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Abstract

Hyperglycemia, a commonly exhibited metabolic dis- Sun Q, Li J, Gao F. New insights into insulin: The anti-
order in critically ill patients, activates the body’s in- inflammatory effect and its clinical relevance. World J Dia-
flammatory defense mechanism, causing the waterfall betes 2014; 5(2): 89-96 Available from: URL: http://www.
release of numerous inflammatory mediators and cy- wjgnet.com/1948-9358/full/v5/i2/89.htm DOI: http://dx.doi.

tokines, and eventually leads to organ damage. As the 0rg/10.4239/wjd.v5.i2.89
only glucose-lowering hormone in the body, insulin not
only alleviates the detrimental effects of hyperglycemia
through its metabolic regulation, but also directly mod-
ulates inflammatory mediators and acts upon immune INTRODUCTION
cells to enhance immunocompetence. In this sense, - — - - —
hyperglycemia is pro-inflammatory whereas insulin is Since its discovery in 1921, the importance of insulin in
anti-inflammatory. Therefore, during the past 50 years, glucose homeostasis has been established, and it is uni-

insulin has not only been used in the treatment of dia- ~ versally used as a therapeutic agent for diabetes mellitus.
betes, but has also been put into practical use in deal- Thousands of lives have been saved and many scientists
ing with cardiovascular diseases and critical illnesses. ~ were drawn into the study of this wonder drug. Under
This review summarizes the recent advances regarding continuous intensive research, the mechanisms underly-
the anti-inflammatory effects of insulin in both basic re- ing the effect of insulin in its metabolic modulation,

search and clinical trials, with the hope of aiding in the mainly glucose homeostasis, has become clearer, but
design of further experimental research and promoting there remains much interest in the elucidation of further
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effects of insulin.

Glucose-insulin-potassium (GIK) has been used as an
adjunctive therapy in patients with acute myocardial in-
farction (AMI) since its introduction in 1962. However,
the mechanism underlying GIK’s cardioprotection has
remained largely speculative and controversial during the
past 50 years. It was not until eatly in this century that we
provided convincing 7z vivo evidence that insulin, rather
than glucose or potassium, is the predominant protec-
tive component of GIK, and demonstrated for the first
time that insulin exerted anti-apoptotic and pro-survival
effects in the ischemic/reperfused (I/R) myocardium
through the PI3K-Akt-eNOS-NO signaling pathwaym.
This prompted us to conceive the notion of the “survival
signal”, a new mechanism of cell protection which is to-
tally independent of the metabolic effects of insulin, and
explained its cardioprotective effects. In 2001, the clas-
sical landmark clinical trial by van den Berghem revealed
that maintaining blood glucose at or below 110 mg/dL
with low-dose insulin infusion, significantly reduced
mortality and morbidity resulting from multi-organ fail-
ure among critically ill patients in the surgical intensive
care unit (ICU). A further study reported that markers
of inflammation, such as intercellular cell adhesion mo-
lecular-1 (ICAM-1) and E-selectin were suppressed in
the liver of these patients as was inducible NO synthase
(iNOS) expression, which is mainly in monocyte/mac-
rophage cells™ suggesting an anti-inflammatory role for
insulin. This article will summarize the relationship be-
tween insulin, glucose and inflammation, and discuss the
implications for the management of patients with AMI
and critical illness.

GLUCOSE, OXIDATIVE STRESS AND
INFLAMMATION

Hyperglycemia is common in critical illness, and may
lead to severe complications. It has been reported that
pronounced hyperglycemia is associated with poor out-
comes of morbidity and mortality in patients with AMI,
stroke and coronary artery bypass grafting[z"()]. Glucose is
pro-inflammatory, and hyperglycemia is even detrimental
to these patients. A total of 75 g glucose intake causes
acute oxidative and inflammatory stress, as reflected
in increased superoxide radical Oz generation by poly-
morphonuclear leukocytes, mononuclear cells and the
enzyme nicotinamide adenine dinucleotide phosphate!”,
Free radical Oz generation, on the one hand, reduces
NO bioavailability, as it combines with NO to form per-
oxynitrite ONOO'; on other hand, it activates a number
of redox-sensitive major pro-inflammatory transcription
factors such as nuclear factor kappa B (NFkB), activa-
tor protein-1 (AP-1), hypoxia induced factor-o (HIF-o)
and early growth response-1 (Egr-1), leading to increased
transcription of the pro-inflammatory genes and thus
B Meanwhile, glucose increases the ex-
pression of tumor necrosis factor alpha (TNF-q), inter-
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leukin-6 (IL-6) and monocyte chemoattractant protein-1
(MCP-1) in mononuclear cells. Moreover, it has led to
increased TNF-a and IL-6 concentrations in plasma in
a steady state of hyperglycemia with intravenous insulin
secretion with somatostatin . To sum up, glucose, oxida-
tive stress and inflammation are inter-related, with recip-
rocal causation. As the only glucose-lowering hormone in
the body, insulin therapy alleviates the detrimental effects
of hyperglycemia through metabolic regulation, therefore
hyperglycemia is pro-inflammatory whereas insulin is
anti-inflammatory.

INSULIN MODULATES INFLAMMATORY
MEDIATORS

The discovery of the anti-inflammatory effect of insulin
can be traced back to the observation that insulin exerts
a vasodilatory effect through endothelial NO release in
arteries, veins and capﬂlariesm’m. By inducing vasodilata-
tion, it reduces leukocyte adhesion to the endothelium
and subsequent infiltration. Furthermore, it has inhibi-
tory effects on platelet adhesion and aggregation.

Studies have further confirmed that insulin sup-
pressed three important inflammatory mediators: inter-
cellular cell adhesion molecular-1 ICAM-1), MCP-1 ex-
pression and NFkB binding in human aortic endothelial
cells in vitrd"™*". These suppressive effects can be blocked
by the NOS inhibitor N(G)-nitro-L-arginine, indicating
the effects are mediated by NO release. Among all the
pro-inflammatory cytokines, TNF-q is the most active
one in triggering the production of other cytokines such
as TL-6 and other expression molecules”. We provided
direct evidence in myocardial ischemia/repetfusion (I/R)
rats that insulin inhibits TNF-o induction locally and sys-
temically, and demonstrated for the first time that i vitro
treatment with insulin attenuated I/R-induced TNF-«
production in cardiomyocytes vz the Akt-eNOS-NO sig-
naling pathway'"”. Polymorphonuclear neutrophils (PMN)
are the first defense line against infection and invasive
microorganisms. Adherence of PMN to endothelial cells
is an eatly requisite event in I/R-induced inflammatory
injury. Thus we performed # vivo and in vitro experiments
in a rabbit model to investigate whether insulin inhibits
PMN-mediated adherence!. It was found that insulin re-
duced P-selectin and ICAM-1 expression in endothelium
which mediates the initial interaction between PMNs and
the endothelial cell surface, thus insulin attenuated PMN
adherence and I/R-induced inflammatory injury. The
Akt-eNOS-NO signaling pathway was involved in these
effects. Moreover, insulin has been reported to ameliorate
the endotoxin-induced systemic inflammatory response
by decreasing I1.-6, TNF-o expression and increasing the
anti-inflammatory cascade in the context of normoglyce-
mia in rat"” and porcine models™. All these data indicate
that insulin alleviates inflammation through suppression
of pro-inflammatory cytokines and immune mediators,
pointing strongly to its role as an anti-inflammatory agent.
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INSULIN SUPPRESSES TOLL-LIKE
RECEPTOR EXPRESSION

Toll-like receptors (TLRs) are a variety of conserved
pattern recognition receptors that have been implicated
in innate immune responses. Accumulating evidence
suggests that TRLs play an essential role in tissue inflam-
mation and damage such as cardiac I/R, post-ischemic
remodeling and atherosclerosis™ ", TLR signaling and
its critical roles in inflammatory cardiac conditions has
been intensively studied, especially TRL2, TRL4’ role
with myocardial infarction and reperfusion injury. TRL2
aggravated myocardial tissue injury in I/R-based experi-
mental animal models and its deletion was associated
with a smaller MI size compared with control®. The
TLR-deficient model, TLR2"" mice, exhibited improved
left ventricular dysfunction following 1/ R™, Besides, ad-
ministration of anti-TLR2 antibody prior to repetrfusion
reduced MI sites and preserved cardiac function. TLR4 is
the specific receptor of endotoxin, thus it mediates inflam-
matory changes induced by endotoxins. Oyama ez 2" first
demonstrated that TLR4-deficient mice had more than
50% reduction in MI area, which was associated with at-
tenuated myocardial inflammation, as evidenced by less
neutrophil infiltration and fewer lipid peroxides. Inhib-
ited by eritoran, a specific TLR4 antagonist, resulted in
a 40% reduction in MI and decrease in TNF-q, IL-1f3,
I1-6 and MCP-1 expression”*”, Moreover, TRL4 has
been found to act as a determinant of neutrophil infiltra-
tion after global MI through mediating KC and MCP-1
expression[zg]. Suppression of TRL signaling is associated
with smaller MI size and is beneficial in I/R-based ani-
mal models. It has been reported that insulin infusion (2
U/h) with type 2 diabetes (T2D) patients within 2 h has
significantly suppressed TLR1, -2, -4, -7 and -9 mRNA
expressions in MNCs, and this prompt suppression may
be mediated by the suppression of PU.1 binding and sub-
sequent activation of TLRs"™. Thus, insulin suppresses
the expression of several TLRs at the transcriptional level
and alleviates TRL-mediated inflammatory injury.

INSULIN ACTS UPON IMMUNE CELLS

Peripheral blood mononuclear cells (PBMCs) is a critical
component in the immune system, and mainly comprised
of lymphocytes and monocytes. Investigations have been
conducted to study the effects of insulin upon mono-
nuclear cells in obese non-diabetic subjectsm. The results
showed that insulin reduced activation of the pro-inflam-
matory transcription factor NFkB, with downregulation
of plasma soluble intercellular adhesion molecular-1,

which facilitates the attachment of monocytes to endo-
thelial cells and chemotactic factor MCP-1, which en-
courages monocyte migration into the subintimal space.
This suppressive effect on NFkB in PBMC has also
been reported in critically ill patients with intensive in-
sulin therapy””. Similarly, Egr-1, another important pro-
inflammatory transcription factor, was notably reduced in
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mononuclear cells with insulin treatment, resulting in de-
creased plasma concentrations of tissue factor and plas-
minogen activator inhibitor-1 (PAI—l)m. Taken together,
insulin suppresses pro-inflammatory transcription factors
in mononuclear cells and the subsequent inflammatory
mediators regulated by them, thus ameliorating MNC-
mediated inflammation.

Monocytes/macrophages (Mo/My) initiate immune
and inflammatory responses. Insulin administration (107
mmol/L) retarded macrophage apoptosis and enhances
Belx. mRNA expression by activating phosphatidylino-
sitol 3’-kinase (PI3K) in a dose-dependent manner, thus
improving macrophage survival®. Use of wortmannin,
a specific inhibitor of PI-3K, has further confirmed
its position in the anti-apoptotic effect of insulin in
lipopolysaccharide-challenged THP-1 cells™. HLA-DR
is a cluster of membrane molecules of Mo/My which
are involved in the Mo antigen presentation to T cells.
The intensity of HLA-DR expression is associated with
immunocompetency of Mo/M¢m. Insulin treatment
with blood glucose maintained between 4.4-6.1 mmol/L
increased HLA-DR expressions of peripheral Mo cells.
This upregulation means enhanced antigen presentation
of Mo cells, indicative of improved immune function.
Moreover, the phagocytosis, chemotaxis, and oxidative
burst capacity of Mo have also been assessed in a burn-
injured rabbit model, suggesting that insulin improved
the capacity for phagocytosis and oxidative burst, but had
no effect on chemotaxis” .

T cell differentiation is important in the immune
response. A single naive T cell under cell differentiation
is able to generate multiple subsets of memory T cells
with different phenotypic and functional properties in
response to infections, resulting in acquisition of immune
functions required for pathogen clearance. Insulin was
first confirmed to induce a shift in Th cell differentiation
toward Th2 cells which is involved in secretion of inflam-
matory mediators (IL-4, 11-10, IL-13, e#.) and enhanced
antibody-mediated responses”™. Myocarditis is a severe
disease of myocardial inflammation and often results
from an autoimmune reaction. Significant T cell reduc-
tion was observed in cardiac myocarditis[”]. Thus, we in-
vestigated the effect of insulin on myocardial inflamma-
tion in experimental myocarditis in mice and its potential
role in T cell regulation. The results showed that insulin
promoted T cell recovery, particularly CD3" T cells with-
out changing the naive-to-memory T-cell ratio and had a
direct effect on T cell proliferation, thus alleviating myo-
carditis™. Tt is possible that insulin may promote T cell
recovery in myocarditis, especially in diabetic or hypergly-
cemic patients.

ANTI-INFLAMMATORY EFFECTS OF
INSULIN IN HUMAN STUDIES

Cardiovascular disease (CVD) is the leading cause
of death worldwide, and remains a great challenge in
healthcare. Various risk factors of CVD, including hy-
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pertension, diabetes and smoking, can initiate a chronic
inflammatory reaction. Accumulating epidemiological
and clinical studies have found strong and consistent rela-
tionships between markers of inflammation and the risk
of future cardiovascular events'". Thus, inflammation is
established as a definitive cardiovascular risk factor.
Hyperglycemia is pro-inflammatory and damaging,
especially in critically ill patients. Pronounced hyper-
glycemia at hospital admission is associated with poor
outcomes of morbidity and mortality in patients with
AMI, thus effective glucose management is a necessary
therapeutic intervention. It has been shown in large pilot
studies, Diabetes and Insulin-Glucose Infusion in Acute
Myocardial Infarction (DIGAMI)"* and the Estudios
Cardiologicos Latinoamerica (ECLA) studyw, that small
doses of intravenously delivered insulin markedly im-
proved clinical outcomes in patients with AMI. There
was a marked 29% reduction in 1-year mortality in the
insulin-glucose infusion group in the 1995 DIGAMI
study, and a statistically significant reduction in mortality
and a consistent trend toward fewer in-hospital events in
the GIK group in the 1998 ECLA pilot trial, possibly as
a result of rigorous glycemic control. The anti-inflamma-
tory effect of insulin have been applied clinically. Plasma
C-reactive protein (CRP) and serum amyloid A (SAA)
concentrations are the two accepted markers of systemic
inflammation which were impressively reduced to 40%
in patients with AMI when treated with low-dose insulin
infusion™. As the CRP concentration is correlated with
the size of the infarct in AMI, a reduction is indicative of
insulin’s cardioprotective effects. Moreover, intensive in-
sulin therapy has been given to critically ill patients in sur-
gical and medical ICUs with improved outcomes™*. In
1548 critically ill patients undergoing surgery, insulin infu-
sion which maintained fasting blood glucose concentra-
tions under 110 mg/dL dramatically improved the clini-
cal outcomes with a reduction in total mortality by 48%,
the incidence of bacteremia by 46%, acute renal failure
requiring dialysis by 41%, ICU poly-neuropathy by 44%,
and the need for red cell transfusion by 50% when com-
pared with controls”, Mortality and morbidity in the sur-
gical ICUs was dramatically reduced, as was morbidity in
medical ICUs. No other agent has been shown to reduce
mortality and morbidity by this magnitude in so many
diverse ways in the ICU setting. Glucose control seems
crucial, but several potential mechanisms may add to the

benefits, including reduction of systemic inflammation'*”,

prevention of immune dysfunction”’

, and protection of
the endothelium™"". The exact mechanisms underlying
this simple and cost-effective intervention need further

investigations.

INSULIN RESISTANCE AND
INFLAMMATION

Insulin resistance (IR) is a pathological condition wherein

insulin-stimulated glucose uptake and clearance in tar-
geted organs are decreased. A few studies suggested
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that obesity, inflammation and IR are inextricably linked
through the actions of specific inflammatory immune
cells. The development of IR is thought to occur in re-
sponse to increased production of pro-inflaimmatory
cytokines by adipose tissue in obesity, that then have an
inhibitory effect on insulin signaling pathways in multiple
tissues. TNF-a was first found to be increased in adipose
tissue of obese mice and able to induce IR™. In animal
studies, administration of exogenous TNF-¢ induces
IR, whereas neutralization of TNF-o improves insulin
sensitivity. IL-13, another key inflammatory cytokine, in-
terferes with insulin signaling which leads to IR. TNF-q,
and more generally, inflammation, activates and increases
the expression of several proteins that suppress and im-
pair specific pathways of insulin signaling, making the
human body less responsive to insulin and increasing the
risk of IR. In turn, IR states are pro-inflammatory. In-
creased levels of markers and mediators of inflammation
such as fibrinogen, CRP, IL-6, PAI-1 and white cell count
were shown to correlate with T2D™ Y. These inflamma-
tory mediators perpetuate and promote the progression
of IR. Polycystic ovary syndrome, another IR state, was
found to have chronic low-grade inflammation”". In
other words, inflaimmation causes IR, and IR is inflam-
matory. Thus, anti-inflammatory treatment could be pro-
posed as a therapeutic strategy in the treatment of IR.

ANTI-INFLAMMATION THERAPY FOR
INSULIN RESISTANCE

Inflammation is hallmark of diabetes and a main cause

of its long-term complications. Particularly in obese
conditions in humans and animals, it contributes to
the pathogenesis of T2D through IR. Therefore, anti-
inflammation therapy may be proposed as a strategy for
the improvement of IR.

TNF-q is a critical mediator of inflammation, and
its increased expression was found to be associated with
IR in the adipose tissue of obese mice™. In vitro studies
demonstrated that TNF-o had a direct inhibitory effect
on insulin signaling and impaired insulin-stimulated glu-
cose uptake and metabolism in human subjectsﬁs‘. Clini-
cally, neutralization of TNF-o with infliximab in patients
with rheumatoid arthritis has significantly improved IR as
reflected by the significant reduction in the Homeostasis
Model Assessment Index””. Peroxisome proliferator-
activated receptors (PPAR)y inactivation leads to sup-
pression of IRS-2, which is a signaling molecular in
insulin pathways, thus further promotes IR. The anti-
diabetic thiazolidinediones (I’ZDs), which include pio-
glitazone, rosiglitazone and troglitazone, are clinically
used to improve insulin sensitivity in patients with T2D
by lowering free fatty acids (FFA) in blood by activat-
ing PPARy. Aspirin, another therapeutic agent, inhibits
the activity of multiple kinases induced by TNF-q, and
thus enhances insulin sensitivity by protecting proteins
from serine phosphorylation[sﬂ. Statins, as a class of anti-
inflammatory drugs, have been shown to downregulate
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Figure 1 Anti-inflammatory effects of insulin.TLR: Toll-like receptor.

transcriptional activities of NFxB, AP-1 and HIF-1q,
with reductions in inflammatory cytokines™. Despite
these modest anti-inflammatory properties, the statins do
not appear to significantly influence either IR or glycemic
status. In contrast, high-dose salicylates directly suppress
inflammation by targeting NFkB, which improves insu-
lin sensitivity and reduces blood glucose in patients with
diabetes™ . The anti-inflammatory properties of 'TZDs
and statins have associated side effects apart from their
primary modes of action, thus they may not be safe in
the long term. It is necessary to investigate new classes
of drugs.

Histone deacetylases (HDACs) are key enzymes that
regulate gene expression. Inhibition of histone deacety-
lase activity has been reported as a new approach to
treat diabetes mellitus. Butyrate or trichostatin A, which
arc histone deacetylase inhibitors, prevented high fat-
induced obesity and improved IR in mice™. The multiple
beneficial effects included: reduced systemic chronic in-
369 reduced lipid toxicityw’()g], promotion of
beta-cell development, proliferation, differentiation and
function’. Thus HDAC inhibitors may represent a novel
drug in the treatment of IR.

flammation

CONCLUSION

Hyperglycemia, a commonly exhibited metabolic disorder
in critically ill patients, activates the body’s inflammatory
defense system, causing the cascade release of numerous
inflammatory mediators and cytokines, and eventually
leads to organ damage. Insulin inhibits hypermetabo-
lism, such as hyperglycemia and lipid degradation, thus
could attenuate glucose and FFA-mediated inflammation
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and improve immunocompetence. More importantly,
insulin directly suppresses pro-inflammatory cytokines
and induces anti-inflammatory mediators through non-
metabolic pathways (Figure 1). Currently, the effects
are dependent upon its suppression of innate immune
mechanisms and the suppression of transcription factors
such as NFkB and Egr-1. With further investigation, the
discovery and understanding of the mechanisms underly-
ing the anti-inflammatory effects of insulin opens up the
possibility that insulin therapy could be used in multiple
clinical practices.

Hypetglycemia, inflammation and IR are inter-related
and of reciprocal causation. The relationships between
the three entities are far from being elucidated. Hypergly-
cemia leads to oxidative stress, which further results in in-
flammation. IR, commonly as a manifestation of hyper-
glycemia, is pro-inflammatory. Reactive oxygen species is
believed to be an important cause of many pathological
conditions, including inflammation and IR. It has been
established that hyperglycemia is inflaimmatory whereas
insulin is anti-inflammatory. From simple glucose mainte-
nance to the discovery of cardiovascular protection, the
knowledge and understanding about insulin is increasing,
The pleiotropic effects of insulin including glucose con-
trol, and reduction in apoptosis, oxidative/nitrative stress
and inflammation, contribute to cardiovascular protec-
tion and are beneficial in critical illness. It is not a single
effect that mediates the important role of insulin, but it is
the whole scenario that promotes its myriad effects. With
consistent research, we will gain a better understanding
of these working mechanisms, and in doing so, are likely
to find more therapeutic targets and wider applications
for this wonder drug,
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