Insulin: an endogenous cardioprotector

Undurti N. Das

This review discusses the myocardial protective property of
the insulin/glucose-insulin-potassium regimen and the
mechanisms involved in this beneficial action. Several recent
studies suggest that insulin not only is useful to control
hyperglycemia and maintain glucose homeostasis but also may
have the unique property to protect the myocardium from
reperfusion injury and ischemia and prevent apoptosis of
myocardial cells. The insulin/glucose-insulin-potassium (GIK)
regimen suppresses the production of tumor necrosis factor-,
interleukin-6, macrophage migration inhibitory factor and other
pro-inflammatory cytokines, and free radicals; and enhances
the synthesis of endothelial nitric oxide and anti-inflammatory
cytokines interleukin-4 and interleukin-10. Thus, the insulin/GIK
regimen brings about its cardioprotective action. This may also
explain why the insulin/GIK regimen is useful in sepsis and
septic shock, myocardial recovery in acute myocardial
infarction, and critical illness. It is suggested that the infusion
of adequate amounts of insulin to patients with acute
myocardial infarction, congestive heart failure, cardiogenic
shock, and critical illness preserves myocardial integrity and
function and ensures rapid recovery. In view of the suppressive
action of insulin on the synthesis of proinflammatory cytokines
and free radicals, it is possible that the insulin/GIK regimen,
when used in a timely and appropriate fashion, may also
protect other tissues and organs and facilitate in the recovery
of patients who are critically ill. Curr Opin Crit Care 2003, 9:375-383
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Abbreviations

AMI acute myocardial infarction
CCF congestive cardiac failure
DKA diabetic ketoacidosis

eNO endothelial nitric oxide
FFA free fatty acids

HETE hydroxyeicosatetraenoic acid
GIK glucose-insulin-potassium
leukotriene B, LTB,

MIF migration inhibitory factor
NO nitric oxide

PGl, prostacyclin

PKC protein kinase C
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Introduction

Diabetic ketoacidosis (DKA) is managed with insulin,
intravenous fluids, and potassium. Because the plasma
glucose level invariably falls more rapidly than the
plasma ketone level, insulin administration is continued,
and glucose and potassium are infused simultaneously to
prevent the occurrence of hypoglycemia and hypokale-
mia. This forms the glucose-insulin-potassium (GIK)
regimen, which is also used to manage moderate degrees
of hyperglycemia even in the absence of ketoacidosis
[Tee]. In most instances, especially when patients with
moderate degrees of hyperglycemia—and at times those
with DKA—are given insulin, the infusion of substantial
amounts of glucose and potassium may not be necessary,
although both glucose and potassium are given and are
kept handy more as a precaution than out of necessity.
"This is because hypoglycemia and/or hypokalemia is un-
likely to develop in most of these patients if they are
monitored closely. In general, most patients with DKA
recover when properly treated, although about 10% may
still die because of late complications of DKA, such as
myocardial infarction and infection. The other acute
complications of DKA are vascular thrombosis and acute
respiratory distress syndrome (ARDS). Patients with dia-
betes can have volume depletion, hyperosmolality, and
increased viscosity of blood as a result of hyperglycemia
and changes in clotting factors favoring vascular throm-
bosis. The cause of acute respiratory distress syndrome is
not known, but it could be due to a hyperglycemia-
induced or -associated increase in free radical generation
and proinflammatory cytokines. Hyperglycemia also in-
creases circulating free fatty acids (FFAs), which are
toxic to the myocardium and induce arrhythmias. Hyper-
glycemia causes osmotic diuresis, and the resulting vol-
ume depletion may further compromise myocardial
function.

Hyperglycemia is harmful

Why should hyperglycemia be treated? Several studies
showed clearly that patients with persistent hyperglyce-
mia are at increased risk of myocardial infarction, periph-
eral vascular disease, stroke, renal damage, vision loss,
cataract, etc. On the other hand, those who have been
treated with diet restriction; exercise, oral hypoglycemic
agents and/or insulin are protected from the develop-
ment of these diseases or at least able to postpone the
development of these complications for substantial pe-
riod. Both the UK Prospective Diabetes Study done in
type 2 diabetes mellitus (UKPDS) and the Diabetes
Control and Complications Trial of USA done in type 1
diabetes mellitus (DCCT) revealed that improved blood
glucose control decreases the progression of diabetic mi-
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crovascular disease and improves the quality of life [2,3].
In the UKPDS trial, at the end of 10 years of intensive
treatment of type 2 diabetes with a sulfonyl-ureas (chlor-
propamide, glibenclamide, or glipizide) or with insulin in
such a manner that the fasting plasma glucose was less
than 6 mmol/L (z¢, <110 mg/dL.) compared with a fasting
plasma glucose below 15 mmol/L (z¢, <270 mg/dL.) in the
conventional group (treated by diet alone, with drugs
added only if fasting plasma glucose was >15 mmol/L),
the risk in the intensive group was 12% lower for any
diabetes-related endpoint; 10% lower for any diabetes-
related death; and 6% lower for all-cause mortality. Most
of the risk reduction was due to a 25% risk reduction in
microvascular endpoints that included renal failure,
death resulting from renal failure, retinal photocoagula-
tion, or vitreous hemorrhage. In addition, intensive treat-
ment of diabetes also reduced the incidence of stroke,
myocardial infarction, and peripheral vascular disease. In
the DCC'T study of type 1 diabetes mellitus, done in the
United States, intensive therapy with insulin reduced
the risk of retinopathy by 76% and reduced the occur-
rence of microalbuminuria by 39%, that of albuminuria
by 54%, and that of clinical neuropathy by 60%. In gen-
eral, it was concluded that the beneficial actions of in-
tensive blood glucose control in both type 1 and type 2
diabetes mellitus is due to a reduction in the plasma
glucose. But it is not clear why hyperglycemia should be
harmful. Recent studies suggest that hyperglycemia in-
duces oxidative stress, enhances the production of pro-
inflammatory molecules, and thus brings about its del-
eterious actions.

Hyperglycemia enhances free

radical generation

Both in animal models of diabetes and in patients with
diabetes mellitus, increased production of free radicals
(especially the superoxide anion, O,7) and consequently
the formation of excess of lipid peroxides were noted
[4-6]. Hyperglycemia increases the production of reac-
tive oxygen species inside cultured aortic endothelial
cells [7]. Free radicals (especially the superoxide anion)
has the ability to inactivate prostacyclin (PGI,) and nitric
oxide (NO), which are potent vasodilators and platelet
antiaggregators [8—10]. In an elegant study, it was found
that glucose challenge (given in the form of 75 g glucose
in 300 mL water orally to fasting normal subjects) en-
hanced the generation of leukocyte free radicals almost
233 + 34% above the basal level at 2 hours (P < 0.001)
with a simultaneous increase in plasma lipid peroxides
and a fall in the plasma a-tocopherol [11]. This increase
in free radical generation after glucose challenge was
found to be closely associated with an increase in the
expression of p47°"°* the key component of NADPH
oxidase, suggesting that the increase in free radical gen-
eration is due to the activation of NADPH oxidase. The
simultaneous fall in the concentrations of a-tocopherol
suggests that increase in free radical generation leads to

consumption of this antioxidant. This is in agreement
with the results of other studies reporting that patients
with diabetes have low antioxidant capacity/activity
[4,5,12]. These results suggest that glucose can directly
activate NADPH oxidase to enhance free radical genera-
tion, which in turn may consume antioxidants, leading to
pro-oxidative stress not only in patients with diabetes
but also in normal individuals. Because free radicals have
proinflammatory actions, this explains why chronic sub-
clinical inflammation exists and persists in diabetes. This
is supported by the observation that high glucose con-
centrations increased leukocyte rolling, leukocyte adher-
ence, and leukocyte transmigration through mesenteric
venules [13ee]. These proinflammatory properties of
leukocytes were seen to be associated with attenuation
of endothelial NO release and increased expression of
P-sclectin on endothelial surfaces. By contrast, the local
application of insulin completely attenuated these pro-
inflammatory events. Insulin infusion also inhibited free
radical generation and p47°"** and NF-kB activation in
mononuclear cells, and it reduced soluble intercellular
adhesion molecule-1, monocytes chemoattractant pro-
tein-1 and plasminogen activator-1 production by en-
hancing NO synthesis [10e 140 15,16 17¢].

Hyperglycemia, proinflammatory cytokines,
and nitric oxide

Esposito er a/. [18®¢] observed that in normal subjects,
when plasma glucose levels were acutely raised and
maintained at 15 mmol/L for 5 hours while endogenous
insulin secretion was blocked with octreotide, plasma
interleukin-6 (IL-6), tumor necrosis factor-a (I'NF-a),
and IL-18 levels rose within 2 hours of the clamp but
returned to basal values at 3 hours. By contrast, in sub-
jects with impaired glucose tolerance, the fasting plasma
IL-6 and TNF-a levels were higher than those of normal
subjects, and the increase in plasma cytokine levels dur-
ing the clamping lasted longer (4 hours vs 2 hours). In
another study, the same normal subjects were given
three consecutive pulses of intravenous glucose (0.33
g/kg) separated by 2-hour intervals, and the plasma cy-
tokine levels were estimated at 3, 4, and 5 hours [18]. It
was found that the plasma cytokine levels obtained at 3,
4, and 5 hours were higher than the corresponding values
obtained during the clamp. It was also reported that the
cytokine peaks in subjects with impaired glucose toler-
ance after the first glucose pulse were higher than those
of the normal subjects. It is interesting that when both
the normal subjects and those with impaired glucose tol-
erance received the same glucose pulses along with an
infusion of glutathione, a known antioxidant, plasma cy-
tokine levels did not show any significant change from
baseline after the 3 glucose pulses, suggesting that hy-
perglycemia acutely increases proinflammatory cytokine
concentrations by an oxidative mechanism, and that this
effect is more pronounced in subjects with impaired glu-
cose tolerance.
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In another interesting study, Srinivasan ez a/. [19e]
showed that glucose increases the adhesion of monocytes
to human aortic endothelial cells 7 virro. Human aortic
endothelial cells cultured in the presence of high glucose
(25 mmol/L. for 7 days) had a twofold elevation in I1.-8
secretion over control cells that were cultured in the
presence of 5.5 mmol/L. glucose. Both glucose and IL.-8
activated 3; integrin on the surface of the human aortic
endothelial cells, suggesting that activation of asf3; inte-
grin complexes on the endothelial surface that is neces-
sary for the adhesion of monocytes to endothelial cells.
The use of a neutralizing antibody to IL-8 prevented
glucose-mediated monocyte adhesion. Analysis of the
human IL-8 promoter revealed binding sites for NF-kB
and AP-1, and further work revealed that glucose stimu-
lated IL-8 promoter activity and that both the AP-1 el-
ement and the glucose response element were respon-
sible for much of the glucose-mediated activation of 11.-8
transcription. Inhibition of free radical production re-
duced the glucose-mediated induction of IL-8 ex-
pression. In this context, it is interesting that ILL-8, a
proinflammatory cytokine, is a potent activator of poly-
morphonuclear leukocyte functions such as chemotaxis,
superoxide anion production, and enzyme release and is
also chemotactic to lymphocytes. But it not yet certain
which is the first event: whether increased production of
proinflammatory cytokines occurs first, leading to en-
hanced free radical generation, or vice versa. It is possible
that free radical generation and the production of proin-
flammatory cytokines occur simultancously or are so
closely linked that it may be virtually impossible to de-
termine which occurs first. Because antioxidants and NO
seem to negate the proinflammatory actions of hypergly-
cemia, it appears that cell or tissue antioxidant capacity
or status has a major role in preventing the toxic actions
of glucose.

Hyperglycemia and eicosanoids

In addition, hyperglycemia causes upregulation of cyclo-
oxygenase-2, especially in endothelial cells, in such a
manner that the production of thromboxane A, is in-
creased, whereas that of PGI, is suppressed [20]. Glu-
cose-induced activation of protein kinase C (PKC) re-
sulted in the formation of peroxynitrite and tyrosine
nitration of PGI, synthase enzyme, which resulted in
decreased release of NO despite a twofold increase in
endothelial nitric oxide (eNO) synthase and reduced
PGI, formation. Antioxidants such as N-acetylcysteine
and vitamin C not only prevented free radical formation
but also restored NO release to a normal state by reduc-
ing the colocalization of nitrotyrosine and PGI, synthase.
These results are interesting because hyperglycemia en-
hances the production of IL.-8, which in turn stimulates
5-lipoxygenase, leading to the formation of leukotriene
B, (L'TB,) and also activates 15-lipoxygenase to increase
the production of 15-hydroxyeicosatetraenoic acid (15-
HETE). L'TB, is a proinflammatory molecule, whereas
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15-HETE is antiinflammatory. 15-HETE specifically in-
hibits L'TB, formation and LL'TB,-induced chemotaxis of
human neutrophils. Because 11.-8 stimulates both L'TB,
and 15-HETE formations, the effect of I1L.-8 on inflam-
mation depends on the relative stimulation of 5- and
15-lipoxygenases.

How glucose stimulates

proinflammatory events

Although it is clear from the preceding discussion that
hyperglycemia stimulates the production of proinflam-
matory cytokines and activates NADPH oxidase,
NF-kB, and the ecicosanoids pathway, it is not clear
which is the first event that ultimately leads to glucose-
induced inflammation. Indirect evidence suggests that
possibly glucose initiates the inflammatory events first
by stimulating the production of TNF-a. A positive and
statistically significant association between dietary gly-
cemic load and plasma high-sensitivity C-reactive pro-
tein was reported in healthy middle-aged women, inde-
pendently of conventional risk factors for ischemic heart
disease [21e]. Hyperglycemia per se but not hyperinsu-
linemia leads to a significant increase in serum amyloid
A3 within a short time in adipose tissue [22]. Interest-
ingly, older control animals, even those without diabetes,
had a tendency for increased basal level expression of
serum amyloid A3. Similarly to glucose, TNF-a en-
hanced free radical generation by augmenting polymor-
phonuclear leukocyte NADPH oxidase activity, acti-
vated NF-kB, and increased intercellular adhesion
molecule-1 expression in endothelial cells [23]. By con-
trast, in patients with type 2 diabetes mellitus, both the
activity of NADPH oxidase and the levels of NADPH
oxidase protein subunits p22P"°*, p67°"°* and p47°"ox
were significantly elevated in both the veins and the
arteries, enhanced PKC activity occurred, and venous
and arterial endothelium showed dysfunctional NO
synthase, leading to an additional source of superoxide
production [24]. The decreased NO production by the
diabetic vessels was corrected by intracellular tetrahydro-
biopterin, a cofactor that is necessary for NO production,
and the increased superoxide anion production was ab-
rogated by PKC inhibition. Thus, both glucose and
T'NF-a have similar actions on NADPH oxidase, PKC,
NF-kB, and intercellular adhesion molecule-1. This sug-
gests that glucose initially enhances the production of
IL-6, 1L.-8, 1L.-18, TNF-a, and C-reactive protein and
thus brings about its proinflammatory actions. These
events eventually cause endothelial dysfunction and lead
to tissue and target organ damage in diabetes mellitus
(Figure 1).

Stress hyperglycemia and acute

myocardial infarction

Several studies revealed that patients with acute myo-
cardial infarction (AMI) have raised blood glucose con-
centrations [17¢,25-27]. In addition, a positive associa-
tion between hyperglycemia and mortality from AMI has
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Figure 1. Schematic showing how hyperglycemia causes tissue damage, whereas insulin prevents it
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been reported [28]. This suggests that not just the pres-
ence of diabetes but even marginal increases in plasma
glucose increase the risk of development of complica-
tions due to AMI, although the exact reason for this
association is not clear. I suggest that this can be attrib-
uted in part to the proinflammatory actions of glucose
[17e]. Intensive treatment with insulin to lower plasma
glucose concentrations and maintain it under 110 mg/dLL
(<6.1 mmol/L.) decreased overall mortality in patients
with diabetes and AMI. In a prospective, randomized,
controlled trial involving adults admitted to surgical in-
tensive care units and receiving mechanical ventilation,
intensive insulin treatment (wherein the maximum in-
sulin dose was set at 50 IU/h) reduced mortality and
morbidity and reduced the number of deaths resulting
from multiple organ failure with sepsis [29¢e]. This sug-
gests that hyperglycemia (defined here as plasma glucose
>110 mg/dL) is harmful, whereas insulin therapy is ben-
eficial not only in AMI but also in critical illness with or
without diabetes mellitus. It is known that insufficient
insulin (either qualitative or quantitative deficiency of
insulin) associated with hyperglycemia causes a decrease
in glycolytic substrate and an increase in FFAs, which
reduce myocardial contractility and promote cardiac fail-
ure and arrhythmias [30], leading to poor outcome in
such patients. Earlier, I proposed that insulin is an anti-
inflammatory molecule and that when high rates of GIK
are given (30% glucose, 50 IU of insulin, and 80 mmol/L.
potassium at the rate of >1.5 mL./kg./h, which is similar to

the dosage of insulin used in [29e¢]) it suppresses circu-
lating concentrations of FFAs and thus could be of ben-
efit in critical illness, such as sepsis and septic shock
[1ee]. This seems to be true, as is evident from the work
of Van den Berghe ez /. [29¢]. It was also reported that
intensive insulin treatment suppressed the markers of
inflammation, and that may have been responsible for its
beneficial action.

The glucose-insulin-potassium regimen

and acute myocardial infarction

The American College of Cardiology and the American
Heart Association have recommended giving the GIK
regimen to patients with AMI, especially those who are
poor candidates for thrombolytic therapy and in whom
the risk of bleeding is high [1ee]. This is based on the
results of studies showing that the GIK regimen is of
benefit in AMI [1ee]. GIK treatment (especially insulin)
increases the uptake of glucose by the myocardium and
thus may help to save the integrity and function of myo-
cardial cells.

Insulin, tumor necrosis factor-q,

macrophage migration inhibitory factor,

free radicals, nitric oxide, and myocardium
"TNF-«a is secreted by adipose tissue, macrophages, and
cardiac tissue, and it plays a major role in the pathogen-
esis of insulin resistance, type 2 diabetes mellitus, in-
flammation, and septic shock [8]. Early in the course of
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AMI, TNF-a release occurs, which can directly decrease
myocardial contractility in a dose-dependent manner
[31]. Anti-TNF-a antibody reduces myocardial injury
and dysfunction [32]. Cardiac cachexia is thought to be
due to an increase in the circulating levels of TNF-a
[33]. A direct correlation between the circulating levels
of TNF-a and the clinical features of congestive cardiac
failure has been reported. After cardiac transplantation,
TNF-a levels decrease [31]. In addition, TNF-a causes
dysfunction and apoptosis of endothelial cells, which in
turn leads to decreased production of eNO and enhanced
procoagulant activity and fibrin deposition [34]. TNF-«
induces endothelial cells and leukocytes to produce large
amounts of free radicals, which inactivate eNO. This
causes vasoconstriction and ischemia.

Increased mesenteric venous pressure, which leads to
intestinal edema and increased bowel permeability, is
common in congestive cardiac failure (CCF). This causes
an increase in endotoxin absorption from the gut, leading
to an elevation in the circulating levels of endotoxin that
activate macrophages and other cells to produce TNF-«
[8,17¢]. 'This is supported by the observation that in pa-
tients with CCF, CD14 concentrations (which are indica-
tive of endotoxin-cell interaction) are elevated, corre-
sponding to the elevated levels of TNF-a and the
degree of cardiac cachexia [8,179,35]. These observa-
tions suggest that TNF-a plays a critical role in the
pathogenesis of CCF and that methods designed to sup-
press its production and/or action could be of benefit not
only in CCF but also in inflammation, sepsis, and septic
shock [1ee].

It is evident from the preceding discussion that TNF-«
is harmful to the myocardium, whereas the GIK regimen
is beneficial in AMI. Does this mean that the GIK regi-
men, and insulin in particular, can suppress TNF-a syn-
thesis and action?

Insulin has anti-inflammatory actions and
suppresses TNF-a and other cytokines

Satomi ez a/. [36] showed that the exogenous administra-
tion of insulin inhibited TNF-a production in a dose-
related manner in animals that had been challenged with
lipopolysaccharide. In an 7z vitro study, the addition of
insulin to cultures of peritoneal exudate cells from mice
primed with Propionibacterium acnes mice blocked
TNF-a production, in comparison with control mice.
Fraker ez al. [37] reported that reduced food intake, de-
creased body weight gain, severe interstitial pneumoni-
tis, periportal inflammation in the liver, and increases in
the weights of the heart, lungs, kidney, and spleen ob-
served in TNF-a-treated experimental animals could be
completely prevented by the concurrent administration
of insulin. The pneumonitis seen in these TNF-a-
treated animals is similar to the adult respiratory distress
syndrome that is common in patients with sepsis and
septic shock—conditions in which the plasma concentra-
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tions of IL.-1, TNF-a, and macrophage migration inhibi-
tory factor (MIF) are elevated [38-40]. Furthermore, in-
sulin enhances the production of eNO by activating A4z
through the phosphatidylinositol 3’-kinase (PI3-kinase)
pathway [41,42e¢] and suppresses superoxide anion gen-
eration [43]. In vivo insulin therapy significantly de-
creased the serum proinflammatory cytokines IL-18, IL-
6, MIF, and TNF-a concentrations after thermal injury
and increased the anti-inflammatory cytokines 11.-4 and
IL-10 in a study by Jeschke er a/. [44ee], as predicted
earlier by this author [1ee]. In addition, insulin signifi-
cantly reduced the proinflammatory signal transcription
factors STA'T-5 and C/EBP-B mRNA and increased the
anti-inflammatory signal transcription factor mRNA ex-
pression of SOCS-3 and RANTES-7. Thus, insulin has
hitherto unappreciated potent anti-inflammatory actions,
which could be responsible for the beneficial actions of
the GIK regimen in AMI and critical illness with sepsis
and septic shock [1ee.40,45e].

Cardiac dysfunction and insulin resistance

in the critically ill, sepsis and septic shock
Cardiovascular dysfunction in the form of myocardial de-
pression is present in septic shock [46]. Several studies
showed that the GIK regimen improves myocardial func-
tion during sepsis and septic shock by enhancing cardiac
output, stroke volume, arterial pressure, and oxygen con-
sumption [47-49]. Cardiac dysfunction that occurred
within 2 to 4 hours after endotoxin was not related to
arterial-blood glucose concentrations [49]. Maintaining
blood glucose at control or preshock levels by the infu-
sion of 50% glucose did not prevent myocardial dysfunc-
tion, whereas intra-arterial infusions of insulin at rates of
6 units/min reversed all signs of myocardial failure and
maintained normal performance despite wide ranges in
glucose concentrations (5-120 mg/dL.) [49,50]. This sug-
gests that it is insulin that improves cardiac performance
and that myocardial dysfunction is not precipitated or
enhanced by the hypoglycemia of septic (endotoxin)
shock. This indicates that the beneficial actions of insu-
lin on cardiac performance are due to mechanisms other
than myocardial glucose transport. In this context, it is
important to note that insulin resistance is common dur-
ing critical illness, infections, sepsis, and septic shock.
Thus, the presence of insulin resistance for whatever
reasons during a variety of clinical conditions may render
the cardioprotective actions of insulin ineffective or less
effective.

Insulin resistance in sepsis, liver cell failure, and multi-
organ dysfunction syndrome, which occurs in septic
shock, is associated with increased production of plasma
TNF-«, IL-6, 1L-1, IL-2, and MIF and possibly with
decreased production of anti-inflammatory cytokines
[L-4, IL.-10, and 'T'GF-B and enhanced activity of induc-
ible nitric oxide synthase [1®e]. The glucose utilization
rate was increased significantly with exogenous insulin
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infusion in control subjects but not in patients with sep-
sis, suggesting that sepsis impairs the action of insulin on
endogenous glucose production and utilization, lipolysis
and ketogenesis [51]. It was also observed that once
transported into the cells and tissues, glucose is prefer-
entially metabolized to lactate. Lind and Lithell [52]
reported that basal serum lactate, glucose, and insulin
were elevated in critically ill patients in the intensive
care unit compared with healthy control subjects and
were correlated to indices of severity of illness. Further,
serum glucose, FFAs, glycerol, and triacylglycerols in se-
rum, very low-density lipoprotein, and low-density lipo-
protein were elevated, whereas high-density lipoprotein
cholesterol was decreased in patients with sepsis in com-
parison with those without sepsis. Serum lactate and free
glycerol (an indicator of lipolysis) were elevated in pa-
tients who did not survive in comparison with survivors
[52]. These results suggest that glucose and lipid me-
tabolism, which are influenced by insulin, are altered in
sepsis and may be used as prognostic indicators. These
metabolic abnormalities could be due to low insulin se-
cretion, increased clearance, and peripheral insulin resis-
tance, especially in the liver and skeletal muscle, al-
though insulin production itself was not observed. In the
carly phase of sepsis, hyperglycemia occurs, and in the
late stages hypoglycemia sets in [53,54]. These changes
in the plasma glucose levels have been attributed to al-
terations in the concentrations of, and balance between,
insulin and corticosterone during the various phases of
sepsis and septic shock. This led to the suggestion that
the continuous infusion of glucose and insulin might en-
hance tissue glucose uptake; suppress lactate, FFAs,
glycerol production, and lipolysis; overcome corticoste-
rone-dependent insulin resistance; and improve tissue
perfusion and recovery [19¢ 52-54]. This is somewhat
similar to the administration of insulin for DKA. Most
patients with DKA are treated by low-dose insulin
schedules in which 8 to 10 units of insulin are infused
intravenously each hour. Most cases of DKA can be re-
versed adequately with this low-dose treatment, but
some patients do not respond. Presumably, the insulin
resistance that is characteristic of DKA is more pro-
nounced in these patients than in responsive subjects.
These “resistant” patients are given 25 to 50 units of
insulin as an intravenous bolus, followed by an infusion
of 15 to 25 units per hour until ketosis is reversed. This
higher-dosage insulin schedule is believed to ensure
saturation of the insulin receptors in the face of compet-
ing antibodies or other resistance factors. It is also pos-
sible that high amounts of insulin act via the insulin-like
growth factor receptor and reverse DKA. In the same
manner, even in the critically ill and in patients with
sepsis and septic shock, continuous administration of the
GIK cocktail could enhance tissue perfusion and glucose
uptake; suppress lactate, FFAs, glycerol production, and
lipolysis; and improve survival. It is also possible that the
GIK regimen suppresses the production of the proin-

flammatory cytokines 11.-1, 1L.-6, TNF-a and MIF; en-
hances the production of ¢eNO and anti-inflammatory
cytokines IL.-4 and I1.-10; and thus may facilitate im-
provement in myocardial function and recovery. This
may also explain why the GIK regimen is useful in the
management of AMI.

It is insulin, not glucose or potassium, that

is critical to the heart

Although it is known that the GIK regimen improves
myocardial function and protects the myocardium during
endotoxic shock, AMI, and critical illness and in patients
undergoing open heart surgery by improving cardiac out-
put, stroke volume, mean arterial pressure, and oxygen
consumption, the exact component that is responsible
for this beneficial effect has been debated for some time.
Cardiac dysfunction occurring within 2 to 4 hours after
endotoxin was seen to be not related to arterial blood
glucose concentrations [1ee 40,47-49]. Maintaining
blood glucose at control (preshock) levels by infusion of
50% glucose did not prevent myocardial dysfunction. By
contrast, infusions of insulin reversed cardiac failure and
maintained normal performance despite wide ranges in
glucose concentrations (5-120 mg/dL), suggesting that it
is the insulin that protects the myocardium and improves
cardiac function, which can now be related to its ability
to suppress TNF-«a, IL-6, MIF, and superoxide anion
production [1ee].

Gao et al (42e9) directly compared the cardioprotective
effects of individual GIK components in an 7z vive study
and demonstrated that insulin, but not glucose or potas-
sium, is the protective component. It was observed that
when Sprague-Dawley rats were subjected to myocardial
ischemia and reperfusion and treated with insulin, there
were 2.6-fold and 4.3-fold increases in A#7 and eNOS
phosphorylation, respectively, with a significant increase
in NO production in ischemia/reperfusion myocardium.
This increase of NO production reduced myocardial
apoptotic death. Although the exact mechanism by
which this increase in NO generation induced by insulin
exerts its antiapoptotic effects is not known, several pos-
sibilities have been suggested. NO can nitrosate caspase-
3, -6, -7, and -8 and inhibit caspase-dependent Bc/-2
cleavage and consequently the release of mitochondrial
cytochrome ¢ [55]. NO may downregulate MKP-3
mRNA levels, thereby preventing the inactivation of
ERK1/2, an antiapoptotic member of the MAPK family
and thus reducing apoptotic cell death of myocardial tis-
sue [56]. This myocardial protective action of insulin has
also been shown in several clinical studies [57-62].

Mauritz et al. [57] studied the hemodynamic and meta-
bolic effects of the GIK regimen in 14 patients with
peritonitis who were in hypodynamic septic shock (as
evidenced by mean arterial pressure <50 mm Hg and
cardiac index <3.5 1/min) despite a highly positive fluid
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balance (greater than +2,000 mlL. during the last 12
hours) and use of catecholamines. The infusion of GIK
(glucose 70% 1g/kg + 1.5 units/kg and potassium 10
mMol) led to significant increases in systolic (+53%) and
mean (+61%) arterial pressures, cardiac index (+50%),
right (+60%) and left (+109%) ventricular stroke work
indices, and oxygen consumption index (+18%); heart
rates remained unchanged, and serum glucose levels
were clevated. Eventually, 2 patients were discharged
from the hospital. Bronsveld ez 4/. [58] did a similar study
of septic shock in which a GIK regimen (glucose 50%, 1
g/kg body weight; insulin 1.5 units/kg; potassium 10
mMol) improved hemodynamic status, and eventually 4
of 15 patients were hospital survivors, suggesting that in
hypodynamic septic shock refractory to volume loading
and catecholamines, treatment with the GIK regimen
may be useful.

Myocardial protective action of insulin in
patients undergoing open-heart surgery
Several other studies suggested that the GIK regimen
preserves systolic and diastolic function in ischemia and
reperfusion [59] and protects the myocardium in patients
undergoing open-heart surgery [60,61], although this is
not without controversy [62®¢e—65¢]. It is not clear why
the outcome was positive in only some studies whereas
others failed to show a benefit from the GIK regimen
against myocardial dysfunction in septic shock.

A close look at the studies [57-61,620e—650¢] that used
the GIK regimen to preserve myocardium revealed that
those studies were not all comparable with one another.
‘This is because the concentrations of glucose and insulin
used in these studies were not uniform. Mauritz ez al.
[57] used glucose 70%, 1g/kg, and insulin 1.5 units/kg,
whereas Bronsveld e @/. [58] used glucose 50%, 1g/kg,
and insulin 1.5 units/kg. Mauritz ez a/. [S7] noted that
plasma glucose increased in their patients after the GIK
regimen, but they used a higher dose of insulin relative
to the concentration of glucose infused than did Brons-
veld er a/(58). It is clear that studies in which higher
concentrations of insulin were used showed better re-
sults than did studies that used lesser doses [59-61,620e—
65ee. For instance, studies in which 33% glucose with
120 units of insulin or 30% glucose with 300 units of
insulin was used yielded positive results [60,61]. By con-
trast, results of studies that used a lower dose [630e 6400
were less favorable. This is because stress hyperglyce-
mia, or even mild hyperglycemia with myocardial infarc-
tion, is associated with increased mortality, and intensive
insulin treatment to maintain blood glucose levels be-
tween 80 and 110 mg/dL is highly beneficial and reduces
morbidity and mortality among critically ill patients
[66,29e¢]. Hence, it is likely that the negative results
obtained with the GIK regimen were due to the low dose
of insulin used, which invariably resulted in hyperglyce-
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mia (>110mg/dL.) that is detrimental to the myocardium
[1ee 170 6300_(500 (6],

Continuous intravenous infusion of insulin is superior to
subcutaneous administration to control hyperglycemia,
especially in patients with diabetes mellitus during the
preoperative and postoperative periods [67]. During both
the infusion period and the entire observation period
(day of surgery and postoperative days 1 and 2), the GIK
regimen resulted in lower blood glucose levels within the
intended range of 90 to 180 mg/dL. (5-10 mmol/L.) in
comparison with conventional subcutaneous insulin ad-
ministration. Improved diabetic control results in fewer
wound infections and better wound healing. I have sug-
gested that the beneficial effects of GIK regimen may
extend beyond the control of hyperglycemia alone
[1ee 17¢.40,45¢ 68]. GIK infusion may salvage myocar-
dium, improve cardiac function, and decrease mortality
by an absolute 10%, provided that hyperglycemia is pre-
vented [69,70]. This beneficial effect is independent of
glucose [54,71,72,73]. This assumption is supported by
the results of a large trial conducted by Van den Berghe
et al. [299°], who reported that intensive insulin therapy
to avoid hyperglycemia (blood glucose maintained =110
mg/dL.) in predominantly nondiabetic patients admitted
to surgical intensive care units and receiving mechanical
ventilation led to a decrease in morbidity and mortality
in comparison with less intensively treated patients
(blood glucose maintained between 180 and 200 mg/dL).
The results of this study suggested that maintaining
blood glucose concentrations at or below 110 mg/dl is
critical to deriving the benefits of insulin treatment. This
is supported by the observation that cardiac dysfunction
induced by endotoxin administration was not related to
arterial blood glucose concentrations, and that infusions
of insulin but not glucose reversed cardiac failure and
maintained normal performance [49,50]. This suggests
that myocardial function is not influenced by hypogly-
cemia of endotoxin shock.

Conclusion

It is evident from the preceding discussion that insulin
has a myocardial protective action. This explains the
beneficial action of the GIK regimen in AMI. Hypergly-
cemia can initiate and perpetuate inflammation and thus
bring about its harmful actions on the myocardium. The
cardioprotective action of insulin is due, at least in part,
to its ability to control hyperglycemia. In addition, insu-
lin has anti-inflammatory actions. Insulin suppresses
NF-kB expression, free radical generation (especially su-
peroxide anion), and MIF production. It enhances eNO
generation and thus inhibits inflammatory process
[74e,75¢]. It protects the myocardium by preventing ap-
optosis of myocardial tissue. This could be the reason
why intensive insulin therapy and the GIK regimen are
beneficial in critical illness, AMI, sepsis, and septic
shock (Figure 1). Many physicians are familiar with the
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use of insulin. Hence, it 1s not difficult to extend insulin
therapy in these conditions. It remains to be seen wheth-
er structural analogues of insulin can be developed that
show myocardial protective action without hypoglycemic
action.
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