathophysiology of the metabolic
syndrome, because decreased muscle perfusion may blunt
glucose disposal and impair glucose tolerance; similarly,
reduced exposure of circulating triglyceride-containing
lipoproteins to endothelial lipoprotein lipase may
contribute to dyslipidemia (Lind and Lithell 1993). This
suggests that microvascular dysfunction takes part in the
development of insulin resistance and metabolic
syndrome, which, in turn, perpetuate and amplify this
vicious circle. This view is strengthened by the results of
studies showing that vasoconstriction induced by infusion
of exogenous ET-1 causes peripheral insulin resistance in

healthy humans (Ottosson-Seeberger et al. 1997) and
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reduces glucose uptake in human skeletal muscle with
concurrent impairment of both endothelium-dependent
and -independent vasorelaxation (Shemyakin et al. 2011).
Conversely, blockade of ET-1 receptors acutely improves
insulin sensitivity in insulin resistant obese patients with
coronary artery disease (Ahlborg et al. 2007); of note,
combined ET, + ETg blockade resulted more effective
than selective ET, antagonism in enhancing whole-body
glucose uptake during hyperinsulinemic-euglycemic
clamp, thereby suggesting that ETy receptors contribute
to ET-1-mediated insulin resistance in those patients.

Role

obesity-related insulin resistance

of perivascular adipose tissue (PVAT) in

A number of studies give substantial support to
the hypothesis that changes occurring in obese PVAT, the
fad pad that surrounds large, medium and small vascular
beds in disparate circulatory districts, are instrumental in
the development of vascular insulin resistance. Thus,
under physiological conditions PVAT exerts vasodilator,
anti-contractile and anti-proliferative actions, largely
mediated by secretion of protective adipokines or
vasodilator molecules like angiotensin-(1-7)
(Aghamohammadzadeh et al. 2012, Xia and Li 2017).
These molecules may signal to the vessel wall both in
paracrine fashion and via outside-to-inside stream
inhibit  the
responsiveness to a variety of vasoconstrictors, including
ET-1 (Szasz et al. 2013). However, the favorable

properties of PVAT are typically lost in the setting of

conveyed by wvasa vasorum, and

obesity, when decreased production of protective
adipokines and increased production of inflammatory
cytokines (Chatterjee et al. 2009), such as IL-1, IL-6 and
TNF-0, impair vascular function (Lastra and Manrique
2015). Thus, by use of a variety of insulin-activated
signaling pathway inhibitors, it has been shown that the
fat around the nutrient arteries of obese animals
selectively impairs the PI 3-kinase signaling pathway,
thereby suppressing endothelial production of NO
(Mazurek et al. 2003) and leading to defective
postprandial increases in nutritive flow (Yudkin et al
2005). The predominant source of these cytokines in
obese PVAT are likely to be the macrophages recruited
from the circulation or the activated locally resident
2003). Among the
inflammatory cytokines involved in obesity-induced
TNF-a has been best
characterized for its effects to interfere with IRS-1 and

macrophages (Weisberg et al.
vascular insulin resistance,

Akt phosphorylation and with the AMP-kinase signaling

pathway (Hotamisligil and Spiegelman 1994, Plomgaard
et al. 2005, Steinberg et al. 2006). In addition, TNF-a
induces insulin resistance through activation of the MAP
kinase pathway (Li et al. 2007) and may directly impair
endothelial function (Bhagat and Vallance 1997). It is
conceivable that excess TNF-o generated within or
around blood vessels, rather than that originating from
remote sources, is involved in the obesity-related
disruption of vascular insulin signaling, given the low
circulating concentrations of this cytokine. Clinical
evidence supporting a role of TNF-a in vascular insulin
resistance has been gathered in our laboratory, by
demonstration that neutralizing TNF-o with the
monoclonal antibody infliximab ameliorates the defective
insulin potentiation of vasodilator responses in patients
with the metabolic syndrome (Tesauro et al. 2008).
Another mechanism contributing to downregulation of
vascular insulin signaling relates to increased
concentrations of free fatty acids (FFA) in obese adipose
tissue. Interestingly, the actions of FFA in this regard are
very similar to those of TNF-a, consisting in the
activation of those inflammatory pathways leading to
inhibition of insulin signaling (Shoelson et al. 2006).
Thus, elevated concentrations of FFA, as seen in obese
fat, lead to serine/threonine phosphorylation of insulin
receptor substrates (IRS-1 and IRS-2), with consequent
decrease of PI 3-kinase activation and NO production
(Shulman 2000). This effect seems to occur through
involvement of protein kinase C6 (PKC0) (Griffin et al.
1999), but also direct action of FFA on the NO synthase
enzyme may contribute to impaired endothelium-

dependent vasodilation (Steinberg and Baron 2002).

Vascular effects of gut hormones: a possible
target for cardiometabolic prevention

The need for effective treatments to prevent the
untoward metabolic and cardiovascular complications of
obesity is suggested by the disappointing results of
a number of clinical studies showing that, despite optimal
glycemic control, conventional treatment of type 2
diabetes is not associated with substantial reduction of
the cardiovascular outcomes. Recently, however, a few
studies have shown positive cardiovascular outcomes in
patients with type 2 diabetes undergoing to novel
therapies for glycemic control in addition to their
standard-care regimen (Marso et al. 2016a, Marso et al.

2016b, Zinman et al. 2015).
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Glucagon-like peptide (GLP)-1

Two of these recent trials have tested therapies
based on degradation-resistant glucagon-like peptide
(GLP)-1 analogues. Thus, in the LEADER trial, those
with and high risk of
cardiovascular disease randomized to receive the GLP-1

patients type 2 diabetes
receptor agonist liraglutide had fewer deaths from
cardiovascular causes, nonfatal myocardial infarction or
nonfatal stroke compared to the placebo group (Marso et
al. 2016b). Similarly, in the SUSTAIN-6 trial type 2
diabetic with established
cardiovascular or chronic renal disease, who received the

patients, in large part
extended half-life GLP-1 analogue semaglutide had lower
incidence of the primary end-point, defined as first
occurrence of cardiovascular death, nonfatal myocardial
infarction or nonfatal stroke, compared to those who
received placebo (Marso et al. 2016a). Of note, the
reduction in cardiovascular morbidity and mortality
afforded by GLP-1-based therapies was independent
from atiny improvement in glucose control, thereby
suggesting that the pattern of ancillary benefits of this gut
peptide on the cardiovascular system was the likely driver
of the observed effects.

Cardiometabolic benefits of GLP-1

GLP-1 has been originally known for its role as
incretin stimulating glucose-dependent insulin secretion
following meal ingestion. However, subsequent evidence
has shown extended metabolic actions of GLP-1,
including stimulation of pancreatic [ cell proliferation
and survival, suppression of glucagon secretion from
a cells, inhibition of gastrointestinal motility with delayed
absorption of nutrients and enhanced satiety, reduction of
appetite and body weight (Drucker 2016). In addition
to these effects on glucose metabolism and energy
homeostasis, GLP-1 also acts on the immune system to
suppress inflammation and oxidative stress, improves left
ventricular  function, reduces lipid synthesis and
secretion, inhibits platelet aggregation and thrombus
formation, increases diuresis and natriuresis; the latter
effect seems mediated by activation of GLP-1 receptors
in atrial cardiomyocytes, leading to secretion of atrial
natriuretic peptide (ANP) and vascular smooth muscle
relaxation (Kim et al. 2013). Accordingly, favorable
actions of GLP-1 have also been observed on blood
pressure, regional blood flow and endothelial function,
even though the role of GLP-1 to enhance endothelium-
dependent vasodilation is disputed (Kim er al. 2013).

A study performed by us has tested the effects of intra-

arterial infusion of exogenous GLP-1 on vasodilator
responses to acetylcholine and sodium nitroprusside in
patients with the metabolic syndrome. We have observed
that,
administration of GLP-1 does not modify vasodilator

during the concurrent infusion of saline,
reactivity in these patients; during hyperinsulinemia, by
contrast, infusion of GLP-1 improves the responses to
both drugs, thereby suggesting that the peptide may
restore the insulin signaling within the vessel wall. This
effect of GLP-1 is likely related to reduced oxidative
stress, because no further improvement in vasodilator
reactivity is observed following GLP-1 during infusion of
the antioxidant vitamin C (Tesauro et al. 2013). Potential
mechanisms by which GLP-1 may quench oxidative
stress within the vasculature include reduction in lipid
peroxidation (Ozyazgan et al. 2005) and decreased
expression of receptor for advanced glycation end
products (RAGE), with subsequent decrease in the
formation of reactive oxygen species (ROS) (Aroor et al.

2014, Ishibashi et al. 2013, Matsui et al. 2011).

Interactions between GLP-1 and the ET-1 system
Evidence that GLP-1
an inhibitor of the ET-1 system stems predominantly

might also act as
from experimental studies. Thus, Dai et al. (2013) have
demonstrated that the GLP-1 receptor agonist liraglutide
inhibits ET-1 in endothelial cells exposed to high glucose
concentrations by repressing the phosphorylation/
activation of nuclear factor-kB; moreover, generation of
IL-1, a powerful pro-inflammatory molecule released by
endothelial cells, was blunted by liraglutide (Dai et al.
2013). More recently, liraglutide has also shown to
prevent and reverse monocrotaline-induced pulmonary
arterial hypertension by suppressing ET-1 and enhancing
eNOS/SGP/PKG pathways (Lee et al. 2016). In another
study, prevention of GLP-1 breakdown by the DDP-4
inhibitor sitagliptin has proven able to reduce ET-1
expression in the aortic endothelium of rats with
streptozotocin-induced diabetes by suppressing nuclear
factor-kB through up-regulation of AMP-activated
protein kinase (Tang et al. 2016). In keeping with
preclinical evidence, a study conducted in humans has
also shown the effectiveness of GLP-1 analogues to
inhibit ET-1. Thus, Gurkan et al (2014) enrolled
34 insulin and incretin-naive patients with type 2 diabetes
on metformin and randomized them to exenatide or
insulin glargine treatment arms. After 26 weeks, the
levels of hs-CRP and endothelin-1 decreased (27.5 % and

18.75 %, respectively) in the exenatide arm; by contrast,
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the levels of fibrinogen, monocyte chemoattractant
protein-1, leptin and ET-1 increased in the insulin
glargine arm (13.4 %, 30.2%, 47.5%, and 80 %,
respectively) (Gurkan et al. 2014). Taken together, both
experimental and clinical data suggest that inhibition of
the ET-1 system participates in the cardiovascular
benefits of GLP-1-based therapies, indicating the need for
further studies to directly test the efficacy of GLP-1 in
reducing the up-regulated ET-1 system in the vasculature
of obese patients.

Ghrelin gene products

GLP-1 is by far the most extensively studied gut
hormone with translational impact, but other products of
the gastrointestinal system, a large endocrine organ, are
actively investigated for their role in obesity and related
cardiometabolic disease. These efforts have the objective
of identifying novel or combination therapies that could
maximize the benefits, while concurrently reducing the
side effects, of currently available individual drugs
(Chakradhar 2016).

Ghrelin

One substance with properties to enhance the
GLP-1 secretory response to ingested nutrients is the
gastric-derived hormone ghrelin, a key regulator of food
intake and whole-body energy metabolism (Muller et al.
2015). Recent studies have indeed demonstrated that
pretreatment with ghrelin increases GLP-1 secretion and
improves glucose metabolism in experimental models
(Gagnon et al. 2015). Because GLP-1
following food ingestion, while ghrelin circulating levels

is secreted

increase immediately before meal times, it is likely that
the pre-meal ghrelin surge acts to prime the intestinal
cells to release GLP-1 in response to the upcoming meal.
Conversely, ghrelin receptor antagonism results in lower
circulating levels of GLP-1, with similar impairment in
insulin response and glucose clearance following glucose
load, hence strengthening the role of ghrelin as regulator
of GLP-1 secretion and glucose handling. In addition
to its effects on energy metabolism and glucose
homeostasis, ghrelin has also shown favorable actions on
the cardiovascular system (Fig. 1). Thus, experimental
studies have demonstrated that ghrelin and its receptor
are widely distributed in the heart and the vasculature,
where up-regulation of the ghrelin system results in
positive inotropic response, drop in blood pressure and
vasodilation (Isgaard and Granata 2011). In the human
circulation, we have observed that administration of

exogenous ghrelin improves endothelium-dependent
vasodilation in patients with obesity-related metabolic
syndrome by increasing the bioavailability of NO
(Tesauro et al. 2005). This observation has been
subsequently replicated by Virdis et al. (2015), who have
reported that ghrelin administration restores NO-mediated
vasodilation in patients with essential hypertension by
Of note,

investigation performed in our laboratory to assess the

decreasing oxidative  stress. in another
effects of ghrelin on the intravascular balance between
the ET-1 system and the nitric oxide pathway (Tesauro et
al. 2009), we found that exogenous ghrelin blunts the
vasodilator effect of BQ-123 in obese patients but not in
lean controls, hence implying an effect of this gastric
peptide to reduce ET-1-dependent vasoconstrictor tone in
obese arteries; in the same patients, ghrelin enhanced the
vasoconstrictor response to L-NMMA, to indicate
aconcurrent increase in nitric oxide bioavailability
(Fig. 2). In the same study, to directly test whether
enhanced NO activity was the mechanism underlying
suppression of ET-1 production elicited by ghrelin, the
effects of exogenous ghrelin on ETs-dependent vascular
tone were also tested during constant infusion of a NO
donor (sodium nitroprusside). Under those circumstances,
administration of ghrelin did not affect ET,-dependent
vasoconstriction, hence suggesting that increased NO
bioavailability is indeed involved in the inhibitory effect
of ghrelin on ET,-mediated vascular tone. Direct
activation of NO synthase or decreased NO breakdown
through down-regulation of inflammatory cytokines and
reduction of oxidative stress are the possible ways by
which ghrelin may enhance NO bioavailability
(Kawczynska-Drozdz et al. 2006, Virdis et al. 2015, Xu
et al. 2008). The perspectives offered by these favorable
vascular actions are tempered by the consideration that
ghrelin is also a key determinant of meal initiation and
feeding behavior in humans; as such, it has an obesogenic
potential that makes it an unlikely candidate for treatment
of obesity-related complications. However, uncertainties
still exist as to whether the acute orexigenic effects of

ghrelin are coupled with long-term pro-obesity action.

Obestatin

Another product of the ghrelin gene, obestatin,
seems provided of much more promising perspectives in
this regard. Obestatin is a ghrelin-associated 23-amino
acid peptide, cleaved by alternative splicing from
acommon precursor, prepro-ghrelin. It was originally

proposed that obestatin reduces food intake and gastric
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emptying through activation of the G-protein-coupled
receptor GPR39 (Zhang et al. 2005). However, these
effects on feeding behavior and gastrointestinal motion
have been subsequently disputed (Trovato et al. 2014)
and the precise identity of its receptor(s) still remains
debated. Accumulating evidence clearly demonstrates
positive effects of obestatin to increase pancreatic f§ cell
proliferation and survival, to improve glucose uptake and
insulin sensitivity and to inhibit lipolysis in human
adipocytes (Cowan et al. 2016, Granata et al. 2012). In
addition to these metabolic properties, obestatin has also
shown vascular benefits in experimental models, where it
endothelial
production via an adenylate cyclase-linked G protein-

improves function by increasing NO
coupled receptor (Agnew et al. 2012) (Fig. 1). We have

recently compared the effects of exogenous obestatin on

—O— Saline
—&— Ghrelin

(2]
o
1
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forearm flow in lean subjects and obese patients,
assessing also its influence on the obesity-related increase
of ET-1-dependent vasoconstriction (Schinzari et al.
2017). We have observed that infusion of escalating
doses of obestatin results in a progressive vasodilation in
both lean and obese subjects; this vasodilation is
predominantly mediated by enhanced NO activity,
because L-NMMA markedly blunts the flow response to
obestatin in both groups. In obese patients, antagonism of
ET, receptors by BQ-123 increases forearm flow during
saline, but does not result in any additional vasodilation
during obestatin (Fig. 3). Taken together, these findings
provide support to the notion that the obestatin signaling
might be another effective target for prevention in
obesity.

Fig. 2. Effects of exogenous ghrelin
on vascular responses to ET, receptor
blockade with BQ-123 (left panel)
and nitric oxide synthase inhibition
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Conclusions and perspectives

Over the last few years, a bulk of evidence has
accumulated to demonstrate that activation of the ET-1
system within the vessel wall is a key hemodynamic
abnormality in human obesity. Among the mechanisms
contributing to enhanced ET-1 activity, obesity-driven
changes in PVAT make it a prominent source of
lead to enhanced ET-1-mediated
vasoconstriction, with concurrent reduction of nitric

mediators that

oxide-induced vasodilation. Changes in insulin signaling
within the vessel wall then become instrumental in
tipping the balance between opposing mediators toward
the vasoconstrictor and pro-atherogenic forces.

With the rise of obesity in the population, there
is clearly a need for therapies that could effectively
prevent its metabolic and cardiovascular sequelae.
Therefore, it has become of paramount importance the
challenge of deploying novel effective and safe therapies.
Knowledge of the homeostatic mechanisms makes it
likely that multiple forces, involving a number of
different signals, operate in concert to determine those
perturbations in blood vessels that are associated with
obesity. In this context, gut hormones might exert
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