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The Edwin Bierman Award Lecture is presented in honor
of the memory of Edwin L. Bierman, MD, an exemplary
scientist, mentor, and leader in the field of diabetes, obe-
sity, hyperlipidemia, and atherosclerosis. The award and
lecture recognizes a leading scientist in the field of macro-
vascular complications and contributing risk factors in di-
abetes. George L. King, MD, of the Section of Vascular Cell
Biology and Complications, Dianne Nunnally Hoppes Lab-
oratory for Diabetes Complications, Joslin Diabetes Cen-
ter, Harvard Medical School, Boston, MA, received the
prestigious award at the American Diabetes Association’s
75th Scientific Sessions, 5-9 June 2015, in Boston, MA. He
presented the Edwin Bierman Award Lecture, “Selective
Insulin Resistance and the Development of Cardiovascular
Disease in Diabetes,” on Sunday, 7 June 2015.

This review is focused on the factors and potential
mechanisms that are causing various cardiovascular pa-
thologies. In diabetes, insulin’s actions on the endothelium
and other vascular cells have significant influence on sys-
temic metabolisms and the development of cardiovascular
pathologies. Our studies showed that insulin receptors on
the endothelium are important for insulin transport across
the endothelial barrier and mediate insulin’s actions in
muscle, heart, fat, and the brain. Insulin actions on the
vascular cells are mediated by two pathways involving
the actions of either IRS/PIBK/Akt or Grb/Shc/MAPK.
Insulin’s activation of IRS/PISK/Akt results in mostly an-
tiatherogenic actions, as this pathway induces activation
of eNOS, the expressions of HO-1 and VEGF, and
the reduction of VCAM-1. In contrast, insulin’s activation
of the Grb/Shc/MAPK pathway mediates the expressions
of ET-1 and PAI-1 and migration and proliferation of

contractile cells, which have proatherogenic actions.
Elevated levels of glucose, free fatty acids, and inflam-
matory cytokines due to diabetes and insulin resistance
selectively inhibit insulin’s antiatherogenic actions via the
IRS/PI3K/Akt pathway. This review provides evidence to
support the importance of insulin actions in preventing
cardiovascular pathology that can be selectively inhibited
via the IRS/PI3K/Akt cascade in diabetes.

It is my great honor to receive the Edwin Bierman Lecture
Award at the 75th Sdentific Sessions of the American Diabetes
Association in Boston and give this lecture. Dr. Bierman
was an outstanding scientist in vascular biology with special
focus regarding lipids and atherosclerosis in people with
diabetes. In addition, I had the personal privilege of being
taught by Dr. Bierman while I was an intern and resident
at the University of Washington Hospitals.

My research has focused on characterizing the mecha-
nisms that are causing a variety of vascular complications
in people with diabetes including retinopathy, nephropathy,
and cardiovascular diseases (CVD). In this review I will focus
on the factors and potential mechanisms by which diabetes
is causing a variety vascular complications, especially
those that are accelerating the progression of atheroscle-
rosis. In general, complications of diabetes have been
classified into those affecting the large arteries (macro-
vessels) or those involving the capillaries (microvessels) (1).
This separation of diabetic vascular complications according
to vascular sizes has been important in the understanding
of their pathogenesis as the risk factors for causing the
macrovascular and microvascular diseases are significantly
different (1). For example, the most noted microvascular
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complications are retinopathy and nephropathy, which are
predominantly associated with and caused by the presence
of hyperglycemia (2). Thus, microvascular complications
developed after the onset of diabetes can be dramatically
prevented and their progression delayed by glycemic con-
trol in patients with type 1 and type 2 diabetes (3,4). In
contrast, the risk factors for CVD are noted to occur pre-
ceding the diagnosis of type 2 diabetes and are associated
with both insulin resistance and hyperglycemia (1). There
are multiple risk factors that can lead to an increased
prevalence of CVD: elevated free fatty acids (FFAs), hy-
pertension, hyperlipidemia or dyslipidemia, and inflamma-
tion, to name a few (1). Thus, it is not surprising that
glycemic control alone may not significantly reduce the
risk of CVD in people with diabetes (4-6). In fact, people
with insulin resistance and obesity have an elevated risk for
CVD similar to that of those with diabetes (7). However, it
is important to note that people with type 1 diabetes also
have an elevated risk of CVD with insulin deficiency and
modest insulin resistance, underscoring the importance of
hyperglycemia (8).

In this review I will focus on the actions of insulin in
insulin resistance or insulin deficiency that could either
protect or accelerate pathologies on the arterial wall. In
addition, I will also discuss the potential mechanisms by
which hyperglycemia could be inhibiting the action of
insulin in a selective manner. There are multiple patholo-
gies in the cardiovascular system that can be induced by
insulin resistance or deficiency or by hyperglycemia that
are associated with diabetes. These include endothelial
dysfunction, acceleration of atherosclerosis, increased risk
of restenosis after stent placement, poor collateral vascular
formation or angiogenesis, cardiomyopathy, and fibrosis of
the myocardium (2). My laboratory has been focused on
the role of insulin and its resistance with the additional
risk imposed by hyperglycemia to accelerate the develop-
ment of all of these complications in the cardiovascular
system. Here, I will briefly describe the potential protective
actions of insulin in normal physiology and how they are
selectively inhibited by hyperglycemia and other factors
such as inflammation to cause selective insulin resistance
in multiple cardiovascular tissues, inducing the pathologies
described above. This review is focused on insulin’s actions
on the vascular wall with emphasis on the development of
atherosclerosis. However, a detailed description on the
complex topic of atherosclerosis is not possible here and
has been reviewed extensively by others (9).

THE PARADOX OF HOW BOTH
HYPERINSULINEMIA AND INSULIN DEFICIENCY
ARE ASSOCIATED WITH CVD

Hyperinsulinemia is clearly related to insulin resistance and
has also been shown to increase the risk of CVD in certain
populations (10). It is likely that most of the assodiations
between the increased risk of CVD and hyperinsuline-
mia are the result of insulin resistance. The increased risk
of CVD in patients with type 1 diabetes who have insulin
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deficiency has been attributed to poor glycemic control and
peripheral hyperinsulinemia due to exogenous insulin
treatment (11).

However, recently, the ORIGIN Trial (Outcome Re-
duction With Initial Glargine Intervention) did not show
any increased risk of cardiovascular events with the use of
long-acting insulin (12). Thus, the increased CVD risk in
type 1 diabetes is likely due to the myriad of metabolic
abnormalities caused by insulin deficiency and hyperglycemia,
such as dyslipidemia, hypertriglyceridemia, oxidized and
glycolated proteins, decreased expression of angiogenic
and vasotropic cytokines, and elevation of inflammatory
cytokines (8).

As the ORIGIN Trial suggested that insulin may not
increase the risk for cardiovascular events when hyper-
insulinemia is induced by exogenous insulin injection, we
have also studied whether endogenous hyperinsulinemia
may increase the development of atherosclerosis. Using
ApoE /" mice that also had a single allele of the insulin
receptor (IR) deleted, we studied the effect of hyperin-
sulinemia on atherosclerosis (13). Plasma insulin levels
in the Insr /" ApoE /" mice were 50% higher than those
in control ApoE_/_ mice, but glucose tolerance tests were
not different. Similarly, insulin sensitivity and signaling
were comparable between Insr /" ApoE /~ mice and con-
trol ApoE /~ mice. Infusion studies of insulin analogs
showed that the mechanism for the elevated endogenous
hyperinsulinemia in the Insr /" ApoE~/~ mice was related
to the disposal of circulating insulin due to a 50% reduction
of IRs in the various tissues (13). The extent of atheroscle-
rotic lesions was not different between the Insr /" ApoE "/~
mice and the control ApoE /™ mice, even after 52 weeks of
hyperinsulinemia. These data showed that endogenous
hyperinsulinemia alone without insulin resistance will
not enhance the severity of atherosclerosis (13).

Our research has suggested that insulin interacts with
the vascular wall in many ways (Fig. 1). In general, the
endothelium can regulate the transport of insulin into the
peripheral tissues that have continuous capillaries such as
skeletal muscle, adipose tissue, the central nervous system,
and others (14). Insulin can also induce action on vascular
cells that we have postulated to be predominantly anti-
atherogenic, indicating that insulin could have protective ac-
tions on the vascular wall. However, there is a great deal of
interest and controversy regarding the role of insulin on
the vascular wall, suggesting that insulin could have either
protective/antiatherogenic or proatherogenic actions depend-
ing on the insulin level and its activation of different insulin-
sensitive pathways (15). We have postulated that insulin
actions in the vascular cells can be either anti- or proathero-
sclerotic depending on the signaling pathways that have been
activated.

Here, I will provide a general summary on insulin
actions on the vascular wall and the concept of selective
insulin resistance, which we believe is responsible for the
majority of accelerated risk for cardiovascular pathology
in people with diabetes and insulin resistance.
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Figure 1—Effects of insulin’s many actions on the vascular wall. Insulin binds to the insulin receptor in the plasma membrane of the
endothelium to mediate many actions, which can induce or inhibit many vasotropic substances. This schema represents the interaction of
insulin with ECs and contractile cells in the arteries and capillaries to regulate many of its functions via transport of insulin across the

endothelium and by the activation of the IRS/PI3K/Akt and SOS/Grb2/MAPK pathways. IRSs, IRS1/2.

INSULIN SIGNALING ON THE VASCULAR TISSUE
AND CELLS

All cells in the arteries and capillaries have IRs, including
the inflammatory cells that have migrated into the arterial
walls (16). Similar to those in other types of cells, IRs in the
vascular wall are composed of a binding o subunit con-
nected by disulfide bonds to a 3 subunit, which is a tyro-
sine kinase (Fig. 2). IRs exist as heterodimers that can also
form hybrid receptors with IGF1 receptors (17). Once in-
sulin binds to the a subunit, the B subunit is activated
with a series of tyrosine phosphorylations in the various
domains of the B subunit, which can modulate tyrosine
kinase activity (18). The signaling of insulin is mediated

by at least two major pathways to activate phosphorylation
of either the PI3K/Akt or the MAPK/Erk pathway sys-
tem (Fig. 2). In order to activate the Akt cascade, the
B subunit, once tyrosine phosphorylated, will recruit IR
substrates 1 and 2 (IRS1/2), which are activated by ty-
rosine phosphorylation with subsequent binding to the
PI3K. This in turn activates kinases PDK1 and PKB/Akt,
leading to a host of metabolic actions such as translo-
cation of GLUT4 to mediate glucose transport in myo-
cardium or the regulation of the expressions of eNOS,
VEGF, antioxidant enzyme HO-1, and VCAM-1 (19-22).
Alternatively, the activated B subunit can interact with
Grb2 and Shc, which do not need the activation of IRS1/2.
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Figure 2—Schema of IR structure and insulin signaling pathways in vascular cells. Insulin’s actions in vascular cells are mediated by the
activation of either the IRS/PI3K/Akt or the SOS/Grb2/MAPK pathway. The IRS/PI3K/Akt pathway can activate eNOS and regulate the
expression of HO-1, VEGF, and VCAM-1, which have antiatherosclerotic actions. In contrast, the SOS/Grb2/MAPK pathway activates
vasocontraction and proliferation, which are proatherosclerotic effects. AL, activation loop; CT, carboxy-terminal tail; Fn, fibronectin type
domains; Ins, insert in Fn; IRSs, IRS1/2; JM, juxtamembrane domain; TK, tyrosine-kinase domain; TM, transmembrane domain.

The activation of Grb2 can induce the activation of
G protein Ras, which will cause a cascade of phosphory-
lation from Raf to activate MAPKs such as MEK1 and
ERK1/2. These are known to stimulate mitogenic actions
or chronic actions of insulin including cell migration, ex-
pression of endothelin 1 (ET-1) (23) and PAI-1, and even
the proliferation of pericytes and vascular smooth muscle
cells (VSMCs) (24,25).

The analysis of the various functions of insulin outlined
in Fig. 2 in vascular cells suggested to us that activity
mediated through the activation of IRS/PI3K/Akt path-
ways can cause anti-inflammatory and antioxidative stress
actions, which can be antiatherogenic. In contrast, insulin
actions mediated through Grb2 and Shc, leading to MAPK
activation, mediate biologic actions that would promote
inflammation and restenosis (26). This dichotomy of insulin’s
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action in the vascular cells has led us to propose the idea
of selective insulin resistance induced by diabetes, which
will be discussed below (27). First, specific vasotropic ac-
tions of insulin in the vascular cells will be reviewed.

IN VASCULAR ENDOTHELIAL CELLS

IRs in the endothelium have a unique function, which is
to transport insulin across the endothelial barrier in order
to mediate its actions in the surrounding tissues (Fig. 1).
This function is especially important in those tissues that
have continuous endothelium with tight junctions, such
as those in the brain and retina; in addition, this process
appears to be important also in muscle, myocardium, and
possibly brown adipose tissue (28). We showed that IRs
can mediate the transport of insulin across the endothelial
barrier via a receptor-mediated pathway without significant
degradation (14). Subsequent studies by others have shown
that this is a part of the caveolin cycling process (29,30).
This transcytosis process has been shown to be decreased
in insulin resistance, as IRs can be downregulated in the
presence of hyperinsulinemia (28).

It is also interesting that insulin has a great deal of
specific endothelial functions. It is unclear, however, how
insulin can be transported across the endothelium without
degradation and how it can still mediate a whole set of
cellular actions that should be limited in time, usually by
its degradation as in other cells (14). The vascular-specific
actions of insulin in the endothelium include regulating
the expressions of VCAM-1, VEGF, ET-1, HO-1, and others,
but one of the most important actions of insulin that is
specific to the endothelium is that it increases the expres-
sion and the activation of eNOS (21,31). As endothelial
cells (ECs) contain mainly GLUT1, insulin does not have
significant effects on glucose transport (32). However,
hyperinsulinemia may affect glucose metabolism via gly-
colysis and oxidative phosphorylation via mitochondria
and alter EC migration, branching, and proliferation (33).

Insulin’s activation of eNOS to produce nitric oxide
(NO) enhances smooth muscle vasodilatation and blood
flow, which is impaired in obesity and insulin-resistant
states (34). Insulin’s action in ECs has been well charac-
terized as that of a vasodilator via NO production (34—
36). NO is synthesized from L-arginine and O, by eNOS
with L-citrulline. The activity of eNOS is regulated by
several mechanisms including posttranslational modifica-
tion, allosteric enzyme activation, and subcellular locali-
zation (34). Among these mechanisms, insulin-stimulated
NO synthesis is dependent on the IR/IRS1/PI3K/Akt path-
way with the activation of Akt-mediated phosphoryla-
tion of eNOS at Serl177, which is independent from
the calmodulin intracellular Ca®* concentrations in ECs
(31). Furthermore, Ser615 of eNOS also contributes to
insulin-mediated NO synthesis. Insulin may also decrease
the interaction of caveolin-1 (Cav-1), a negative regulator of
eNOS activity, and increase its association with eNOS-Hsp90,
which promotes eNOS activity (37). Lastly, insulin has also
been reported to increase the expression of eNOS at the

Diabetes Volume 65, June 2016

transcription step (21). Other studies have reported that
insulin can induce r-arginine transport into ECs and pal-
mitoylation of eNOS to form eNOS-Cav-1, which trans-
locates to plasma membrane (37). In insulin-resistant and
diabetic states, NO production is reduced by the inhibition of
insulin-induced eNOS phosphorylation and neutralized by
the increased oxidant production of the vascular cells in
response to hyperglycemia (34).

Insulin has also been shown to regulate the expression
of HO-1 and VEGF and lower the expression of VCAM-1
in ECs (19,20,22). Regarding these actions, we have reported
that insulin at physiological concentrations can increase
the expression of VEGF and HO-1 and decrease the expres-
sion of VCAM-1 mainly via the IRS/PI3K/Akt pathway
(Fig. 2). As increasing HO-1 may improve vascular func-
tions with antioxidative stress actions (HO-1) and lower-
ing VCAM-1 has anti-inflammatory effects by decreasing
monocyte binding and uptake into the arterial wall, we
believe the selective loss of these actions will lead to ele-
vated risk of atherosclerosis. In addition, insulin has also
been shown to increase the expressions of ET-1 and PAI-1,
possibly through the MAPK pathways (38). As the MAPK
pathways are not known to be inhibited in diabetes by
either FFAs or hyperglycemia, these actions of insulin may
actually enhance the atherogenic process. Insulin has many
vasotropic actions in the endothelium mediated by either
IRS/PI3K/Akt or MAPK pathways.

VSMCs AND CAPILLARY PERICYTES

VSMCs and pericytes surround the endothelium, and
their main function is to regulate the tone of the arteries
and capillaries by their contractile properties. Both of
these cell types have IRs with structures similar to those
in other cells (16). In addition, the number of IRs on
VSMCs appears to be significantly lower than those on
ECs. In contrast, capillary pericytes appear to have a large
number of IRs (39). Insulin can stimulate the activation of
both the IRS/PI3K/Akt cascades and the MAPK/Erk path-
ways in these cells. Specific actions in VSMCs induced by
insulin have not generally been well described. In most
cases, VSMCs and pericytes are indirectly regulated by
insulin through NO activation of cGMP and in response
to vasodilation (40). Similarly, ET-1 secreted from ECs can
also activate phospholipase C- and cause the influx of
Ca®" from the sarcoplasmic reticulum, which leads to the
activation of myosin light-chain kinase, again leading to
vasocontraction (41). However, insulin has been shown to
induce the expression of ET-1 in pericytes and VSMCs,
which can be enhanced by PKC activation (42). In addi-
tion, insulin can also affect migration, apoptosis, and pro-
liferation of VSMCs and pericytes. Reports have indicated
that insulin may also increase the expression of ETA re-
ceptors to increase vascular tone (43). Most of the direct
effects of insulin on VSMCs appear to be mediated via the
activation of the MAPK pathway and usually require high
concentrations of insulin. For example, insulin’s actions
on migration and proliferation usually require 10-100 nmol/L
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of insulin as compared with its action on phosphorylated
eNOS, which can be stimulated by 1-10 nmol/L of insulin
(32). As migration and proliferation of VSMCs can con-
tribute to restenosis and atherosclerosis, it is believed
that insulin’s effect via hyperinsulinemia may contribute
to these biological actions (1). Hyperglycemia has also been
shown to affect proliferation and hypertrophy of VSMCs,
possibly via the activation of PKC a isoform, contributing
to the atherosclerotic process (44). Interestingly, we have
reported that high glucose levels have the opposite effect in
the capillary pericytes by inducing apoptosis, which appears
to be mediated by at least two mechanisms including
NF-kB activation due to oxidative stress and activation of
p38 MAPK; the latter induces overexpression of SHP-1,
a tyrosine phosphatase, which can inhibit antiapoptotic
growth factors such as PDGF and insulin by dephosphor-
ylating their receptors (45).

MONOCYTES AND MACROPHAGES

Monocytes and macrophages are important players in the
development of atherosclerosis. Macrophages in the vas-
cular wall are a main component of the atherosclerotic
and restenotic processes. IRs, which can activate both IRS/
PI3K/Akt and MAPK pathways, have been found in both
monocytes and macrophages. In macrophages, insulin
signaling through the IRS2/PI3K pathway can inhibit the
expressions of proinflammatory chemokine MCP-1, as
shown in macrophages with a specific deletion of IRS2
(46). Wild-type mice transplanted with IR™’~ bone mar-
row showed macrophages lacking IR accumulation in the
blood vessel wall without proinflammatory stimuli. A sec-
ond study reported that macrophages with IR deficiency
increased endoplasmic reticulum stress and apoptosis and
necrotic core formation in the late stage of atherosclerotic
lesions (47). These studies suggest that selective insulin
resistance through the IRS/PI3K/Akt pathway in macro-
phages may contribute to atherosclerosis development.

HEART AND MYOCARDIAL BLOOD VESSELS

In the myocardium, insulin can induce the uptake of glucose
via PI3K- and Akt-mediated recruitment of glucose trans-
porter GLUT4 and also enhance glucose oxidation (48,49).
Another key insulin action in the heart is its impact on
cardiac metabolism by increasing energy production from
carbohydrate oxidation. To generate ATP production in the
heart, FFAs are transported into cardiomyocytes and enter
the mitochondrial matrix for B-oxidation. The acetyl-CoA
resulting from B-oxidation enters the tricarboxylic acid
cycle, producing NADH and FADH, products, which enter
the electron transport chain to generate ATP. However,
insulin-mediated cardiac metabolism and function are im-
paired with decreasing glucose uptake and inhibition of
glucose utilization in insulin-resistant and diabetic states
(48). As a result, the heart’s utilization of FFAs is increased
in parallel with elevated reactive oxygen species, decreased
cardiac mitochondrial function, and some increases in ap-
optosis (50). Similar to its effect on peripheral blood flow,
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insulin has an inotropic effect in myocardium via the PI3K
pathway (51). In addition, we have reported that insulin is
a key regulator of VEGF and angiogenesis in the myocar-
dium via the IRS/PI3K/Akt pathway in response to hypoxia
(52). In insulin-resistant or -deficient states, VEGF expres-
sions are decreased in the myocardium or chronic wounds
(53,54), which is the major reason for the decreased angio-
genesis or collateral vessel formation in response to hyp-
oxia in diabetes (53,54). We have reported that mice with
IR deletion in the myocardium had less capillary density
with hypoxia and lower levels of VEGF and angiogenesis.
These abnormalities of angiogenesis were also reproduced
in cultured cardiomyocytes isolated from insulin-resistant
or diabetic rats and fibroblast cells from patients with di-
abetes. The mechanism responsible for the poor response
was the inhibition of insulin’s action of the IRS/PI3K/Akt
pathway by PKC activation induced by hyperglycemia or
elevated FFAs in insulin resistance or diabetes (54).

SELECTIVE INSULIN RESISTANCE

We proposed the idea of selective insulin resistance in
order to explain the paradoxical findings that both loss of
insulin actions and hyperinsulinemia appear to exaggerate
the atherosclerotic process (Fig. 3). Our initial report
showed that in the arteries from animal models of insulin
resistance or diabetes and from patients with diabetes, in-
sulin’s activation of phosphorylated Akt (pAkt) was blunted
with parallel reduction of its antiatherogenic actions such
as activation of eNOS (27). However, insulin’s action of
MAPK/Erk was not inhibited (27). Since the first report of
these findings, similar selective resistance has been shown
in many tissues including myocardium, renal glomeruli,
capillaries, fibroblasts, and even the liver. This selective
inhibition of insulin’s pathway of IRS/PI3K/Akt coincided
with all of insulin’s known vascular actions that have anti-
atherosclerotic or proangiogenic activities. These included
activation of eNOS, increased expression of HO-1 and VEGF,
and, most recently, the findings on the inhibition of VCAM-1
(Fig. 2). Similarly, insulin’s activation of MAPK was not
inhibited and may even be enhanced; this activation was
tied to proatherosclerotic actions such as expression of
ET-1 and its receptors and migration and proliferation
of VSMCs (Fig. 3). Interestingly, insulin’s actions via
MAPK activation required high levels of insulin, which
could explain the correlation of hyperinsulinemia with
increased risk for atherosclerosis.

Recently, more information has become available on
the biochemical understanding of the development of selective
insulin resistance. Multiple pathophysiological stimuli such as
angiotensin, oxidants, inflammatory cytokines, hyperglycemia,
and FFAs have been shown to cause selective inhibition of the
IRS/PI3K/Akt pathway and even enhance the MAPK cascade
(Fig. 3).

These pathophysiological stimuli impaired insulin action
at multiple levels including the IR, IRS1/2, and PI3K level.
Decreased expression or increased degradation of the IR and
IRS1/2 due to pathologically increased posttranslational
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modifications such as glycosylation and phosphorylation
has been reported (55-57). At the biochemical level, in-
sulin signaling can be inhibited by increasing serine/
threonine phosphorylation of the IR or IRS1 (58), which
reduces insulin-induced tyrosine phosphorylation of IRS1
and suppresses the interaction of p85a of PI3K, result-
ing in decreased Akt phosphorylation and activation. Our
study showed that Thr86 of p85a/PI3K is phosphorylated
by angiotensin II or PKCa, -B, and -8 activation; this in-
hibits its association with IRS1 and decreases activation
of the insulin- or VEGF-induced Akt/eNOS cascade (59).
These serine/threonine phosphorylation sites have a neg-
ative effect on insulin signaling at Ser24, Ser267, Ser270,
Ser307, Ser332, Ser357, Ser522, Ser612, Ser632/635,
Ser662, and Ser1099/1100 on IRS1. IRS2 has been recog-
nized as an important mediator of insulin signaling and
actions in ECs as well (60). We have reported that there
are multiple serine/threonine phosphorylation sites at
Thr348 and at Ser488 and Ser484 on IRS2 that can be
induced by PKC activation (61). This study showed that

phosphorylated Ser303 and Ser675 on IRS2 by angio-
tensin II or PKCRB2 activation inhibits insulin-induced
tyrosine phosphorylation of IRS2 and Akt/eNOS ac-
tivation. These phosphorylation sites and the negative
regulation of insulin signaling via serine/threonine phos-
phorylation of IRS1/2 were induced by extracellular stimuli
such as angiotensin II, FFAs, or the TNFa intrinsic path-
way involving PKC, NF-kB, and JNK pathways (62-64). In
contrast, MAPK activation may also induce serine phos-
phorylation of IRS1 and turn off insulin signaling, suggest-
ing that MAPK activation may also contribute to insulin
resistance (65).

In insulin resistance or deficiency and in diabetes,
there is a loss of insulin’s antiatherogenic actions via the
IRS/PI3K/Akt cascade, which diminishes the expression of
human HO-1 and the activation of eNOS and enhances
VCAMS-1 expression, all of which leads to the acceleration
of atherosclerosis. Selective loss of the IRS/Akt pathway
can decrease VEGF expression in the myocardium, which
impairs collateral vessel formation in response to hypoxia



diabetes.diabetesjournals.org

and causes a poor outcome from an acute coronary occlu-
sion (53). In contrast, the activated MAPK pathway has
proatherosclerotic actions, as it increases the expressions
of PAI-1 and ET-1 (Fig. 3).

RODENT MODELS OF ATHEROSCLEROSIS
SUPPORT SELECTIVE INSULIN RESISTANCE FOR
THE DEVELOPMENT OF ATHEROSCLEROSIS

Several reports have shown that the deletion of Akt in the
endothelium increased atherosclerosis, whereas the de-
letion of FoxO decreased atherosclerosis (66,67). How-
ever, these studies did not directly address the effect of
insulin on the endothelium and its actions on atheroscle-
rosis. We have directly studied the effect of deleting the IR
in ECs and its effect on atherosclerosis on ApoE ™/~ mice.
IRs were specifically deleted in ApoE~’~ mice in order to
test, directly, whether the deletion of insulin action in the
endothelium can affect systemic insulin sensitivity and
atherosclerosis. We have found that mice devoid of the
IR (EIRAKO), specifically in the endothelium, did not differ
from wild-type mice regarding insulin sensitivity, glucose
intolerance, plasma lipids, or blood pressure (22). However,
the severity of atherosclerotic lesions was more than two-
fold higher in EIRAKO mice. The potential mechanism for
the increased atherosclerosis was related to the loss of
insulin’s inhibitory actions of VCAM-1. Insulin decreased
the expression of VCAM-1 at physiological levels in ECs via
the IRS/PI3K/Akt pathway. Thus, in the EIRAKO mice,
VCAM-1 expression was increased in the artery, which
enhanced the binding and uptake of monocytes, elevating
inflammatory cells in the atherosclerotic plaque (67). This
finding, for the first time, clearly demonstrated that the
overall insulin action at physiological levels has antiathero-
genic actions, therefore suggesting that enhancing insulin
action on the endothelium will be able to decrease athero-
sclerosis in diabetic or insulin-resistant states.

We propose that selective insulin resistance in the
endothelium can be induced by diabetes with the elevation
of glucose, FFAs, and other inflammatory cytokines. These
conditions will cause elevation of diacylglycerol to activate
stress kinase and PKC to phosphorylate serine or threonine
in IRS1/2 and PI3K and inhibit their activities, causing
selective insulin resistance and increasing atherosclerosis
(Fig. 3). There is supportive evidence to show that PKC
activation, especially of the 3 isoform, can enhance ath-
erosclerosis, as the use of a selective PKC 3 isoform in-
hibitor was found to decrease atherosclerosis in ApoE /™~
mice (68). Again, to test directly how PKCR activation in
the endothelium can affect atherosderosis in insulin-resistant
and diabetic states, we overexpressed the PKCB2 isoform in
the endothelium using the vascular EC cadherin promotor
on the ApoE™’~ mice. When placed on a high-fat diet, trans-
genic PKC(3 ApoE /" mice did not differ from ApoE "/~
mice regarding systemic insulin sensitivity, plasma lipids,
or blood pressure. However, insulin actions in the endothelium
and femoral artery were selectively impaired with respect
to pAkt and eNOS activation. Other proatherogenic
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actions were also increased such as leukocyte binding to
ECs and the expression of ET-1. The severity of athero-
sclerosis in the aorta from the transgenic PKCB ApoE ™/~
mice was significantly increased, as measured by the con-
tent of fat, VSMCs, macrophages, and extracellular matrix
in the arterial walls (69).

These studies have clearly demonstrated that IRs on
the endothelium can mediate multiple actions through at
least two major pathways involving either the IRS/PI3K/
Akt or the Grb/Shc/MAPK cascade, with the former
mediating more antiatherogenic and the latter more
proatherogenic actions. In obesity, insulin resistance, and
diabetes, there is a selective loss of insulin action via IRS/
PI3K/Akt pathways, possibly through PKC activation
resulting in the selective loss of insulin’s antiatherogenic
actions. These findings suggest that enhancing insulin ac-
tions in the endothelium specifically by targeting the IRS/
PI3K/Akt pathway can decrease the accelerated atheroscle-
rosis, fibrosis, poor collateral formation, and cardiomyop-
athy observed in people with insulin resistance and
diabetes. We believe that there are multiple therapeutic
sites of intervention possible on the endothelium that can
specifically enhance insulin’s actions without affecting
systemic metabolism in order to decrease atherosclerosis
in people with diabetes and insulin resistance.
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