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Hyperglycemia worsens morbidity and mortality for patients in intensive care or

with acute myocardial infarction, stroke, or coronary artery bypass grafts. The control
of hyperglycemia with insulin improves clinical outcomes for patients with these
conditions. This article reviews the anti-inflammatory effects of insulin and pro-
inflammatory effects of glucose and free fatty acids, and provides a mechanistic
justification for maintaining euglycemia with insulin infusions. Hyperglycemia
induced by infusions of a fixed dose of insulin with high rates of glucose may
neutralize the benefit of insulin, and such regimens should be replaced by infusion
of insulin to restore and maintain euglycemia.
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mone with profound effects on glucose and lipid metabolism. However,
over the past decade, studies have shown that insulin exerts several unex-
pected biological effects, especially in relation to the endothelial cell, the
platelet, and leukocyte function. Most recently, insulin has been found to affect

S ince its discovery in 1921, insulin has been considered a key metabolic hor-
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Effects of Insulin and Glucose on MI and ACS continued

the heart. These effects are impor-
tant in understanding some recent
uses of insulin in clinical situations.
This is particularly relevant because
insulin is anti-inflammatory, glucose
is pro-inflammatory, and atherogen-
esis is a chronic inflammation of the
arterial wall. In addition, coronary
syndromes are associated with
marked inflammation that may be
further exacerbated by hyper-
glycemia.

of NO, we investigated whether in-
sulin has an anti-inflammatory
effect. Indeed, insulin has been
shown to suppress 3 important
inflammatory mediators in vitro: in-
tercellular adhesion molecule-1
(ICAM-1), macrophage chemoattrac-
tant protein-1 (MCP-1) expression,
and nuclear factor kappa B (NF-«B)
binding in human aortic endothelial
cells.” NF-kB is an important tran-
scription factor that induces the tran-

Insulin has been shown to suppress 3 important inflammatory mediators in
vitro: intercellular adhesion molecule-1 (ICAM-1), macrophage chemoat-
tractant protein-1 (MCP-1) expression, and nuclear factor kappa B (NF-«xB)
binding in human aortic endothelial cells.

Reactive Oxygen Species—
Suppressive and Anti-
Inflammatory Effects of Insulin
Insulin is known to be a vasodilator
and to increase blood flow at the ar-
terial, venous, and microcirculatory
levels."? This vasodilatory effect has
been shown, in vitro, to be due to
the rapid release of nitric oxide (NO)
by the endothelium.??® Insulin also
induces an increase in the rapid re-
lease of NO and the expression of en-
dothelial NO synthase (eNOS).* The
eNOS generates NO through activa-
tion of PI 3-kinase (phosphatidyli-
nositol 3-kinase) and Akt Kkinase
(protein kinase B) and thus by an in-
sulin signaling mechanism similar to
the mechanism that mediates the
uptake of glucose through the glu-
cose transporter. In the mid-1990s,
insulin was also shown to be in-
hibitory to platelet aggregation
through the activation of platelet
NOS and generation of NO following
release of cGMP (cyclic guanosine
monophosphate).>°

Because NO is a vasodilator, re-
duces leukocyte adhesion to the en-
dothelium, and is anti-inflammatory,
and because insulin causes the release
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scription of > 200 pro-inflammatory
genes. Therefore, our data pointed
strongly to an anti-inflammatory
effect of insulin.

Experiments were undertaken to
establish whether insulin exerted an
anti-inflammatory effect in vivo. In-
sulin infusion (2 U/h) in obese sub-
jects who are insulin resistant and
have chronic inflammation was
shown to suppress the generation of
reactive oxygen species (ROS) and
p47PhoX expression in mononuclear
cells (MNCs), along with suppres-
sion of 2 major pro-inflammatory
transcription factors: NF-kB and
early growth response-1 (Egr-1).%°
Both the binding of Egr-1 and its ex-
pression as a protein were also sup-
pressed. The intracellular inhibitor
of NF-kB, IkBa, was increased.
Plasma concentrations of ICAM-1,
MCP-1, matrix metalloproteinases
(MMP-2, MMP-9), tissue factor (TF),
and plasminogen activator inhibitor-
1 (PAI-1), and expression of genes
regulated by these transcription fac-
tors also decreased following insulin
infusion during which plasma
glucose concentrations were main-
tained at a constant, normoglycemic
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level.®? Insulin also suppressed the
concentration of vascular endothe-
lial growth factor (VEGF), the
cytokine thought to contribute to
neovascularization of the retina in
the pathogenesis of diabetic retinopa-
thy and to cause expansion of an ex-
perimental myocardial infarction in
the rat through microcirculatory
changes. 10!

These properties of insulin com-
prise a potent and comprehensive
anti-inflammatory and antioxidant
effect. This action is rapid: it is
observed within 2 hours, and the
magnitude of the effect with 2 U/h
of insulin is similar to that of
100 mg of hydrocortisone given
intravenously.!?

Anti-Inflammatory Effects of
Insulin in Acute Myocardial
Infarction and Coronary
Artery Bypass Surgery
The anti-inflammatory, antioxidant
(ROS-suppressive), antithrombotic,
and pro-fibrinolytic effects of insulin
have also been found in patients
with acute myocardial infarction
(AMI) when treated with low-dose
infusions of insulin, independent of
a decrease in glucose concentrations.
In these patients, there was an
impressive 40% reduction in plasma
C-reactive protein (CRP) and serum
amyloid A (SAA) concentrations at
24 hours. This reduction was main-
tained at 48 hours of insulin infusion
(Figure 1).!3 In addition, insulin pre-
vented the increase in PAI-1 concen-
trations induced by the thrombolytic
agent reteplase. Similarly, insulin in-
fusion prevented the marked in-
crease in p47°"°* expression in MNCs
that is observed in patients receiving
thrombolytic treatment alone. In-
sulin infusion also reduced pro-
MMP-1 concentrations.'*!*
Low-dose insulin infusion in pa-
tients with AMI prevented a heparin-
induced increase in plasma free fatty
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changes in mitochondrial inner

7 7 membrane and cristae induced by
—=— Control oxidative stress were also inhibited
6 - [ A~ Insulin by insulin infusion that maintained

. *Ti euglycemia.!®
s 51 Anti-inflammatory effects of in-
E * sulin have recently been shown in
@ 4 - patients undergoing coronary artery
3 i bypass grafts (CABG) in association
E 3- with extracorporeal circulation.’
pay The increase in plasma CRP concen-
% 24 trations occurring within 16 hours of
E surgery is 30 times greater than that
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: (STEMI). Reduction in the magni-
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1 (') é "t é 2'4 4|8 sulin infusion in patients with
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Figure 1. Time course of the absolute difference in mean (= standard error) concentration of C-reactive protein (CRP) in glucose concentration led to in-
from baseline (0 hour) over 48 hours. *P < .05 between groups at 24 and 48 hours (by two-way analysis of vari- PR
ance); 1P < .05 between groups at 48 hours (t-test); ¥ P < .01 within group (by 1-way RMANOVA). Adapted with creased CRP and SAA levels within

permission from Chaudhuri A et al.’®

acid (FFA) concentrations, which
probably is secondary to heparin-
induced lipolysis.'"* Low-dose insulin
did not, however, lower the basally
elevated concentrations of FFAs in
these patients. The profound suppres-
sive effect of insulin on CRP concen-
trations in patients with AMI has
been confirmed by another recent
study.”® As the increase in CRP con-
centrations is known to be related to
the size of the infarct in patients with
AM], the effect on CRP may be in-
dicative of cardioprotection. In our
study,'® insulin infusion reduced crea-
tinine kinase-MB (CK-MB) in patients
with inferior wall AMI (Figure 2).

The anti-inflammatory effects of
insulin have also been shown in pa-
tients in intensive care, with demon-
strated suppression of plasma ICAM-
1, E-selectin, hepatic iNOS (inducible
NOS) expression, and plasma NO
metabolites.!® In these patients, the

Figure 2. Creatinine kinase-MB (CK-MB) in inferior wall myocardial infarction. Absolute values are presented as
mean * standard error. *P < .01 between groups (by two-way analysis of variance after logarithmic transforma-
tion). Adapted with permission from Chaudhuri A et al.’®
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Effects of Insulin and Glucose on MI and ACS continued

hours. Clearly, there is a very close
relationship between glycemia, in-
sulin, and CRP and SAA concentra-
tions. Such a close association be-
tween CRP and SAA concentrations
and any pharmacologic agent has
not been shown before, nor is any
other agent known to reduce plasma
CRP and SAA concentrations by 40%
within hours. An anti-inflammatory
effect of insulin has also been
demonstrated in patients with burn
injuries.'®

Anti-Inflammatory Effect

of Insulin in Experimental
Animals

In addition to the human data,
some recent experimental data from
animal studies are also important.
For example, in the isolated rat heart
preparation, addition of insulin,
even without glucose and potas-
sium, at the time of reperfusion fol-
lowing ligation of the anterior
descending coronary artery reduces
the size of the infarct by 45%.!%%
This has been attributed to an anti-
apoptotic action of insulin mediated

insulin was shown to improve con-
tractile function and myocardial
metabolic efficiency without alter-
ation of ATP (adenosine triphos-
phate), phosphocreatine, and phos-
phate levels.?%?

An anti-inflammatory effect of in-
sulin has also been demonstrated in
animal studies. Insulin suppresses
endotoxin-induced pro-inflamma-
tory transcription factors and the
genes regulated by them.?*?* These
effects in endotoxin-treated rats and
pigs were shown during euglycemic
conditions. A suppressive effect of
insulin on pro-inflammatory factors
has also been found in rats exposed
to thermal injury.”®

Anti-Atherogenic Effect

of Insulin

A ROS-suppressive and antioxidant
effect of insulin has been found in
apolipoprotein E (ApoE)-deficient
mice, which develop atherosclerosis
spontaneously.”’” In these animals,
insulin suppressed O," production,
lipid peroxide content, and choles-
terol synthesis by macrophages. In

It is interesting that the pro-atherogenic effects of insulin proposed primar-
ily on the basis of in vitro studies are being challenged by evidence generated

in the past 6 years.

by a PI 3-kinase, Akt, BAD, and NOS
phosphorylation.*!

More recently, insulin was shown
to be the essential component of the
glucose-insulin-potassium (GIK) in-
fusion in reducing infarct size by
45% in an in vivo rat heart model of
myocardial infarction. Insulin ex-
erted an anti-apoptotic effect, which
was found to be dependent on PI
3-kinase-dependent Akt and eNOS
phosphorylation and the subsequent
increase in NO production.?! In a ca-
nine model of low-flow ischemia,
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addition, atherogenesis—total ather-
osclerotic area and number of ather-
osclerotic lesions in the aorta—was
diminished. This constitutes the first
evidence that insulin is anti-athero-
genic. In addition, interference with
insulin signal transduction following
deletion of the IRS-2 (insulin recep-
tor substrate-2) gene in mice leads
to accelerated atherogenesis, with
changes in the intima starting at 8
weeks of age and becoming fully de-
veloped by 20 weeks.?® As atheroscle-
rosis is a chronic inflammation of
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the arterial wall, the evidence that
insulin suppresses atherogenesis is
consistent with its antioxidant and
anti-inflammatory effects.?

It is interesting that the pro-
atherogenic effects of insulin pro-
posed primarily on the basis of in
vitro studies are being challenged by
evidence generated in the past 6
years.’® The debate has been further
fueled by 2 recent articles showing
that knocking out the insulin recep-
tor in myelogenic cells, the precur-
sors of MNCs (which play a crucial
role in the pathogenesis of athero-
sclerosis), is anti-atherogenic in ani-
mals with low-density lipoprotein
(LDL) receptor deficiency and is pro-
atherogenic in the ApoE-deficient
animal 3132

Effect of GIK Infusion-Induced
Hyperglycemia in Clinical
Trials of AMI

As discussed by Nesto in this supple-
ment, hyperglycemia worsens the
prognosis of patients with AMI** and
stroke.?* Several studies of patients
with AMI show that insulin infusion
followed by a reduction in hyper-
glycemia improves clinical out-
comes.*"*” These studies were carried
out before the pro- and anti-inflam-
matory effects of glucose and in-
sulin, respectively, were known, and
were based on the hypothesis that
GIK infusions may help repolarize
the myocardium®® and reduce
plasma FFA concentrations by sup-
pressing lipolysis,®’ thus eliminating
the detrimental effects of high FFA
levels on myocardial metabolism,
necrosis, and function.

However, these GIK regimens in-
duce a significant increase in blood
glucose concentrations due to the in-
fusion of large amounts of glucose
(25-30 g/h) with a fixed dose of in-
sulin, with no attempt to titrate in-
sulin to maintain euglycemia. It is
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therefore possible that the absence of
improvement in the GIK group in re-
cent trials of such regimens in pa-
tients with AMI may be due to the
induction of hyperglycemia despite
the infusion of insulin.

We have attempted to calculate the
enhanced risk of mortality in patients
in the CREATE-ECLA (Clinical Trial
of Reviparin and Metabolic Modula-
tion in Acute Myocardial Infarction
Treatment and Evaluation-Estudios
Cardiologicos Latinoamerica) study,*
based on the relation between hyper-
glycemia and mortality shown in
this study. The projected mortality
rates at 0, 6, and 24 hours obtained
from the authors’ data on the relation
between administered glucose and
mortality yield trapezoids, and the
areas were calculated (Table 1). After
dividing by 24 hours, we obtained
a weighted average formula for
mortality (mort.):

average % mort.
= 0.125 (% mort. at 0 hours)
+ 0.5 (% mort. at 6 hours)
+ 0.375 (% mort. at 24 hours)

This leads to an average 30-day mor-
tality for the control group of
approximately 9.9%, which com-
pares favorably with the observed

mortality of 9.7% for the control
group as reported by Mehta and col-
leagues.” However, the calculated
average mortality for the GIK group
is 12.2%, which is 2.2% higher than
the observed mortality of 9.7% in
this group. This would suggest that
patients in the GIK group were pro-
tected from the excess (2.5%) ex-
pected mortality induced by their
hyperglycemia. We could conclude,
therefore, that the 2.5% reduction in
mortality in the GIK group was prob-
ably due to the “protective effect of
insulin.”

Pro-Inflammatory Effect of
Glucose, Free Fatty Acids, and
Macronutrients

We have recently shown that glucose
(75 g) intake leads to oxidative stress
as reflected in an increase in genera-
tion of the free radical O," by leuko-
cytes (both polymorphonuclear
leukocytes and MNCs) and the ex-
pression of p47Ph°X an essential
component of the enzyme NADPH
(reduced nicotinamide adenine di-
nucleotide phosphate) oxidase, which
converts O, to 0,".*! In addition to
oxidative stress, there is also inflam-
matory stress, because O," activates
redox-sensitive pro-inflammatory

Table 1
Glucose Levels and Projected Mortality Rate in CREATE-ECLA Study

Control

GIK

Blood glucose

Blood glucose

Time (h) (mmol/L) % mortality (mmol/L) % mortality
0 9 11.4 9 11.4
6 8.2 10.2 10.4 13.4

24 7.5 9.1 8.6 10.8

The projected mortality rates at 0, 6, and 24 hours, obtained from the authors’ data,* yielded
trapezoids, and the areas were calculated. After dividing by 24 hours, the following weighted average
formula for mortality (mort.) was obtained: average % mort. = 0.125 (% mort. at 0 hours) + 0.5

(% mort. at 6 hours) + 0.375 (% mort. at 24 hours). CREATE-ECLA, Clinical Trial of Metabolic Modula-
tion in Acute Myocardial Infarction Treatment Evaluation-Estudios Cardiologicos Latinoamerica.

GIK, glucose-insulin-potassium.

transcription factors such as NF-kB,
activator protein-1 (AP-1), Egr-1, and
hypoxia-inducible factor alpha
(HIFe). Our work has shown that the
intake of 75 g of glucose induces an
increase in inhibitor kappa B (IkB) ki-
nases alpha and beta (IKKa and
IKKB), a fall in IkBa, and an increase
in intranuclear NF-«B binding.*?
Glucose also causes an increase in
AP-1 and Egr-1, and the genes regu-
lated by these transcription factors
are induced, as reflected by the in-
crease in MMP-2, MMP-9, and TF in
mononuclear cells and plasma.** In
addition, there is an increased ex-
pression of a large number of genes
at the mRNA level, including tumor
necrosis factor-alpha (TNF-a), inter-
leukin-6 (IL-6), and MCP-1.

In addition to our studies on the
effect of orally administered glu-
cose on oxidative stress and inflam-
mation, we have also demonstrated
that an intravenous infusion of
triglycerides and heparin in normal
(non-obese) subjects, which leads
to increased plasma concentrations
of FFAs to levels comparable to
those observed in obesity, induces
increased ROS generation, in-
creased NF-kB binding and p65
expression in the nucleus, and in-
creased plasma macrophage migra-
tion inhibitory factor (MIF) concen-
trations.** This was associated
with a decrease in post-ischemic
endothelium-dependent vasodila-
tion. Similarly, a study involving
the induction of a steady state of
hyperglycemia by intravenous glu-
cose infusion, with the concomi-
tant inhibition of endogenous in-
sulin secretion by somatostatin, led
to increased plasma TNF-a and IL-6
concentrations.*® Clearly, glucose is
pro-inflammatory even when given
intravenously, especially when
endogenous insulin secretion is
suppressed.
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Glucose intake and triglyceride in-
fusion induce oxidative stress with
generation of O,°, as mentioned
above. This can reduce the
bioavailability of NO, as superox-
ide combines with NO to form per-
oxynitrite. Hyperglycemia-induced
reduction in NO bioavailability may
have a pro-constrictor effect on
blood vessels, along with a platelet
pro-aggregatory effect, because NO
exerts a vasodilatory effect on blood
vessels and an anti-aggregatory ef-
fect on platelets.*® In addition, glu-
cose induces an increase in TF,
which is an activator of the extrinsic

oxidative stress: increased TBARS
(thiobarbituric acid-reactive sub-
stances) and 9-HODE and 13-HODE
(9- and 13-hydroxyoctadecadienoic
acid) concentrations, and increased
carbonylated protein, orthotyro-
sine, and metatyrosine concentra-
tions.’>>® TBARS and HODEs are
products of lipid and linoleic acid
peroxidation. Carbonylated pro-
teins are products of diabetic oxida-
tive damage to proteins. Orthotyro-
sine and metatyrosine are formed
by free radical (OH") attack on the
phenylalanine molecule. It is also
of interest that if obese patients are

Hyperglycemia induces inflammation, which would result in increased
plasma C-reactive protein concentrations; increased CRP is associated with

a higher incidence of arrhythmias.

pathway of coagulation through ac-
tivation of factor VII and conversion
of prothrombin to thrombin. Thus,
increased glucose concentrations in-
duce a prothrombotic state. These
effects would explain the adverse
outcomes associated with hyper-
glycemia.***** In addition, hyper-
glycemia induces inflammation,
which would result in increased
plasma CRP concentrations; in-
creased CRP is associated with a
higher incidence of arrhythmias.>%>!
Thus, hyperglycemia may also pre-
dispose to arrhythmias through in-
flammatory mechanisms.

Pro-Inflammatory State

of Obesity

Given that obesity is a state of
chronic overnutrition, one can ex-
pect it to be associated with chronic
oxidative and inflammatory stress,
and, indeed, we produced the first
data confirming that obesity is
associated with an increase in
plasma levels of several products of
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subjected to dietary restriction
(1000 calories/day for 4 weeks),
ROS generation by leukocytes and
the concentrations of TBARS, 9-
HODE, 13-HODE, carbonylated
proteins, orthotyrosine, and metaty-
rosine all fall dramatically.’? This
happens in association with loss of
a mere 6 to 7 kg of weight while the
patient is still obese. The effects are
observed as early as 1 week after the
start of caloric restriction. Clearly,
excessive macronutrient intake
maintains oxidative stress levels
even in obesity. This was examined
further. When normal (non-obese)
subjects fasted for 48 hours, O,°
generation by leukocytes fell by
35% at 24 hours and > 50% at
48 hours.*? The dramatic reduction
in O," generation following a fast in
normal subjects and caloric restric-
tion in obese subjects suggests that
macronutrient intake is probably
the major contributor to O," gener-
ation in both non-obese and obese
individuals.
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In addition to the enhanced ox-
idative stress, obese subjects are
known to have increased chronic in-
flammatory stress. The expression of
TNF-a and other pro-inflammatory
cytokines/mediators such as IL-6,
MCP-1, and PAI-1 has been shown to
be enhanced in circulating MNCs,
and the plasma concentrations of
these mediators are increased in
human obesity.>* Furthermore, CRP
and SAA, 2 accepted markers of
systemic inflammation, are also in-
creased in obesity.” Interestingly,
elevated CRP concentrations pre-
dict the development of type 2 dia-
betes mellitus and atherosclerotic
complications.>®

The observations reported above
may also be relevant when consider-
ing regimens for total parenteral nu-
trition and hyperalimentation. Ex-
cessive administration of calories
may result in high glucose and lipid
concentrations, which may be pro-
inflammatory.

Because ROS, especially O,°, acti-
vate the redox-sensitive major tran-
scription factors such as NF-kB, AP-1,
and HIF-1a, an excess of ROS and
0, is likely to lead to increased tran-
scription of the pro-inflammatory
genes regulated by these transcrip-
tion factors. The pro-inflammatory
genes are increased in obesity and
in type 2 diabetes.>*%” Because ath-
erosclerosis is the result of chronic
inflammation of the arterial wall,
and inflammatory mediators are
considered important in the inter-
ference of insulin signal transduc-
tion, the state of chronic low-grade
inflammation and oxidative stress
may mediate both atherosclerosis
and insulin resistance in obesity
and type 2 diabetes.?%57

Given that most deaths of pa-
tients with diabetes and obesity are
secondary to cardiovascular disease
related to atherosclerosis, it follows



Effects of Insulin and Glucose on MI and ACS

that an understanding of diet-
induced oxidative and inflamma-
tory stress is important for prevent-
ing and suppressing the processes
that lead to atherosclerosis and car-
diovascular complications. Another
important aspect of our work on the
effect of macronutrient intake on
indices of oxidative and inflamma-

Conclusion

In view of the rapidly accumula-
ting data demonstrating an anti-
inflammatory effect of insulin and a
pro-inflammatory effect of glucose
and FFAs, and the relationship of
clinical outcomes to indices of in-
flammation, it is clear that an impor-
tant strategy in the care of patients

Our data show not only an increase in NF-kB binding and decrease in Ik Ba
following intake of glucose, fat, and fast food meals, but also an increase in
mRNA expression of a whole family of pro-inflammatory genes.

tory stress is that the cellular target
of our investigation is mononuclear
cells. This cellular fraction contains
the monocyte/macrophage and B
and T cells, all of which are
involved in atherogenesis. The
monocyte/macrophage takes up
lipid (oxidatively damaged LDL) and
forms the foam cell. Foam cells pop-
ulate the fatty streak, the initial le-
sion of atherosclerosis.?*° Indeed,
our data show not only an increase
in NF-kB binding and decrease in
IkBa following intake of glucose, fat,
and fast food meals, but also an in-
crease in mRNA expression of a
whole family of pro-inflammatory
genes. Consistent with this, we have
demonstrated an increase in NF-«xB
binding and a decrease in IkBp
expression, along with an increase
in IL-6, TNF-a, MMP-9, and MIF
expression, in the MNCs of obese
patients.>*

The state of chronic oxidative and
inflammatory stress observed in
obese individuals also affects their
ability to handle a macronutrient
load. Thus, the increase in ROS gen-
eration and NF-«B binding caused by
intake of a large (1800 calorie) fast
food meal by obese individuals
lasted significantly longer than that
in normal subjects.®

with acute cardiac syndromes (in-
cluding AMI and CABG surgery) is
the maintenance of euglycemia with
the help of insulin infusions. This
would potentially be of great benefit
(Figure 3). This area clearly needs
further definitive investigation.

The published data clearly show
that hyperglycemia worsens progno-
sis, including mortality, in intensive
care (surgical and medical) patients. It
also causes a marked dose-dependent

deterioration of morbidity and mor-
tality in patients with AMI and
stroke and in all hospitalized pa-
tients. For patients with burns and
those in intensive care units, the
control of hyperglycemia with in-
sulin infusion improves clinical out-
comes. The pro-inflammatory and
pro-oxidant action of glucose and
the ROS-suppressive and anti-
inflammatory action of insulin are
likely to play an important role in
the pathogenesis and the treatment
of these complications (Figure 4).°!
Regimens that infuse fixed doses of
insulin with high rates of glucose are
usually associated with hyper-
glycemia, as observed in several
studies of patients with AMI. The in-
duction of hyperglycemia may po-
tentially neutralize the benefits of
insulin, and these regimens should
therefore be avoided. We are cur-
rently conducting a study to test
whether a low-dose insulin infusion
that restores normoglycemia in pa-
tients with AMI will improve clinical
outcomes. ]

Figure 3. Current view of the action of insulin. The anti-inflammatory, anti-apoptotic, cardioprotective, and neuro-
protective effects of insulin have been demonstrated in both humans and animal models. The vasodilatory, reactive
oxygen species (ROS)-suppressive, antiplatelet, antithrombotic, and pro-fibrinolytic effects have been demonstrated
in humans. NF-kB, nuclear factor kappa B; IxB, inhibitor kappa B; MCP-1, macrophage chemoattractant protein-1;
ICAM-1, intercellular adhesion molecule-1;, CRP, C-reactive protein; TF, tissue factor; PAI-1, plasminogen activator
inhibitor-1; NO, nitric oxide; cAMP, cyclic adenosine monophosphate; eNOS, endothelial NO synthase.
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Figure 4. The anti-inflammatory effect of insulin and pro-inflammatory effect of glucose. Insulin suppresses reactive oxygen species and generation
of O, and expression of NADPH oxidase; glucose stimulates both. In the macrophage, O," activates inhibitor kappa B kinase beta (IKKB) to enhance
phosphorylation of inhibitor kappa B (IkB), such that it undergoes proteosomal degradation, releasing nuclear factor kappa B (NF-xB) to translocate
into the nucleus. NF-kB stimulates the transcription of genes encoding pro-inflammatory proteins, including tumor necrosis factor-alpha (TNF-a),
interleukin-6 (IL-6), macrophage chemoattractant protein-1 (MCP-1), and matrix metalloproteinases (MMPs). In the endothelial cell, insulin also
induces endothelial nitric oxide synthase (eNOS) expression, which leads to controlled nitric oxide (NO) release and vasodilation; glucose has the
opposite effect. Glucose induces the expression of the adhesion molecules intercellular adhesion molecule-1 (ICAM-1) and E-selectin, whereas insulin
suppresses their expression in the endothelial cell. iNOS, inducible nitric oxide synthase. Adapted with permission from Dandona P et al.®’!
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Main Points

Rapidly accumulating data demonstrate the anti-inflammatory and antioxidant (reactive oxygen species—suppressive)
effects of insulin and the pro-inflammatory effects of glucose (hyperglycemia) and free fatty acids.

Treatment regimens that infuse fixed doses of insulin with high rates of glucose are usually associated with hyper-
glycemia, as observed in studies of patients with acute myocardial infarction (AMI).

The anti-inflammatory, antioxidant, and pro-fibrinolytic effects of insulin have been demonstrated in patients with AMI
when treated with low-dose infusions of insulin independent of a decrease in glucose concentrations.

The anti-inflammatory effects of insulin have also been shown in patients in intensive care and in patients under-
going coronary artery bypass grafts.

Evidence that insulin suppresses atherogenesis is consistent with its antioxidant and anti-inflammatory effects.

The absence of improvement in the glucose-insulin-potassium (GIK) infusion group in recent trials of such regimens
in patients with AMI may be due to the induction of hyperglycemia despite the infusion of insulin.

Analyses show that patients in a GIK group were protected from a 2.5% excess expected mortality induced by
hyperglycemia, probably due to the protective effect of insulin.

Glucose is pro-inflammatory even when given intravenously, especially when endogenous insulin secretion is
suppressed.

Obesity is associated with chronic oxidative and inflammatory stress.

The state of chronic low-grade inflammation and oxidative stress may mediate both atherosclerosis and insulin
resistance in obesity and type 2 diabetes.
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