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ARTICLE INFO ABSTRACT

Keywords: Over the past 2 to 3 decades, research has focused on the changes in the vascular effects of insulin occurring

Insulin in insulin resistant states like obesity. Consistent evidence indicates that obesity results in reduced endothelial

Endtheli“m release of nitric oxide in response to insulin, associated with concomitant enhancement in the production of

Obesfty . endothelin-1. More recent work has pointed toward reduced vascular permeability and changes in the physical-

Insulin resistance N o e . . age . N s . .

Atherosclerosis chemical characteristics of the perivascular extracellular matrix as additional mechanisms of impaired insulin
sensitivity in obesity. All these perturbations are important, because they contribute to impaired delivery of
insulin itself and metabolic substrates to the target tissues and may play a role in the development of both
diabetes and vascular damage. This review will describe the physiological vascular actions of insulin and their
changes in obesity, focusing on some established pathophysiological determinants of the derangement of vascular
insulin signaling, such as the lipid overflow from expanded fat depots and signals originating from inflamed obese
adipose tissue (both distant and perivascular). Also, it will outline novel evidence underscoring the contribution of
dysregulated adipokine secretion and changes in intestinal permeability and gut microbiome. Finally, it will touch
upon some unresolved issues, such as the potential role of vascular insulin resistance in obesity-driven adipose
tissue remodeling, and will discuss perspectives for future studies, regarding in particular possible therapeutic
strategies with translational implications for the patients care.

Introduction thorough investigation about possible direct effects of insulin on blood

vessels.

The central role of insulin resistance in the pathophysiology of
metabolic and cardiovascular disease has been known for decades, since
Reaven first described insulin resistance as the common denominator
of a number of metabolic and hemodynamic abnormalities collectively
termed as “Syndrome X” (Reaven, 1988). The combination of the clini-
cal features of insulin resistance, including central adiposity, high blood
pressure, hypertriglyceridemia, reduced high-density lipoprotein (HDL)
cholesterol and elevated fasting glucose, is now defined as the metabolic
syndrome, a condition affecting an ever-growing number of individu-
als worldwide in parallel with the obese epidemic (Mozaffarian et al.,
2016). In fact, in the presence of overnutrition and excess adiposity,
insulin receptor signaling is downregulated, thus diminishing insulin’s
physiological action on those intracellular pathways that regulate nutri-
ent metabolism and fluid homeostasis. In addition to its consequences
on glucose metabolism, insulin resistance has been shown to be associ-
ated with a several-fold increase in cardiovascular morbidity and mor-
tality (Reaven, 2008). At no surprise, these observations have inspired

Vascular actions of insulin: a journey from the bloodstream to the target
tissues

A seminal study by Baron et al. demonstrated that infusion of in-
sulin into the femoral artery of healthy individuals during euglycemic
clamp results in a substantial increase in leg blood flow, associated with
a concurrent rise in leg glucose uptake; these findings suggested that
insulin-induced vasodilation plays a role in glucose disposal by the skele-
tal muscle (Baron et al., 1995). The same group of investigators had
previously reported that the vasodilator response to insulin mimics that
of methacholine, an endothelium-dependent vasodilator, as both are in-
hibited by the nitric oxide (NO) synthase inhibitor N¢-monomethyl-L-
arginine (L-NMMA) (Steinberg et al., 1994). Similar results had been in-
dependently obtained by Scherrer et al., who observed that, in healthy
subjects, insulin-induced increase in forearm flow can be inhibited by
L-NMMA, but not by other vasoconstrictors, such as norepinephrine

* This article was sent to Matthias Barton, MD, Guest Editor, for review by expert referees, editorial decision, and final disposition.
* Corresponding author at: Department of Translational Medicine and Surgery, Universita Cattolica del Sacro Cuore, Largo Gemelli 8, 00168 Rome, Italy.
E-mail address: carmine.cardillo@unicatt.it (C. Cardillo).

https://doi.org/10.1016/j.endmts.2020.100075
Received 11 August 2020; Received in revised form 18 December 2020; Accepted 19 December 2020
2666-3961/© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.endmts.2020.100075
http://www.ScienceDirect.com
http://www.elsevier.com/locate/endmts
http://crossmark.crossref.org/dialog/?doi=10.1016/j.endmts.2020.100075&domain=pdf
mailto:carmine.cardillo@unicatt.it
https://doi.org/10.1016/j.endmts.2020.100075
http://creativecommons.org/licenses/by/4.0/

F. Schinzari, M. Tesauro and C. Cardillo

Healthy State

Insulin

Insulin receptor |

D,
\'

MAPK

\.K&j
%

6@@\

v\

\ Erk1/2
:

CZJ@
3 F.

VASODILATION VASOCONSTRICTION

Endocrine and Metabolic Science 2 (2021) 100075

Obesity

. Insulin
Ceramides oo

FFAs

™ra () \

U

Y PKCBor® ’;‘

TNF-a )
receptor \

N

l e

TVASOCONSTRICTION

Insulin receptor

®

<-.‘\

L VASODILATION

Fig. 1. Signaling transduction pathways of insulin in endothelial cells under healthy states (left panel) and changes occurring in obesity (right panel). FFAs, free fatty
acids; PKC, phosphokinase C; TNF-«, tumor necrosis factor a; NOX, NADPH oxidase; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; ET-1, endothelin-1.

(Vollenweider et al., 1994). Taken together, these observations hinted
a functional coupling between insulin-induced tissue perfusion and glu-
cose utilization, fostering further laboratory work to ascertain the cellu-
lar and molecular mechanisms involved. In fact, Zeng and Quon demon-
strated that the intracellular signaling pathways activated by insulin to
stimulate NO production in endothelial cells are similar to those mediat-
ing glucose transport in canonical target tissues, involving the activation
of IRS-1 and phosphatidyl inositol 3-kinase (PI 3-K), with phosphoryla-
tion of protein kinase B (Akt) (Zeng and Quon, 1996). These findings
were strengthened by the observations of another group, reporting that
defective insulin signaling in mice with Irs 1 knockout results in both
endothelial dysfunction and insulin resistance (Abe et al., 1998) (Fig.
1).

By use of a microbubble-enhanced ultrasound technique, Vincent et
al. first demonstrated that the NO-dependent insulin-induced vasodila-
tion acts on precapillary resistance vessels to recruit capillary flow and
hence enhance glucose disposal. Thus, in the hindlimb circulation of
Sprague-Dawley rats, hyperinsulinemia results in increased total blood
flow, skeletal muscle microvascular volume and glucose uptake; NO syn-
thase inhibition, by contrast, completely blocks the effects of insulin on
total blood flow and microvascular recruitment, concurrently blunting
glucose uptake (Vincent et al., 2003). Based on these findings, it has
been proposed that, under insulin action, microvascular flow is redi-
rected from nonnutritive to nutritive routes, resulting in increased de-
livery of insulin, glucose and other nutrients to the skeletal muscle, a
phenomenon defined as increased microvascular perfusion (Clark et al.,
2003; Clark, 2008). This “redistribution” view of insulin vascular action
has helped to settle a controversy regarding the mechanistic role, or lack
thereof, of insulin-stimulated blood flow in skeletal muscle glucose de-
livery and uptake (Yki-Jarvinen and Utriainen, 1998). This “flow contro-
versy” had been fueled by the discrepancy between studies demonstrat-
ing a significant increase in forearm or leg blood flow in response to ex-
ogenous insulin and studies in which insulin-induced flow changes had
not been significant. The proponents of the notion that insulin induces
vasodilation only at pharmacological doses, after reviewing 75 studies,
came to the conclusion that the dose of insulin infused intravenously
(systemically) is an important determinant of the blood flow response,
but the duration of infusion is even more relevant; they calculated an
“infusion index” (dose of insulin multiplied by the time of its infusion)
and, when all studies were pooled, they observed a highly significant
correlation between this index and the percent changes in blood flow.
The same conclusion was drawn from the analysis of 23 studies assessing

the effect of intraarterial (local) hyperinsulinemia. Also, a different time
course of the effects of insulin on glucose extraction (calculated as glu-
cose arteriovenous difference) had been reported in the forearm tissues
of healthy subjects, given that glucose extraction increases over 10-fold
in 60 minutes, but little changes in blood flow are observed in this time;
by contrast, continuing insulin infusion for longer time determines a pro-
gressive increase in blood flow, while glucose extraction has reached a
plateau (Utriainen et al., 1995). To add more complexity to this pic-
ture were the results of a study performed in our laboratory, showing
that high-physiological plasma levels of insulin result in a significant in-
crease in forearm blood flow in healthy subjects when insulin is infused
for 2 hours systemically, but not when it is given locally, hence suggest-
ing that mechanisms independent of the direct effect of the hormone on
the vessel wall may play a role in determining its hemodynamic action
(Cardillo et al., 1998). Interestingly, Jahn et al. have characterize the
different time-courses of insulin-mediated vasodilation at various loca-
tions of the arterial tree; they have shown that dilation of precapillary
arterioles and capillary recruitment occurs 2-5 minutes after infusion
of insulin, followed by relaxation of resistance arteries (30-60 minutes)
and then flow-mediated dilation in conduit arteries (Jahn et al., 2016).
This widespread vasodilator effect of insulin in healthy humans lends
support from previous demonstration that insulin receptor is expressed
on vascular endothelium at all levels of the arterial tree (Jialal et al.,
1985). This bulk of evidence has been reviewed by Barrett et al., who
concluded that, at physiological concentrations, insulin regulates the
volume of the perfused vasculature within the skeletal and the cardiac
muscle, and could also increase total muscle blood flow; both effects
involve endothelial NO generation and smooth muscle cell relaxation,
leading to increased delivery of insulin and nutrients to target tissues
(Barrett et al., 2011).

Barrett et al. have also suggested that, in addition to regulating lo-
cal blood flow through NO generation in resistance arterioles and pre-
capillary arterioles, insulin induces NO release from the capillary en-
dothelium to activate a vesicular transport system that allows its own
delivery to the muscle interstitium (Fig. 2). Because the transit of in-
sulin from plasma to muscle is a rate-limiting step for its metabolic
action (Barrett et al., 2009), insulin crossing from plasma to intersti-
tium represents an important first step in glucose disposal. This notion
is supported by experimental data demonstrating that the metabolic ac-
tion of insulin correlates more closely with its interstitial concentra-
tions than with its plasma levels (Sjostrand et al., 2002). Studies in
cultured endothelial cells and in rat muscle in vivo have shown that
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this process involves insulin binding to insulin receptors and requires
intact insulin signaling to endothelial NO synthase (eNOS) (Barrett and
Eringa, 2012). This is probably because the non-fenestrated microvascu-
lar endothelial monolayer forms a tight barrier, restricting free access to
the subendothelial interstitium of those plasma molecules, including in-
sulin, whose diameter approaches that of the paracellular spaces. Models
for transendothelial transport have shown insulin binding to its receptor
on the endothelial plasma membrane, endocytosis via either a caveolin-
or a clathrin-dependent entry into caveolae or caveolae-like vesicles,
transcytosis facilitated by NO generated by insulin signaling to endothe-
lial NO synthase, and final exocytosis into the interstitium (Wang et al.,
2011; Azizi et al., 2015). The notion that insulin promotes its own de-
livery to the target tissues trough transcytosis, rather than paracellular
gaps, is corroborated by the observation that insulin-induced glucose
uptake in vivo is maximal after more than 1 hour, whereas it occurs
within minutes in isolated adipocytes or skeletal muscle cells (Artunc
et al., 2016). This view, however, has been challenged by Williams et
al., who used confocal microscopy to directly visualize the passage of
fluorescent insulin across the endothelium of capillaries in the mouse
muscle; they observed that insulin can cross the endothelial barrier by
a receptor-independent mechanism that is unsaturable and conforms to
the properties of fluid-phase transport, being thus determined by the
balance between hydrostatic and oncotic pressures. This transport could
also occur through paracellular junctions, not only through transcyto-
sis, and could be facilitated by increased microvascular blood flow and
capillary hydrostatic pressure (Williams et al., 2018).

Obesity-related changes in insulin vascular actions and tissue availability

Blood vessel wall

An early study by Laakso et al. demonstrated that, compared to lean
individuals, obese patients have a dose-response curve to intravascular
infusion of insulin flattened and shifted to the right; this is associated
with reduced whole-body and leg glucose uptake, thus suggesting that
insulin resistance in human obesity is characterized not only by reduced
glucose disposal, but also by impaired vasodilation (Laakso et al., 1990).
The same group of investigators obtained similar results in insulin resis-
tant patient with type 2 diabetes (Laakso et al., 1990). A few years later,
Steimberg et al. observed that intra-femoral infusion of exogenous in-
sulin under euglycemic clamp conditions is associated with a substantial
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potentiation of the vasodilator response to graded doses of methacholine
in healthy subjects, but not in insulin resistant patients with obesity or
type 2 diabetes; they also found a significant inverse relationship be-
tween maximal leg blood flow changes and body mass index, thereby
suggesting that defective insulin potentiation of endothelium-dependent
vasodilation goes in parallel with increased body weight (Steinberg et
al., 1996). In an investigation performed in the forearm vasculature of
obese patients, we have observed that the defective enhancement of va-
sodilator reactivity by insulin extends beyond endothelium-dependent
vasorelaxation. Thus, local hyperinsulinemia potentiates the responses
to vasodilators acting through disparate mechanisms (such as acetyl-
choline, sodium nitroprusside and verapamil) in lean subjects, but not
in obese patients (Schinzari et al., 2010). These results have been later
reproduced by Christou et al., who have reported reduced vasodilator
reactivity to exogenous NO in healthy adults with increased adiposity,
thereby confirming that vascular insulin resistance involves not only en-
dothelial, but also smooth muscle responsiveness (Christou et al., 2012).
More recently, Jahn et al., by use of a combination of various method-
ologies (brachial flow-mediated dilation, forearm post-ischemic flow ve-
locity, and contrast-enhanced ultrasound) to measure blood flow at dif-
ferent locations of the arterial tree, have shown that insulin enhances en-
dothelial function in conduit artery, resistance arteriole, and microvas-
cular arteriolar in lean subjects, but not in patients with the metabolic
syndrome (Jahn et al., 2016).

In a seminal study performed in our laboratory, we demonstrated
that insulin not only stimulates NO production, but also promotes the en-
dothelial synthesis and release of endothelin (ET)-1. Thus, we observed
that separate infusion in the brachial artery of healthy volunteers of ei-
ther insulin or a combination of BQ-123 (a selective endothelin type A
receptor blocker) and BQ-788 (a selective endothelin type B receptor
blocker) does not affect resting forearm blood flow; by contrast, concur-
rent infusion of insulin and the 2 blockers of ET-1 receptors was asso-
ciated with a significant vasodilator response, consistent with increased
ET-1-dependent vasoconstrictor tone; 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 ab-
sence of hyperinsulinemia, indicating an increment in NO bioavailabil-
ity (Cardillo et al., 1999). Based on these findings, we postulated that,
in the skeletal muscle circulation under physiological conditions, insulin
stimulates endothelial release of both NO and ET-1, albeit with a neutral



F. Schinzari, M. Tesauro and C. Cardillo

hemodynamic response to the hormone due to an equilibrium between
these opposing vasoactive stimuli. This hypothesis was later supported
by the experimental work of Vicent et al., who reported reduced en-
dothelial NO synthase (eNOS) and ET-1 mRNA levels in endothelial cells
from a vascular endothelial cell insulin receptor knockout (VENIRKO)
mouse model (Vicent et al., 2003).

Moving from the observation that, in parallel to activation of the
IRS/PI 3-K/Akt pathway, insulin signaling activates a phosphoryla-
tion cascade involving Raf, extracellular signal-regulated kinase (MEK),
mitogen-activated protein (MAP)-kinase, and ERK 1/2 (Saltiel and Kahn,
2001), studies in endothelial cell cultures have demonstrated that in-
sulin increases ET-1 levels in conditioned media through a MAP-kinase-
dependent signaling pathway (Potenza et al., 2005). Similarly, other
investigators have reported that activation of MEK/ERK1/2 signaling
in microvascular endothelial cells mediates a vasoconstrictor effect of
insulin on skeletal muscle first-order arterioles (Eringa et al., 2004). In-
terestingly, a study conducted by euglycemic clamp and muscle biop-
sies has demonstrated that a pivotal biochemical abnormality in insulin
resistant individuals with obesity or type 2 diabetes is a dramatic re-
duction of IRS phosphorylation and PI 3-K activation compared to lean
controls, whereas the activity of the MAP kinase pathway is preserved
(Cusi et al., 2000). The potential pathophysiological implications of this
abnormality are relevant, since insulin resistance is usually accompa-
nied by a compensatory hyperinsulinemic state to maintain euglycemia.
Hyperinsulinemia may overstimulate the normally functioning MAPK-
dependent pathways, an effect that cannot be balanced by the abnormal
PI 3-K cascade. At the vascular level, this pathway-specific insulin resis-
tance would lead to an increased endothelial production of ET-1 and to
a reduced synthesis of NO, with consequent endothelial dysfunction and
increased vascular tone (Kim et al., 2006). This hypothesis is supported
by the findings of Lteif et al., who demonstrated that insulin-resistant pa-
tients with obesity have enhanced ET-1-mediated vascular tone, which
contributes to skeletal muscle insulin resistance by impairing insulin-
mediated vasodilation; remarkably, intra-femoral infusion of BQ-123
augmented skeletal muscle responses to insulin through changes in both
leg blood flow and glucose extraction in obese patients, but not in lean
controls, thereby suggesting that increased ET-1 activity contributes to
insulin resistance in obesity via both vascular and tissue effects (Lteif et
al., 2007) (Fig. 1).

Importantly, these perturbations of insulin signaling at the level of
endothelial cell not only impact vascular reactivity, but may also bear
clinical implications by promoting both diabetes and atherosclerosis.
Thus, impaired PI 3K/Akt signaling downstream of the insulin recep-
tor results in reduced GLUT-1 translocation into membrane of vascu-
lar smooth muscle cells, with consequent decrease in glucose uptake
(Schulman and Zhou, 2009); similarly, defective insulin-mediated va-
sodilation results in reduced delivery of insulin and glucose to the
peripheral tissues, such as skeletal muscle and fat, thereby favoring
obesity-related metabolic syndrome and type 2 diabetes. At the same
time, reduced availability of NO and increased production of ET-1 may
promote both early atherogenesis and advanced plaque progression,
hence contributing to vascular disease (Bornfeldt and Tabas, 2011).

Transendothelial transport

Studies in animal models of tissue-selective insulin resistance have
directly demonstrated that impaired insulin-mediated capillary recruit-
ment may also impact the transendothelial transport of insulin. Thus,
knockout mice lacking endothelial IRS-2, an IRS isoform expressed in en-
dothelial cells, have impaired Akt phosphorylation and lack of Ser1177
phosphorylation of endothelial NO synthase; in these animals, both
insulin-mediated vasodilation and insulin transport are reduced, con-
currently with decreased glucose uptake by skeletal muscle (Kubota et
al., 2011). Interestingly, in this model, insulin delivery is not reduced
in the liver, likely because of a different capillary structure (the fen-
estrated endothelium of sinusoids allows free access of insulin to hep-
atocytes, whereas the occluded conjugations between endothelial cells
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of the capillaries in the skeletal muscle do not). The notion that de-
fective capillary perfusion in insulin resistant states may impact insulin
egress and delivery to the skeletal muscle had been previously suggested
by a study showing delayed transcapillary transport of insulin to mus-
cle interstitial fluid in obese patients (Sjostrand et al., 2002). Similarly,
Broussard et al., by measuring lymph fluid as a representation of the
interstitial space to assess insulin access to skeletal muscle, observed
decreased insulin concentration in the interstitial fluid of mongrel dogs
during hyperinsulinemic euglycemic clamp following long-term high-fat
diet (Broussard et al., 2016). In keeping with these experimental find-
ings, a clinical study has demonstrated that insulin delivery to adipose
tissue and skeletal muscle is impaired in obese women with postprandial
hyperglycemia (Sandqvist et al., 2011) (Fig. 2). Overall, irrespective of
the discrepancies regarding the predominant mechanism of insulin ex-
travasation (transcellular vs. paracellular), consistent evidence supports
the notion that obesity impacts insulin egress from capillaries, thereby
feeding the vicious circle of insulin resistance.

Extracellulal matrix

Whereas earlier studies have focused predominantly on
transendothelial transport as a mechanism of impaired insulin de-
livery to its target tissues, more recent work has outlined the role
of extracellular matrix (ECM) changes in reducing insulin action.
Changes of perivascular ECM occurring in obese AT contribute to its
maladaptive remodeling by reducing new capillary formation and
insulin delivery to adipocytes (Williams et al., 2015). Similarly, in
the skeletal muscle, ECM remodeling associated with obesity has
been shown to reduce insulin and glucose delivery to the myofibers
by multiple mechanisms. These include the formation of a physical
(spatial) barrier for access to the myofibers, the reduction in capillary
number, and changes in cell signaling through interaction with cell
surface receptors that sense the extracellular microenvironment, in
particular the integrin receptor family (Wasserman et al., 2018). In fact,
increase in the glycosaminoglycan hyaluronan, a major component of
capillary glycocalyx, is associated with reduced insulin access to tissues
in animal models of obesity; use of hyaluronidase or of an antibody
against the main hyaluronan cell surface receptor (CD44), by contrast,
improves insulin sensitivity in high-fat fed or obese mice (Kang et
al., 2013; Kodama et al., 2015). Expansion of ECM is also associated
with decreased muscle capillary density (Kang et al., 2014), whereas
treatments that reduce ECM collagen levels result in both capillary
growth and improved insulin sensitivity (Kang et al., 2014; Bonner et
al., 2013). Moreover, obesity-related expansion of ECM may result in
altered expression or activation of integrins, the main receptors for cell
adhesion to the ECM proteins. This notion lends support from studies in
animals with muscle-specific deletion of part of the integrin receptors
or their downstream signaling molecules (such as the integrin-linked
kinase (ILK) or the focal adhesion kinase (FAK)), showing that ILK is
necessary for the development of insulin resistance in diet-induced
obesity (Kang et al., 2016), whereas inhibition of FAK causes insulin
resistance (Bisht et al., 2008). Abnormal accumulation of lumican (a
small leucine-rich proteoglycan that modifies collagen I organization,
impairs angiogenesis and activates adipocyte oxidative stress) was
observed in subcutaneous fat of insulin resistant individuals; in omental
fat, instead, insulin resistance was associated with increased levels of a
small protein, GDI2, that alters lipid storage in adipocytes. Collectively,
these findings lend support to the notion that obesity-related changes in
ECM concur with defective insulin vascular signaling and extravasation
to reduce the availability of the hormone at its target tissues.

Mechanisms of obesity-related vascular insulin resistance

Free fatty acids (FFAs) and other lipid species
A mechanism contributing to downregulation of the vascular insulin
signaling in obesity relates to increased release of lipids from adipose
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tissue and/or oversupply of lipids to tissues not suited for their stor-
age. The changes brought about by excess circulating lipids are broadly
termed lipotoxicity and may lead to modification of intracellular sig-
naling mechanisms activated by insulin in the vasculature, in particu-
lar to changes in eNOS gene expression and catalytic activity that ul-
timately result in endothelial dysfunction (Imrie et al., 2010). Among
countless lipid metabolites that may accrue in obesity, free fatty acids
(FFAs), diacylglycerol (DAG) and ceramides seem to be the most dele-
terious in term of disruption of insulin signaling and vascular reactiv-
ity. Early data indicating that FFA interfere with insulin signaling on
PI 3-K in rat skeletal muscle sparked investigation on the possibility
that higher amounts of circulating FFAs could contribute to the abnor-
mal vascular reactivity to insulin in humans (Dresner et al., 1999). This
possibility was tested by Steinberg et al., who exposed lean subjects
to higher circulating FFAs; during euglycemic hyperinsulinemic clamp,
infusion of FFAs for several hours resulted in a marked reduction of glu-
cose uptake, associated with blunted insulin-mediated increase in leg
blood flow and severely inhibited NO activity (Steinberg et al., 2000).
Subsequent work by Kim et al. showed that palmitic, oleic and linoleic
acids, the most abundant circulating FFAs in humans, impair basal and
insulin-stimulated NO production in bovine aortic endothelial cell cul-
tures (Kim et al., 2005). On a molecular standpoint, evidence indicates
that increased intracellular concentration of long-chain fatty acids and
DAG in insulin resistant states leads to chronic activation of protein
kinase C (PKC), an enzyme that may phosphorylate serine or threo-
nine residues on target proteins. In particular, the PKC isomers g and
0 are serine kinases that phosphorylate the insulin receptor and IRS-1
on specific residues, thus preventing insulin-induced tyrosine phospho-
rylation and activation of the downstream signaling cascade. PKC p has
been found chronically activated in the muscle of obese subjects (Itani
et al., 2000), whereas PKC 6 activation has been observed in associa-
tion with FFA-induced skeletal muscle insulin resistance (Griffin et al.,
1999). PKC- can also be switched on in the muscle of healthy subjects
by infusions of intralipid plus heparin for 6 hours (Itani et al., 2002).
Moreover, in the vascular endothelium, PKC-g activation leads to at-
tenuation of insulin-induced NO production and reduced recruitment of
muscle capillaries (Naruse et al., 2006). Other work has demonstrated
that, in isolated muscle resistance arteries of mice, activation of PKC 6
by palmitic acid results in insulin-induced vasoconstriction by inhibition
of Akt and stimulation of ERK1/2; this phenomenon shifts the balance
of insulin-dependent vasoreactivity toward ET-1-mediated vasoconstric-
tion and may provide a mechanistic link between PKC 6 activation and
insulin resistance (Bakker et al., 2008).

When tissues not suited for lipid storage are exposed to increased
circulating levels of FFAs, accumulation of toxic bioactive lipid metabo-
lites, such as the sphingolipid ceramide, occurs at various sites, in-
cluding the endothelium of large arteries (Chun et al., 2011). Studies
in animal models of diet-induced obesity have demonstrated that ce-
ramide reduces insulin-stimulated eNOS phosphorylation and activity,
hence leading to decreased NO production; these effects are activated
by protein phosphatase 2A (PP2A), the primary phosphatase that de-
phosphorylates and inactivates Akt, and may be prevented in isolated
arteries by inhibition of ceramide biosynthesis using genetic approaches
(Zhang et al., 2012). Subsequent studies have also demonstrated that a
small molecule inhibitor of PP2A is able to prevent the disruption of the
PP2A/Akt/eNOS axis in the vasculature, thus preserving arterial func-
tion in obese mice (Bharath et al., 2015). More recently, Li et al. have
shown that down-regulation of acid sphingomyelinase, a key enzyme in
the formation of ceramide following exposure to palmitic acid, improves
endothelial insulin resistance and NO production, concurrently enhanc-
ing glucose transporter-4 (GLUT-4) expression and glucose uptake (Li et
al., 2018).

Systemic inflammation and oxidative stress
Over the past couple of decades, a close relationship has clearly
emerged between nutrient excess and activation of the immune system,
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leading to a state of chronic, low-grade inflammation in obesity. This in-
flammatory state, in turn, seems to play a mechanistic role in disrupting
insulin signaling at various places, including the vasculature, whereby
it may contribute to vascular dysfunction and ensuing damage. An im-
portant source of inflammation in obesity is the adipose tissue (AT), in
particular the visceral fat, where activated intracellular inflammatory
signals, such as the IKKA/NF-«B and JNK pathways, result in increased
content of resident macrophages and their polarization toward a M;
pro-inflammatory profile, with overproduction of cytokines and other
bioactive molecules (Shoelson et al., 2006). Among numerous cytokines,
tumor necrosis factor (TNF)-a has been well characterized with regard
to its mechanistic role in obesity-related insulin resistance (Hotamisligil,
1999). Thus, TNF-« is able to inhibit insulin-stimulated phosphorylation
of IRS-1 and activation of the downstream PI 3-K/Akt signaling pathway
that increase eNOS activity and NO production in cultured endothelial
cells (Kim et al., 2001). Similarly, Li et al. have reported that TNF-« in-
duces endothelial insulin resistance in the PI 3-K/Akt/eNOS pathway via
a MAPK-dependent mechanism, while concurrently enhancing the ERK
1/2 pathway (Li et al., 2007). Additionally, TNF-a may induce vascular
insulin resistance via positive modulation of the enzyme phosphatase
and tension homologue (PTEN), leading to decreased Akt/eNOS/NO
signaling in high fat fed mice (da Costa et al., 2016). In humans, Rask-
Madsen et al. have reported that infusion of TNF-« in healthy individuals
inhibits the stimulatory effects of insulin on glucose uptake and reduces
endothelium-dependent vasodilation (Rask-Madsen et al., 2003). On the
other hand, a study performed by us has demonstrated that infusion of
the TNF-a neutralizing antibody infliximab into the brachial artery of
patients with the metabolic syndrome enhances the stimulatory effects
of insulin on NO-mediated vasodilator reactivity (Tesauro et al., 2008).

Heightened oxidative stress correlates well with accumulation of
fat in mice and humans, and is one main determinant of the obesity-
associated metabolic syndrome (Furukawa et al., 2004). Increased in-
flammatory cytokines (De Keulenaer et al., 1998), higher levels of
FFAs (Du et al., 2006), activation of the renin-angiotensin system
(Ramalingam et al., 2017), as well as decreased expression of antiox-
idant enzymes, are among the factors that accompany the elevation of
reactive oxygen species (ROS), which, in turn, are potent inducers of
maladaptive intravascular insulin signaling in insulin resistant states
(Paneni et al., 2015). In a model of metabolic insulin resistance and
endothelial dysfunction mediated by superoxide anion (0,~) linked to
local generation of angiotensin (Ang) II, Zhou et al. have shown im-
paired insulin activation of eNOS and impaired NO-mediated vasodi-
lation (Zhou et al., 2010). Similarly, endothelium-specific overexpres-
sion of PKCf,, a key molecular event eliciting ROS production, sup-
presses insulin-dependent pathways with respect to Akt/eNOS activa-
tion in vessels isolated from APOE~/~ mice, while concurrently express-
ing the potent vasoconstrictor ET-1 (Li et al., 2013). Also, transgenic
rats with elevated Ang II levels (TG(mRen2)27), exhibiting higher aor-
tic TNF-a expression, greater nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase (Nox) activity and increased ROS levels, also
display substantially diminished Akt activation and eNOS activity in re-
sponse to in vivo insulin stimulation compared to control animals (Wei
et al., 2007). On the other hand, pharmacological tools reducing vas-
cular oxidative stress through NADPH oxidase inhibition have proven
effective at improving insulin-mediated vasodilation in obese animal
models (Katakam et al., 2005). Similarly, obese mice with genetic dis-
ruption of Nox2 are protected against ROS accumulation and endothe-
lial insulin resistance, suggesting that targeting Nox2 could represent a
valuable therapeutic strategy against vascular dysfunction induced by
high-fat diet (Du et al., 2013). Also, transgenic mice with endothelium
overexpression of a dominant-negative mutant human insulin receptor
(ESMIRO) exhibit blunted vasodilator responses to ACh and insulin;
these abnormalities are related to augmented production of superox-
ide anions (Duncan et al., 2008) and are ameliorated by the genetic
deletion of the Nox2 isoform of NADPH oxidase (Sukumar et al., 2013).
In line with these findings, we have observed that, in the human fore-
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arm circulation, infusion of the antioxidant vitamin C is able to improve
NO-mediated vasodilator responsiveness during hyperinsulinemia in pa-
tients with the metabolic syndrome (Tesauro et al., 2008), thereby sug-
gesting that increased oxidative stress has a role in the pathophysiology
of insulin resistance not only in animal models, but also in human dis-
ease.

Perivascular adipose tissue changes

Perivascular adipose tissue (PVAT) is now recognized as more than
a structural support around large, medium-sized and small blood ves-
sels, being instead a source of countless mediators with profound abili-
ties to influence vascular homeostasis. A number of studies have clearly
demonstrated that, in healthy conditions, PVAT predominantly releases
factors that exert an “anti-contractile”, hence beneficial, paracrine ac-
tion on its neighbor vessels (Xia and Li, 2017). More specifically, very re-
cent work in experimental models has elegantly shown defective insulin-
induced vasodilation and microvascular recruitment in muscle resis-
tance arteries in the absence of PVAT, associated with markedly de-
creased local glucose uptake, without changes in whole body insulin
sensitivity (Turaihi et al., 2020). The enlargement of PVAT occurring in
obesity, by contrast, results in maladaptive changes that translate into
harmful effects on the entire cardiovascular system, from the heart (epi-
cardial fat), through the aorta and the major branches of the arterial
tree, up to the smaller nutritional arterioles (Xia and Li, 2017). With
regard to microvessels, a study performed ex vivo (in pressure myo-
graph) in human arterioles obtained from gluteal biopsies has shown
that PVAT taken from lean women enhances insulin-induced vasodila-
tion, whereas PVAT from obese woman stimulates insulin-induced vaso-
constriction; not surprisingly the size of perivascular adipocyte was big-
ger in obese than in lean women and was directly related to the impair-
ment of capillary recruitment assessed in vivo by contrast-enhanced ul-
trasound (Meijer et al., 2015). Interestingly, the same mediators respon-
sible for the adverse cardiovascular actions of excessive visceral fat, such
as lipid metabolites, inflammatory cytokines and ROS, are also released
by obese PVAT and play a role in the disruption of insulin-mediated bal-
ance between NO and endothelin release in the nearby vessels (Yudkin
et al., 2005).

In addition to inflammatory mechanisms, obese PVAT undergoes
changes in the secretory profile of adipokines, previously believed to
be produced only in visceral fat stores, a phenomenon contributing to
its unfavorable influence on insulin signaling (Huang Cao et al., 2017).
While adipokines secreted by intra-abdominal AT have an established
role in liver insulin resistance and impaired pancreatic secretion of in-
sulin, paracrine signaling by PVAT-secreted adipokines seem to have a
greater impact on vascular insulin signaling and muscle insulin sensitiv-
ity. Among different adipokines, adiponectin has been well character-
ized with regard to its effects on insulin-mediated vasoreactivity. Thus,
administration of exogenous adiponectin has been shown to mimic, at
least in part, the effect of lean PVAT on insulin-mediated vasodilation
in isolated mouse gracilis muscle resistance vessels, an effect that is
prevented by an adiponectin receptor antagonist or by a 5’ adenosine
monophosphate-activated kinase (AMPK) inhibitor; the latter finding
suggests an involvement of AMPK activation, resulting in Akt phospho-
rylation and inhibition of ERK1/2, with subsequent reduction in ET-1-
mediated constriction (Meijer et al., 2013). Similarly, Zhao et al. have
shown that pre-incubation with globular adiponectin improves the va-
sodilator effect of insulin in resistance arteries of rats fed high-fat diet
via AMPK activation, an effect abolished by AMPK inhibition with com-
pound C (Zhao et al., 2015). Other studies have demonstrated a role
of the multidomain adaptor protein APPL1, an essential signaling com-
ponent of the insulin sensitizer effect of adiponectin, in modulating the
vascular actions of insulin in mice. Thus, transgenic expression of APPL1
prevents obesity-induced impairment in insulin-mediated vasodilation
and reverses augmentation in insulin-evoked ET-1-dependent vasocon-
striction; genetic disruption of APPL1, by contrast, shifts the effects of
insulin from vasodilation to vasoconstriction via extracellular signal-
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related kinase (ERK) 1/2 phosphorylation and ET-1 production (Wang et
al., 2011). Importantly, recent work has clearly shown that the presence
of locally generated adiponectin is needed for insulin-mediated vasodi-
lation to occur in the skeletal muscle, whereas blood-borne adiponectin
present in the vascular lumen is insufficient (Turaihi et al., 2020).

Microbiome and gut permeability

In addition to the adipose tissue and the skeletal muscle, the intes-
tine is emerging as an important site for changes affecting the immune
system, metabolism, and insulin resistance in obesity. Thus, accumulat-
ing proof now suggests that gut microbiome, defined as the community
of microorganisms that share the gut lumen space, plays a role in the
body response to changes in caloric intake and diet composition (Dabke
et al., 2019). A number of studies have concordantly demonstrated that
obesity, both experimental and human, is associated with substantial
changes in the composition of gut microbiome, with great increase in
the bacteria from the phylum Firmicutes over Bacteroidetes (Saad et al.,
2016). These changes are, in turn, associated with disruption of tight
junction integrity of the intestinal epithelium, leading to increased per-
meability to a number of substances that may impact insulin signaling.
Among the gut-derived substances increased in the circulation of obese
patients is lipopolysaccharides (LPS), which may initiate an inflamma-
tory cascade via activation of pattern recognition receptors (PRRs), such
as the toll-like receptor (TLR)-4, on target cells, hence leading to nuclear
translocation of NF-«xB and expression of inflammatory cytokines, while
concurrently inhibiting insulin signaling (Saad et al., 2016). Another
consequence of gut microbiome changes in obesity is the reduction in
intraluminal content of short-chain fatty acids (SCFAs), such as acetate,
propionate and butyrate, and the increase in branched-chain aminoacids
(BCAAs) that may contribute to insulin resistance through complex, and
still controversial, mechanisms (Neis et al., 2015; Newgard, 2012). It
is conceivable, therefore, that obesity-associated microbiome changes,
in addition to their contribution to systemic inflammation, might af-
fect vascular insulin signaling through systemic spillover of some gut-
derived molecules.

Unresolved issues and perspectives

As obesity-related complications, such as diabetes and cardiovascu-
lar disease, remain leading causes of morbidity and mortality world-
wide, important goals of preventive medicine are better understanding
of their underlying mechanisms and effective interventions to correct
them. Achieving success in these strategies include enhanced character-
ization of the relative importance of some emerging pathophysiologi-
cal factors involved in vascular insulin resistance. For example, recent
work highlights the role of micro RNAs (miRNAs), noncoding RNAs that
regulate gene expression and signaling pathways, in insulin responsive
cells that are important for the maintenance of metabolic and vascular
homeostasis, raising the possibility that miRNA inhibition or “replace-
ment therapy” may eventually result in improved vascular insulin sen-
sitivity (Sun et al., 2016). Also, novel findings suggest that exosomes,
extracellular vesicles released from various tissues, cargo countless me-
diators that might impact the vascular actions of insulin (Kita et al.,
2019; Saez et al., 2019). Another current knowledge gap relates to a
possible role of the vascular insulin signaling in maintaining a normal
AT function, by preserving proper interactions between adipocytes and
their surrounding vasculature. Given that adequate perfusion and new
vessel formation are key determinants of healthy AT expansion (Saltiel
and Olefsky, 2017), obesity-related changes in the vascular actions of
insulin could result not only in impaired vasodilation but also in de-
fective angiogenesis. The latter abnormality, in turn, could negatively
impact the delivery of nutrients and oxygen required for lipid storage
and mobilization in the expanding AT (Ferrannini et al., 2018). Finally,
there is paucity of data regarding effective measures to improve vascu-
lar insulin resistance and hence ameliorate the metabolic and vascular
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profile of obese patients. Some evidence demonstrates that lifestyle in-
terventions are able to improve vascular insulin sensitivity in human
obesity (Vinet et al., 2015); other clinical studies suggest some effec-
tiveness of various pharmacological approaches (de Jongh et al., 2004;
Wang et al., 2020). There is, however, strong need of further studies to
find effective treatments that could translate into clinical benefits for
these patients.
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