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Insulin’s actions on vascular tissues:
Physiological effects and pathophysiological
contributions to vascular complications of
diabetes
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ABSTRACT

Background: Insulin has been demonstrated to exert direct and indirect effects on vascular tissues. Its actions in vascular cells are mediated by
two major pathways: the insulin receptor substrate 1/2-phosphoinositide-3 kinase/Akt (IRS1/2/PI3K/Akt) pathway and the Src/mitogen-activated
protein kinase (MAPK) pathway, both of which contribute to the expression and distribution of metabolites, hormones, and cytokines.
Scope of review: In this review, we summarize the current understanding of insulin’s physiological and pathophysiological actions and
associated signaling pathways in vascular cells, mainly in endothelial cells (EC) and vascular smooth muscle cells (VSMC), and how these
processes lead to selective insulin resistance. We also describe insulin’s potential new signaling and biological effects derived from animal
studies and cultured capillary and arterial EC, VSMC, and pericytes. We will not provide a detailed discussion of insulin’s effects on the
myocardium, insulin’s structure, or its signaling pathways’ various steps, since other articles in this issue discuss these areas in depth.
Major conclusions: Insulin mediates many important functions on vascular cells via its receptors and signaling cascades. Its direct actions on
EC and VSMC are important for transporting and communicating nutrients, cytokines, hormones, and other signaling molecules. These vascular
actions are also important for regulating systemic fuel metabolism and energetics. Inhibiting or enhancing these pathways leads to selective
insulin resistance, exacerbating the development of endothelial dysfunction, atherosclerosis, restenosis, poor wound healing, and even
myocardial dysfunction. Targeted therapies to improve selective insulin resistance in EC and VSMC are thus needed to specifically mitigate these
pathological processes.

� 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Since its discovery in 1921, insulin has been reported to exert actions
in almost every type of cell and tissue. This is not surprising because
insulin can affect cellular signaling pathways that regulate metabolism,
survival, and replication. However, insulin’s effects vary depending on
cell types, including vascular cells. The vascular system includes ar-
teries, veins, capillaries, and venules, often with addition of the
myocardium. Its primary mission is to distribute nutrients, hormones,
cytokines, and other signaling molecules among various tissues as
well as remove their by-products. Equally important is the vascular
system’s ability to produce many of these signaling metabolites,
hormones, and cytokines, with autocrine, paracrine, and hormonal
actions, which have profound importance to many physiological pro-
cesses [1e5]. As vascular cells are closely integrated with the tissues
they nourish, it is not surprising that insulin exerts important direct and
indirect actions on these cells. A few years after its discovery, Dr. Elliott
Joslin noted that insulin has important indirect actions on the vascular
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system through its regulation of lipids and the development of hard-
ening of the arteries. This review will focus on insulin’s direct actions
on vascular cells and briefly discuss the myocardium, because it is
very different from vascular cells (sharing many similarities with
skeletal muscle) and thus deserves to be reviewed separately. The
vascular system is composed of endothelial cells (EC), vascular con-
tractile smooth muscle cells (VSMC), and capillary pericytes. EC un-
dergo intimate interactions with plasma and circulating cells,
regulating cellular traffic, hemostasis, and permeability at the capillary
level [6e10]. EC form various types of capillaries and have unique
functions in different tissues. Continuous capillaries are those in which
EC are joined by junction proteins with different levels of diffusion
barriers, which occur in many organs such as the skeletal muscle,
heart, adipose tissue, lung, skin, central nervous system, and retina.
Fenestrated capillaries are those in which gaps or openings exist
within or between EC such as in the renal glomeruli, pancreatic islets,
intestines, and sinusoidal capillaries in the liver, spleen, and bone
marrow and exhibit breaks between EC. VSMC are critical for
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maintaining blood pressure and flow [11,12]. However, there are many
interactions between vascular cells and their substromal cells,
including adipose cells, which may even cause progenitor cells in the
body [13]. Insulin has been shown to possess receptors on all
differentiated vascular cells and their progenitor cells. We will not
provide a detailed discussion of insulin’s structure or its signaling
pathways’ various steps, as other articles in this issue discuss these
areas in depth. In the following sections, we provide a review of in-
sulin’s direct actions on vascular cells starting with its physiological
and potential pathological contributions to diabetes and insulin-
resistant states. We also describe insulin’s potential new signaling
and biological effects derived from animal studies, cultured capillary
and arterial EC, VSMC, and pericytes. These studies from many lab-
oratories have clearly established that insulin has important specialized
physiological actions in vascular cells. When these actions are either
diminished or chronically activated, they contribute to many of the
vascular complications of diabetes.

2. STRUCTURE AND SIGNALING OF INSULIN RECEPTORS IN EC
AND VSMC

Vascular cells have insulin receptors (IR) composed of an a chain that
binds insulin and a b chain containing tyrosine kinase, comparable to
IR in other tissues. As shown in Figure 1, IR signaling in vascular cells
occurs mainly via the IR substrate (IRS)1/2 and phosphoinositide (PI)-3
kinase/Akt (IRS1/2/PI3K/Akt) and Src/mitogen-activated protein kinase
(MAPK) cascades, similar to other tissues. However, IR processing and
actions are unusual and differ from other tissues. When IR were first
Figure 1: An overview of insulin’s various actions on the vascular wall. Insulin rec
transcytosis. In the endothelium, insulin activates either the PI3K/Akt pathway (through
VCAM-1. In vascular smooth muscle cells, the PI3K/Akt pathway eventually leads to NO ac
and consequently muscular contraction as well as cellular proliferation and migration. In va
FOXO and increasing HO-1. IRS, insulin receptor substrate; HO-1, heme oxygenase; VEGF, v
oxide; ET-1, endothelin-1; ETBR, endothelin receptor type B; HAS2, hyaluronan synthase
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studied in EC, we found that most of the internalized insulin was not
degraded even after several hours at 37 �C, which was very different
from hepatocytes, adipocytes, and even VSMC [14e16]. This lack of
internalized insulin to be degraded in EC led to the discovery that
receptor-mediated transport of insulin occurs from the apical to the
luminal surfaces of EC, termed receptor-mediated transcytosis, which
has been shown to occur in other hormones or growth factors such as
epidermal growth factor (EGF) and transferrin [14,17e19]. However,
the insulin transport process across the endothelium remains to be
completely defined. It likely differs depending on the type of capillaries
in the various organs. For example, in certain regions of the brain and
retina where tight junctions are present in continuous capillaries, IR-
mediated transport is likely to be important. In contrast, fenestrated
capillaries in various endocrine glands and sinusoidal capillaries in the
liver and spleen provide very few barriers to insulin. However, in tis-
sues such as muscle and fat that have continuous capillaries but ex-
press few zona occludens, assessing the role of IR in EC transport has
been difficult to document. A study from the Kahn lab at the Joslin
Diabetes Center showed that specific knock-out of IR in EC delayed the
activation of insulin signaling in skeletal muscle, fat, and several re-
gions of the brain, but not in the liver or olfactory bulb, indicating that IR
EC is important for insulin delivery in EC [20]. Other studies found that
insulin transport across the interstitial skeletal muscle are saturable,
which may be part of the caveolin cycling process [21,22]. However,
another study showed that insulin transport across the bloodebrain
barrier may not be mediated by IR [23]. While the physiological sig-
nificance of IR’s role in mediating EC transport across the continuous
capillaries is still being clarified, it is likely to be important in tissues
eptors mediate insulin transport across the endothelial barrier via receptor-mediated
IRS) or the MAPK/Erk pathway and regulates the expression of HO-1, VEGF, and

tivation and muscular relaxation, while the MAPK/Erk pathway leads to ET-1 activation
scular pericytes, insulin can also exert anti-apoptotic actions by inhibiting caspases and
ascular endothelial growth factor; VCAM-1, vascular cell adhesion molecule-1; NO, nitric
2.
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such as the brain and retina, which have limited paracellular capillary
permeability due to an endothelial barrier with tight junction protein
complexes [24], although the regulation of this process needs to be
further studied. A recent study showed that Notch signaling in EC was
involved in regulating insulin transport across the endothelium to
muscle cells. Inhibition of Notch signaling affected caveolae formation
in EC and improved insulin sensitivity, glucose tolerance, and glucose
uptake in muscle in a high-fat diet model [25]. In contrast to EC,
internalized insulin is degraded in VSMC, and directional transport of
intact insulin is not observed. Furthermore, downregulation of surface
IR is observed in both EC and VSMC when exposed to elevated levels of
insulin, which can contribute to insulin resistance in these cells [19]. It
is also possible that downregulation of IR in EC may indirectly
contribute to systemic insulin resistance by regulating various aspects
of insulin transport to the tissues such as blood flow, permeability, or
cytokine levels [1,24].
Functionally, insulin’s actions in EC and VSMC mostly focus on
metabolism and are vascular-specific. For glucose metabolism, insulin
does not have significant actions on glucose uptake since GLUT-1 is
the predominant glucose transporter in vascular cells, with the
exception of myocardial cells [26]. However, insulin can affect glucose
and fatty acid metabolism via glycolytic and mitochondrial fluxes,
which can indirectly alter many cellular functions [1]. Thus, the
combination of hyperinsulinemia, hyperglycemia, and hyperlipidemia
in diabetes can exert profound actions on vascular cells and lead to
different vascular complications. For instance, hyperinsulinemia
associated with insulin resistance can cause macrovascular compli-
cations. Hyperglycemia can cause endothelial dysfunction directly and
accelerate vascular complications, especially when combined with
other risk factors such as hyperlipidemia or insulin resistance. The
presence of insulin resistance and the lack of autoimmunity to
pancreatic beta cells in type 2 diabetes (T2D) are important factors to
consider when evaluating the risk of various diabetes-related com-
plications. The presence of autoimmunity, in particular, has been
shown to be associated with cardiac failure in people with type 1
diabetes (T1D) [27]. Insulin’s actions on vascular cells are also inte-
grated with the cellular actions of insulin growth factor (IGF)-1. The
admixture of insulin and IGF1 on vascular cells is due to the similarity
of IGF1 receptors (IGF1R) in structure, metabolic, and growth-
promoting activities as commonly reported in many other types of
cells. In vascular cells, IGF1R are equally or more numerous than IR
and hybrid IR/IGF1 receptors [28]. Their interactions will be discussed
in more detail in the following sections, including the findings that
insulin’s actions mediated by the IRS1/2/PI3K/Akt pathway mediate
many effects that are anti-atherogenic, whereas those via the MAPK
pathways are often pro-atherogenic or proliferative (Figure 1).

3. EVIDENCE SUPPORTING THE ASSOCIATION BETWEEN
INSULIN AND CARDIOVASCULAR DISEASE

Cardiovascular disease (CVD) is a major cause of mortality and
morbidity in T1D and T2D [29]. The increased CVD risk in T1D, which is
characterized by insulin deficiency, has been attributed to suboptimal
glycemic control and peripheral hyperinsulinemia from exogenous
insulin therapy [30]. In T2D, CVD risk is also related to hyper-
insulinemia, which arises as a result of insulin resistance [31]. How-
ever, while multiple early studies associated hyperinsulinemia and
insulin resistance to increased CVD risk, recent major clinical trials
such as ORIGIN (Outcome Reduction with Initial Glargine Intervention)
did not show increased CVD risk with exogenous hyperinsulinemia,
having established a neutral cardiovascular (CV) effect of long-acting
MOLECULAR METABOLISM 52 (2021) 101236 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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insulin glargine compared with standard glycemic care in subjects
with CV risk factors and either pre-diabetes or T2D [32]. More recently,
a trial comparing cardiovascular safety of insulin degludec versus in-
sulin glargine in patients with type 2 diabetes at a high risk of car-
diovascular events (DEVOTE) studied patients with established CVD
and chronic T2D and similarly did not detect differences in CV mortality
between insulin glargine and a newer long-acting insulin, degludec,
despite reduced hypoglycemia risks in the latter [33]. These trials
suggest that CVD risk in diabetes is most likely related to endogenous
rather than exogenous hyperinsulinemia [34]. The association between
hyperinsulinemia and CVD has also been reported in observational
studies involving pre- and non-diabetic populations [35] and was found
to be independent of other traditional CVD risk factors [36]. Some
clinical studies have shown that proinsulin and by-products of insulin
synthesis may likewise contribute to CVD risk. In several population-
based cohorts, for instance, proinsulin levels were found to be a
strong independent predictor of CV death and morbidity regardless of
glycemic tolerance [37e39]. Furthermore, fasting serum C-peptide
levels have been shown to significantly increase CV death in non-
diabetic adults [40]. It is important to note, however, that there is
difficulty separating the effects of insulin resistance from those of
elevated proinsulin and C-peptide, which are usually elevated in
parallel.
On the opposite end of the spectrum, insulin-deficient states such as
T1D are similarly tied to CVD risk. This is due not only to insulin
deficiency and hyperglycemia, but also to a host of other metabolic
abnormalities such as dyslipidemia, pathologic oxidation and glyca-
tion, and inflammation (similar to T2D). In the Diabetes Control and
Complications Trial (DCCT), tight glycemic control in T1D patients,
which included adequate provision of insulin therapy, resulted in a
significant reduction in vascular complications including CVD [41].
The Coronary Artery Calcification in Type 1 Diabetes (CACTI) study
found that relative insulin deficiency can elevate levels of apolipo-
protein C3, which prevents the clearance of triglyceride-rich lipo-
proteins and their remnants [42].
Several animal studies have characterized insulin’s direct effect on the
arterial wall and severity of atherosclerosis [43e46]. When hyper-
insulinemia was induced exogenously with implanted insulin pellets to
mimic exogenous insulin treatment for diabetic patients, atheroscle-
rosis decreased and lipid levels improved through actions on the liver,
lowering inflammatory cytokines, inhibiting vascular cell adhesion
molecule 1 (VCAM1), activating endothelial nitric oxide synthase
(eNOS), and decreasing monocyte recruitment in the arterial wall in
apolipoprotein E knock-out (ApoE�/�) mice [45]. However, endoge-
nously induced hyperinsulinemia in the absence of systemic insulin
resistance did not alter the development of atherosclerosis. Studies in
single-allele insulin receptor-ablated (IRþ/-) ApoE�/� mice, which
were generated with elevated plasma insulin and comparable insulin
sensitivity to control mice, did not exhibit any difference in athero-
sclerosis compared to control ApoE�/� mice even after 52 weeks of
hyperinsulinemia [44]. These studies suggest that neither endogenous
nor exogenous hyperinsulinemia alone has a direct effect to accelerate
the development of atherosclerosis. Thus, the loss of insulin’s direct
actions on EC is related to endothelial dysfunction and may cause the
worsening of CVD in insulin resistance and diabetes.

4. PHYSIOLOGIC EFFECTS OF INSULIN ON THE VASCULAR
SYSTEM

The endothelium can regulate insulin transport into peripheral organs
that possess continuous vascular connections such as the central
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nervous system (CNS), adipose tissue, and skeletal muscle, in contrast
to organs with fenestrated capillaries such as the liver, renal glomeruli,
and pituitary [14,47]. A specific vascular effect of insulin is its regu-
lation of blood flow, with multiple studies having shown that insulin can
mediate vasodilation by directly stimulating nitric oxide (NO) release
from the endothelium. This has been demonstrated via a dose-
dependent physiologic increase in skeletal muscle blood flow, which
could be impaired very early as a result of marked endothelial
dysfunction in insulin-resistant states, diabetes, and metabolic syn-
drome [48]. In vivo studies have also shown that physiological
hyperinsulinemia can increase total skeletal muscle blood flow and
rapidly recruit muscle capillaries (by relaxing resistance and terminal
arterioles, respectively) in a time-, dose-, and NO-dependent manner,
which precedes insulin’s effects of increasing muscle glucose uptake
or activating downstream kinase pathways [9,10,49]. Mice with IRS2
deletion in their endothelial cells (ETIRS2KO mice) are also insulin
resistant, with reductions in insulin-induced eNOS phosphorylation and
capillary recruitment and impaired glucose uptake by skeletal muscle
[50]. In people with diabetes, Rask-Madsen et al. reported that insulin
treatment can improve insulin-stimulated forearm blood flow [51].
They also reported that infusion of tumor necrosis factor (TNF)-a
inhibited insulin-induced glucose uptake and endothelium-dependent
vasodilation in the forearm, but did not inhibit sodium nitroprusside-
induced blood flow, indicating that inflammatory cytokines can
inhibit insulin-induced NO production and vasodilation to cause
endothelial dysfunction as observed in insulin resistance and diabetes
[9,10,52]. Activation of the renin-angiotensin-aldosterone system in
insulin resistance may also contribute to inhibit insulin-induced for-
mation of reactive oxygen species, leading to insulin resistance,
endothelial dysfunction, hypertension, and CVD [6,7,53].
At the cellular level, we characterized the IR dimeric structure in EC,
VSMC, and capillary pericytes [54]. For insulin-induced arterial vaso-
dilation, the role of NO has been clearly demonstrated by many
conclusive studies, including findings that mice with eNOS deletion
developed endothelial dysfunction and insulin resistance [46]. The best
evidence was reported by Quon et al. that insulin can activate eNOS
through the PI3K/AKT pathway [55]. This provided the first identifi-
cation of insulin’s unique action in the vascular system, leading to
other discoveries further showing insulin’s actions on vascular flow,
angiogenesis, monocyte adhesion, thrombosis, pericyte apoptosis, and
cytokine and oxidant production [1,3] (Figure 1).

5. SELECTIVE INSULIN RESISTANCE

We previously discussed that IR can mediate insulin transport across
the endothelial barrier via transcytosis without significant insulin
degradation. This process has been shown to decrease in insulin
resistance, as the number of IR on plasma membranes can decrease in
the presence of hyperinsulinemia [19]. We also discussed that insulin
exerts its vascular effects through at least two signaling pathways: the
IRS1/2/PI3K/Akt and Src/MAPK cascade pathways. Insulin’s activation
of the IRS1/2/PI3K/Akt pathway at low physiologic levels can increase
the expression of eNOS, vascular endothelial growth factor (VEGF),
endothelin (ET)-1, heme oxygenase (HO)-1, plasminogen activator
inhibitor (PAI)-1, and endothelin-B receptor (ETBR), as well as lower
levels of VCAM1. These findings suggest that insulin’s actions via the
IRS1/2/PI3K/Akt pathway may enhance angiogenesis through VEGF,
promote vasodilation and inhibit atherosclerosis (eNOS and ETBR), and
decrease oxidation and inflammation (HO-1 and VCAM1) [43,46,56,57]
(Figure 1). The IRS1/2/PI3K/Akt pathway also enables insulin to
enhance cardiac contractility and increase cardiomyocyte filament
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sensitivity to calcium [58]. Insulin can additionally exert anti-
atherogenic actions through several anti-apoptotic mechanisms such
as repressing the transcription factor FoxO and inhibiting the pro-
apoptotic molecule caspase-9 [59,60].
In contrast, insulin’s actions via the Src/MAPK pathway facilitate
vasoconstriction through ET-1, cause inflammation through plasmin-
ogen activator inhibitor (PAI-1), and promote VSMC proliferation and
migration. Increases in ET-1 expression and the resultant migration
and proliferation of vascular contractile cells cause vasoconstriction
and an eventual atherogenic cascade [61]. Furthermore, in obese in-
dividuals, insulin has been reported to increase sympathetic nerve
activity under basal conditions, but not during a euglycemic hyper-
insulinemic clamp as seen in insulin-sensitive controls [62].
From this spectrum of insulin’s actions on the vasculature, impairment
of the IRS1/2/PI3K/Akt pathway will lead to loss of insulin’s pro-
angiogenic, anti-oxidative, and anti-inflammatory actions, whereas
enhancements in the Src/MAPK cascade will accelerate the opposite
effects, resulting in selective insulin resistance (Figure 2). We initially
reported in 1999 that selective insulin resistance occurred in the aortas
of obese Zucker rats [57], in which the IRS/1/2/PI3K/Akt pathway was
impaired with decreased activation, but activation of the Src/MAPK
pathway was not altered [1]. This selective insulin resistance has also
been reported in other tissues including the myocardium, liver, renal
glomeruli, wound fibroblasts, gingivae, and angioblasts. The potential
loss of insulin’s protective actions and selective insulin resistance are
likely caused by inflammation and dysmetabolites of insulin resistance,
diabetes, and metabolic syndrome. Kanter et al. further supported this
concept of Akt-mediated selective insulin protection on atheroscle-
rosis. In an insulin-resistant atherosclerosis model, Ldlr�/� mice
treated with mimetic peptide S597, which preferentially activates the
IRS/1/2/PI3K/Akt pathway over the Src/MAPK pathway, were shown to
be protected against advanced atherosclerosis, with reductions in
inflammatory monocyte accumulation in atherosclerosis lesions [63].

6. MECHANISMS OF SELECTIVE INSULIN RESISTANCE

One of the molecular mechanisms identified to cause selective insulin
resistance is the activation of stress kinases, including p38/MAPK and
protein kinase C (PKC). Multiple studies have shown that elevations of
glucose and lipid metabolites combined with increases in oxidants and
inflammatory cytokines will increase the de novo synthesis of diac-
ylglycerol (DAG), an activator of many PKC isoforms. We previously
reported that PKC isoforms b and d can inhibit insulin’s anti-
atherosclerotic actions through the IRS/1/2/PI3K/Akt pathway [64]
while enhancing stress kinases such as MAPK to accelerate pro-
atherosclerotic actions [65]. Among PKC isoforms, b and d isoforms
have been shown to be activated in many vascular tissues in insulin-
resistant and diabetic states, including the retina, capillaries, renal
glomeruli, chronic wounds, gingiva, aorta, and heart [66e74]. Cell-
based studies showed that the PKC-b isoform induced selective in-
sulin resistance in EC by phosphorylation of threonine-86 of the P85/
PI3K subunit and serine of IRS2, blunting pAkt and subsequently eNOS
activation and VEGF expression [64] (Figure 2).
Activation of the PKC-b isoform has been shown to mediate many of
the adverse effects of hyperglycemia by selectively inhibiting insulin
activation of the IRS/1/2/PI3K/Akt pathway in the endothelium. Specific
inhibition of the PKC-b isoform has been shown to decrease the
severity of atherosclerosis, retinopathy (DR), and nephropathy (DN) in
diabetic animals, suggesting that its inhibition is an attractive thera-
peutic option. Nevertheless, clinical trials have provided mixed results.
Ruboxistaurin, an orally available PKC-b inhibitor, has been extensively
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: Selective insulin resistance in vascular endothelial cells (EC). Selective insulin resistance in EC is induced by angiotensin II, elevated FFA, high glucose levels, and
proinflammatory cytokines from diabetes and insulin resistance. These stimulate PKC isoforms and other stress kinases to inhibit only the IRS/PI3K/Akt pathway through
phosphorylation of IRS1/2. In contrast, insulin’s stimulation of the SOS/Grb2/MAPK pathway is enhanced in diabetes and insulin resistance. The selective loss of insulin’s actions via
the IRS/PI3K/Akt pathway causes the reduction in insulin’s anti-atherosclerotic action and contributes to the acceleration of atherosclerosis and other cardiovascular pathologies in
diabetes and insulin resistance. FFA, free fatty acid; PKC, protein kinase C; IRS1/2, insulin receptor substrate 1/2; PTEN, phosphatase and tensin homolog; ETBR, endothelin
receptor type B; ROS, reactive oxygen species.
studied in DR and appears to be well-tolerated. In the PKC-DRS1 and
DRS2 trials, ruboxistaurin produced a reduction in sustained moderate
visual loss (SMVL) and laser treatment initiation in participants with
macular edema and non-proliferative DR compared to placebo; how-
ever, it had no effect on DR progression [75,76]. For diabetic ne-
phropathy (DN), ruboxistaurin was also able to reduce the albumin-
creatinine ratio (ACR), but failed to improve eGFR in participants with
persistent albuminuria. However, the intergroup differences between
the ruboxistaurin and placebo groups were not statistically significant
and there was similarly no difference in kidney outcomes between the
two groups [77]. In diabetic neuropathy, two studies showed evidence
of neuropathic symptom reduction over six and 12 months of rubox-
istaurin treatment, respectively. Larger studies are needed to better
elucidate the role of ruboxistaurin in neuropathy treatment [78,79].
A clear example of the functional significance of selective insulin
resistance is in the myocardium. Post-ischemia collateral angiogenesis
is important for retaining myocardial tissue and is related to VEGF
expression [80]. In diabetes or insulin resistance, poor collateral vessel
formation is commonly observed in many peripheral tissues and is
related to poor survival of the myocardium [80,81]. We also reported
that VEGF expression in the myocardium is likewise decreased in in-
sulin resistance and diabetes [82]. The targeted deletion of IR in the
myocardium caused parallel reductions in insulin-induced activation of
IRS1/2/PI3K/Akt and VEGF and exacerbated myocardial damage with
induced ischemia [80], similar to that induced by diabetes. Similar
effects are seen with PKC activation, especially the b isoform, which is
MOLECULAR METABOLISM 52 (2021) 101236 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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found in myocardia with diabetes or insulin resistance [80,82]. In the
following sections, the critical roles of IR in EC and VSMC will be
described.

7. INSULIN SIGNALING IN ENDOTHELIAL DYSFUNCTION

As previously described, IR mediates several specific functions, such
as the activation of eNOS and expression of VEGF, HO-1, VCAM1, and
ETBR. As also mentioned, insulin can affect glucose metabolism in the
EC, although glucose uptake in vascular cells is mainly mediated by
GLUT-1. Of note, GLUT-1 in EC was not downregulated by high
extracellular glucose concentration, which differs from VSMC [26]. This
lack of GLUT1 reduction in hyperglycemia has often been cited as a
reason for the induction of many functional and apoptotic changes
exhibited by EC with diabetes. Deletion of IR specific to EC has provided
a great deal of insulin’s selective vascular effects. Kondo et al. reported
that deletion of IR in EC reduced ischemia-induced retinal neo-
vascularization in parallel with reductions in VEGF, eNOS, and ET-1
expression. Interestingly, deletion of IGF1R in EC also had similar but
more modest effects than IR deletion [83]. However, this laboratory did
not find any effects of IR deletion on bloodebrain permeability or
systemic insulin sensitivity on regular diets [84].
The importance of endothelial insulin’s action on atherosclerosis was
also demonstrated by deletion of endothelial insulin receptor on ApoE�/

� (VEIRKO) mice, in which the IR gene was intact or conditionally
deleted in vascular endothelial cells. Systemic insulin sensitivity,
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glucose tolerance, plasma lipids, and blood pressure were similar
between the two groups, but atherosclerotic lesion size was more than
2-fold higher in VEIRKO mice that lacked endothelial insulin signaling
[43]. Endothelium-dependent vasodilation was also impaired. How-
ever, endothelial cell VCAM-1 expression increased in VEIRKO mice in
parallel with increased adhesion of mononuclear cells to the endo-
thelium in vivo by 4-fold, which was reduced to below control values by
a VCAM-1-blocking antibody. These findings provided very strong
evidence that loss of insulin signaling in the endothelium accelerated
atherosclerosis [43,85e87].
In contrast, when insulin signaling was enhanced specifically in EC, NO
production greatly increased and atherosclerosis decreased. Over-
expression of IRS1 in the endothelia of ApoE�/� mice (IRS1/ApoE�/�)
improved insulin signaling in the aorta. Complex lesions of atheroscle-
rosis were minimized in IRS1/ApoE�/� mice on high-fat diet with
hyperinsulinemia and hyperglycemia. This enhanced anti-atherogenic
action in EC was due to a dramatic induction of NO action, which
increased ETRB expression and intracellular Ca2þ. Interestingly, mice
with knock-in mutation of eNOS, which had Ser1176 mutated to alanine
(AKI), deleting the only known mechanism for insulin to activate eNOS
(Aki/ApoE�/� mice), still exhibited significantly decreased atheroscle-
rosis. Endothelial ETRB expression was selectively reduced in the arterial
intima of diabetic patients and rodents, but upregulated by insulin via the
IRS1/2/P13K/Akt pathway. However, ETRB deletion in EC of Ldlr�/� and
IRS1/Ldlr�/� mice decreased NO production and accelerated athero-
sclerosis compared with Ldlr�/� mice. Accelerated atherosclerosis in
diabetes may be reduced by selectively improving insulin signaling via
the IRS1/2/PI3K/Akt pathway in EC by inducing ETRB expression and NO
production (Figure 2) [46]. In addition, a recent study showed that
deletion of IGF1R in EC in apoE�/� background (En-IGF1R-KD mice) also
increased atherosclerosis without altering leukocyte adhesion, but rather
by the loss of endothelial barrier function [88].
Enhancing IR actions in the endothelium also improved wound healing
in insulin resistance and diabetes. We reported that epithelization and
angiogenesis are delayed or reduced in diet-induced diabetic mice.
However, overexpression of IRS1 targeted to EC improved angiogen-
esis and wound healing in both diet-induced insulin-resistant and
insulin-deficient mice by improving the differentiation of endogenous
angioblasts in the wound to EC [89], which is also related to NO
production and VEGF expression. These results strongly demonstrated
that IR-mediated signaling is important for EC function, specifically via
the IRS1/2/PI3K/Akt pathway.
As previously mentioned, one mechanism by which metabolic changes
lead to selective insulin resistance is activation of stress kinases
including p38/MAPK and PKC, which inhibit the anti-atherosclerotic
IRS1/2/PI3K/Akt pathway [64] and enhance the pro-atherosclerotic
MAPK pathway [65]. Among PKC isoforms, PKC-b isoform activation
has been documented to induce selective insulin resistance in EC by
phosphorylation of threonine-86 of the P85/PI3K subunit and serine of
IRS2, further blunting pAkt, eNOS, and VEGF expression. Over-
expressing PKC-b2 in EC (Tg (Prkcb) ApoE�/� mice) induced selective
insulin resistance through loss of Akt/eNOS signaling and elevated
angiotensin-induced ET-1 expression, which aggravated endothelial
dysfunction and accelerated atherosclerosis [90,91], while deletion of
PKC-b or using its chemical inhibitor, ruboxistaurin (RBX), in ApoE�/�

mice led to a large reduction in atherosclerosis [92,93]. Activation of
PKC-d in diabetes has also been reported in many vascular tissues
such as the aorta, retina, heart, renal glomeruli, and chronic wounds.
We reported that PKC-d levels were elevated and activated in chronic
wounds and fibroblasts from diabetic people and rodents. Introducing
PKC-d inhibitors improved insulin signaling in the wounds and their
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fibroblasts, with parallel elevation of VEGF expression, pAkt, and
wound-healing rates. These findings provide strong evidence that
selective insulin resistance, with the loss of signaling via the IRS1/2/
PI3K/Akt cascade, is a major contributor to endothelial dysfunction and
many of the vascular complications of diabetes (Figure 2) [94].

8. INSULIN SIGNALING IN VASCULAR SMOOTH MUSCLE CELLS

VSMC, which surround EC, have been reported to be regulated by
insulin indirectly through NO/cGMP activation (leading to vasodilation)
and ET-1 activation (leading to vasocontraction) [95,96]. To date,
however, there has been little discussion about insulin’s actions
directly on VSMC and its role on restenosis and atherosclerosis. Pre-
vious studies on insulin’s action have reported its importance in
maintaining a-smooth muscle actin (a-SMA) expression for the con-
tractile phenotype and VSMC migration [97]. In addition, insulin and
IGF1 can promote the proliferation of VSMC and have been postulated
to accelerate atherosclerosis in hyperinsulinemic and insulin-resistant
states [26,28,97e103].
VSMC, the predominant cell type within the arterial wall, regulate artery
tone under normal physiological conditions. Under pathophysiological
conditions, such as hypertension, atherosclerosis, restenosis, and
aneurysms, VSMC undergo phenotype switching from a contractile
phenotype to synthetic phenotype, with increased proliferation and
secretion of the extracellular matrix (ECM). The important role of VSMC
in atherosclerotic plaques was revealed by lineage-tracing studies that
showed that 30% of plaque cells were derived from VSMC [104]. Most
VSMC in the atherosclerotic plaque lose classic VSMC markers, such
as Myh11 and SM22, making it difficult to study the function of VSMC
in atherosclerosis. Single-cell RNA sequencing studies revealed that
there were inflammatory VSMC, osteogenic VSMC, and fibrotic VSMC
in the plaque, each playing different roles [105,106]. Increased fibrotic
VSMC might enhance plaque stability, inflammatory VSMC might
promote atherosclerosis, while osteogenic VSMC might mediate
arterial calcification in diabetes. The differentiation of different groups
of VSMC is regulated by different transcription factors.
VSMC proliferation and migration and the effects on the extracellular
matrix are critical to promote the formation and development of
atherosclerosis and restenosis, which are both accelerated in people
with T1D or T2D [11,107,108]. Paradoxically, VSMC proliferation may
be also beneficial for plaque stability, with proliferation of different
VSMC groups resulting in different outcomes. Proliferation of inflam-
matory or osteogenic VSMC might contribute to atherosclerosis,
whereas proliferation of fibrotic VSMC might increase the cap thick-
ness and ECM content in the plaque, enhancing plaque stability
[107,109].
Insulin was reported to promote VSMC proliferation in vitro many de-
cades ago [26]. High concentrations of insulin, such as 10e100 nM,
were usually used in these studies, which raised doubts about their
physiologic significance. Insulin can activate both IR and IGF1R at
elevated concentrations, making it difficult to interpret whether its
effects were mediated by IR or IGF1R. Both IR and IGF1R are expressed
on VSMC. Structurally and functionally, both are dimers formed by two
monomers conjugated by disulfide bonds (Figure 3). In addition to
forming homozygous IR and IGF1R, IR and IGF1R can also form a
hybrid insulin/IGF1 receptor. The abundance of IGF1R is approximately
8- to 10-fold higher than IR in most vascular cells including VSMC,
resulting in about 80% IR forming a hybrid receptor with IGF1R and
only 20% IR forming homozygous IR (homo IR). Physiological levels of
insulin (1e10 nM) can only bind to homo IR, whereas physiological
levels of IGF1 can activate both homo IGF1R and hybrid insulin/IGF1R.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Signaling of homozygous insulin receptor (IR/IR), IGF-1 receptor (IGF1R/IGF1R), and hybrid IR/IGF1R in vascular smooth muscle cells (VSMC). Physiological
levels of insulin only bind to homo IR/IR, which enhance VSMC proliferation and exacerbate injury-induced intimal hyperplasia and atherosclerotic plaque stability by activating
insulin signaling and upregulating Has2. In hyperinsulinemic conditions, insulin can bind to IR/IGF1R and homo IGF1R/IGF1R, enhance proliferation and migration, and accelerate
restenosis. However, insulin resistance or hypoglycemia decreases restenosis and plaque stability. IGF-1, which mainly binds to IGF1R/IGF1R, does not alter restenosis but can
increase plaque stability by enhancing VSMC proliferation, migration, and secretion of the extracellular matrix. HAS2, hyaluronan synthase 2.
Therefore, we reported that IGF1R can inhibit insulin effects by binding
with IR to form a hybrid insulin/IGF1 receptor, reducing the amount of
homo IR. Knock-out of IR targeted to VSMC decreased insulin-
stimulated VSMC proliferation and reduced wire injury-induced
intimal hyperplasia of femoral arteries in a rodent model of reste-
nosis. In contrast, deletion of IGF1R enhanced insulin-stimulated VSMC
proliferation and exacerbated injury-induced intimal hyperplasia by
enhancing insulin signaling and upregulation of Has2 [28], an enzyme
that has important biological effects on VSMC migration and prolifer-
ation (Figure 3).
Insulin also plays a role in VSMC apoptosis, an important process that
can promote atherosclerosis by inducing inflammation [110]. In
addition, VSMC apoptosis also results in the thinning of the athero-
sclerotic plaque cap and decreased content of ECM in the plaque,
leading to plaque instability. Insulin inhibited VSMC apoptosis induced
by cytokines in vitro and LPS in vivo in diabetic rats [111]. The role of IR
in VSMC and atherosclerotic plaque stability has not yet been reported.
The atherosclerotic plaque of ApoE�/�/IRS2þ/� mice, which had
systemic insulin resistance, demonstrated unstable features, including
increased VSMC apoptosis, necrotic areas, elastic lamina breaks, and
reduced plaque cap thickness [112].
Insulin’s effects on VSMC contraction and relaxation are controversial,
with both vasodilatory and vasoconstrictive effects of insulin being
reported [95,96]. VSMC contraction is regulated by MLCK, which
phosphorylates myosin, and MBP, a phosphatase that de-
phosphorylates myosin. Contractile agonists increase MLCK activity
while inhibiting MBP activity, resulting in overall increased phosphor-
ylation of myosin. Insulin has been reported to increase the activity of
MBP through inhibiting Rho kinase-induced MBP phosphorylation,
inducing VSMC relaxation [113]. However, insulin has also been re-
ported to increase the expression of endothelin-A (ETA) [114] or the
MOLECULAR METABOLISM 52 (2021) 101236 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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a1-adrenergic receptor [115] to enhance ET-1 expression or
catecholamine-induced VSMC contraction. The upregulation of a1-
adrenergic receptors was induced by insulin at 100 nM, which could
activate both IR and IGF1R. Future studies using VSMC-specific IR
knock-out mice will help clarify insulin’s effects on artery contraction
and relaxation.

9. MACROPHAGES

Monocytes are recruited into apolipoprotein B (apoB)-containing li-
poproteins and infiltrate into the subendothelial area where they
differentiate into macrophages, become cholesterol-loaded foam
cells, and form atherosclerotic plaque. Macrophages in the plaque
play a pro-atherosclerotic role by increasing necrosis with enhanced
inflammation, protease secretion, coagulation, and thrombosis
[116]. However, there is conflicting evidence on the atherosclerotic-
related effects of insulin’s action on macrophages. In a recent study,
lysozyme M-driven Cre recombinase-mediated myeloid lineage-
specific IR-knock-out mice (MphIRKO mice) on an apoE�/� back-
ground showed decreased atherosclerotic lesions. Fetal liver cell
transplantation of IRS2�/�/apoE�/� mice into lethally irradiated
apoE�/� recipients consistently displayed ameliorated atheroscle-
rosis, suggesting that defective insulin signaling via the IRS/PI3K
pathway in macrophages promotes atherosclerosis. An in vitro study
showed that IR-deficient macrophages retarded lipopolysaccharide
(LPS)-stimulated interleukin-6 (IL-6) and interleukin 1-beta (IL-1b)
inflammation responses [117], while in another study, trans-
plantation of IR�/� bone marrow into low-density lipoprotein re-
ceptor knock-out (ldlr�/�) mice led to the development of severe
atherosclerotic lesions with increased necrotic and endoplasmic
reticulum stress-mediated apoptosis, which was partially related to
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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impairment of the IRS/PI3K/Akt pathway in later stages of athero-
sclerosis [118]. These studies indicated that selective insulin
resistance through the IRS/PI3K/Akt pathway contributed to different
stages of atherosclerosis. In addition, deletion of IR in the bone
marrow caused skewed differentiation of multipotent progenitors,
with an expansion of myeloid cells, including macrophages, but a
reduction of lymphoid cells by a mammalian target of rapamycin
(mTOR)-activated signal transducer and activator of the transcription
3 (STAT3) pathway [119].
We previously reported that diabetes can activate the PKCd isoform in
monocytes in rodents with diabetes from insulin resistance or defi-
ciency. However, we surprisingly found opposite results after deleting
the PKCd isoform. Macrophages in PKCd knock-out mice (MPKCdKO/
apoE�/� mice) exhibited accelerated aortic atherosclerotic lesions with
decreased apoptosis and increased proliferation in macrophages,
which were associated with elevated phosphorylation levels of the pro-
survival cell-signaling proteins Akt and FoxO3a, and reduction of the
pro-apoptotic protein Bim [120]. These data suggested that inhibition
of PKCd to improve insulin resistance in different cell types may have
contradicting effects on the progression of atherosclerosis in diabetic
and insulin-resistant states.

10. SUMMARY

In summary, insulin mediates many important functions in vascular
cells via its receptors and signaling cascades. Its direct actions on EC
and VSMC are important for transporting and communicating nutrients,
cytokines, hormones, and other signaling molecules. These vascular
actions are also important for insulin’s actions on the regulation of
systemic fuel metabolism and energetics. Abnormalities in insulin’s
action on the vessel wall are major contributors to many macro- and
microvascular diseases. Targeted therapies to improve selective in-
sulin resistance in EC and VSMC are needed to specifically mitigate
pathological processes such as endothelial dysfunction, atheroscle-
rosis, restenosis, wound healing, myocardial dysfunction, and micro-
vascular/capillary closures that are major complications related to
diabetes and insulin resistance.
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