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dase may provide a new therapeutic avenue 
to block allergic inflammation at its earli-
est known step and help those of us who 
live in the pollen belt to better appreciate 
the arrival of spring.
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The discovery of the antiinflammatory effect of insulin and the proinflam-
matory effect of glucose has not only provided novel insight into the mech-
anisms underlying several disease states but has also provided a rationale 
for the treatment of hyperglycemia in several acute clinical conditions. Van 
den Berghe et al. previously showed the benefits of intensive glycemic con-
trol with insulin in patients admitted to intensive care units. In this issue 
of the JCI, the same group of investigators now demonstrates that infusion 
of insulin to restore euglycemia in these patients results in a marked reduc-
tion in inflammatory indices such as adhesion molecules, hepatic iNOS, and 
plasma NO metabolites (see the related article beginning on page 2277). The 
reduction in the mediators of inflammation may thus be responsible for the 
impressive improvement in clinical outcomes following insulin therapy, and 
the results suggest a new paradigm in which glucose and insulin are related 
not only through their metabolic actions but also through their opposite 
effects on inflammatory mechanisms.
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The importance of hyperglycemia in the 
pathogenesis and prognosis of acute ill-
ness and the benefit of controlling glucose 
with insulin in the critically ill hospitalized 
patient have emerged over the past 4 years. 
Three sets of data appeared almost simulta-
neously, which drew attention to this issue. 

First, glucose and lipid administration were 
shown to result in oxidative and inflamma-
tory stress (1–3). Second, insulin, the hor-
mone secreted in response to glucose and 
macronutrient intake, was found to sup-
press ROS generation and the activation 
of inflammatory mechanisms (4, 5). Thus, 
glucose was shown to be proinflammatory 
while insulin is antiinflammatory (Figure 
1). Third, and almost simultaneously with 
the 2 previous studies, came the observation 
that the restoration of normoglycemia by 
insulin infusion in hyperglycemic patients 
in a surgical intensive care unit (ICU) 

resulted in a 50% reduction in mortality 
along with several other benefits, including 
a reduction in the incidence of renal failure 
(and thus the need for dialysis), septicemia, 
and ICU neuropathy (6). The need for blood 
transfusion and the duration of ventila-
tion also fell significantly in these patients. 
These effects of insulin infusion in acutely 
ill patients were remarkable and totally 
unexpected. This large, landmark study 
provided clinical evidence that the proin-
flammatory effects of glucose and antiin-
flammatory effects of insulin probably play 
an important role in determining clinical 
outcome in acute illness. In this same study 
(6), the clinical benefits were associated 
with a fall in C-reactive protein level (7). A 
close relationship was found between the 
fall in blood glucose concentration and the 
improvement in clinical outcome.

Overall, the data emphasized that hyper-
glycemia is potentially toxic (6). This is 
consistent with a proinflammatory effect 
of glucose. In a subsequent publication, it 
was shown that there were marked mito-
chondrial abnormalities in the hepatocytes 
of the control group, which were prevent-
ed in the insulin infusion group with the 
restoration of normoglycemia (8). The 
mitochondrial abnormalities were char-
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acterized by marked swelling of the mito-
chondria, distortion of the cristae, and 
the separation of the inner mitochondrial 
membrane from the outer one. There was 
also an abnormality of the enzymes in the 
electron transport chain. The authors sug-
gested that increased ROS generation and 
oxidative stress induced these abnormali-
ties. This is consistent with the ROS-sup-
pressive effect of insulin.

Mechanism of insulin action
Insulin suppresses 3 major proinflamma-
tory transcription factors: NF-κB, activa-

tor protein–1 (AP-1), and early growth 
response–1 (EGR-1) (4, 5). The genes 
regulated by these transcription factors 
encode monocyte chemoattractant pro-
tein 1, ICAM-1, MMP-2 and MMP-9, tis-
sue factor (TF), and plasminogen activator 
inhibitor–1 (PAI-1) — are also suppressed 
by insulin (4, 5, 9) (Figure 1). Insulin infu-
sion, in addition, suppresses pro–MMP-1 
and PAI-1 in patients with acute myocar-
dial infarction (9). MMP-1, a collagenase, 
lyses collagen in the shoulder regions of 
the atherosclerotic plaque, making it more 
vulnerable to rupture. Insulin may thus 

help stabilize the plaque. MMP-1 is known 
to activate protease-activated receptor–1, 
which mediates the action of thrombin 
and thus triggers prothrombotic and pro-
constrictor processes, which will also be 
potentially suppressed by insulin. In addi-
tion, insulin suppresses ROS generation 
and the expression of p47phox, a key compo-
nent of NADPH oxidase, the enzyme that 
generates the superoxide radical, consis-
tent with the potent antioxidant effect of 
insulin (4, 9). Two other important effects 
of insulin include vasodilatation and the 
inhibition of platelet aggregation (10–12). 
These effects are mediated by an increase 
in NO release and NO synthase activity in 
the endothelium and the platelet (13, 14). 
Platelet inhibition may also contribute to 
insulin’s antiinflammatory effect, since 
platelets are loaded with CD40 ligand, 
serotonin, and histamine.

Glucose: an inducer of oxidative 
stress and inflammation
Glucose, on the other hand, is proinflam-
matory, and even a 75-g glucose load 
given orally to normal subjects results in 
profound oxidative stress and inflamma-
tory changes at the cellular and molecular 
level. This occurs even without an increase 
in plasma glucose concentrations into the 
pathological range and in spite of endog-
enous insulin secretion (1, 3). Therefore, 
if high plasma glucose concentrations are 
maintained, they can be expected to be pro-
foundly proinflammatory. This is indeed 
the case, especially if endogenous insulin 

Figure 1
The antiinflammatory effect of insulin and the 
proinflammatory effect of glucose. Insulin sup-
presses ROS and O2

• generation and NADPH 
oxidase expression, while glucose stimulates 
both. Within the macrophage, O2

• activates 
inhibitor of NF-κB kinase β (IKKβ) to enhance 
phosphorylation of IκB (α and β) such that it 
undergoes proteasomal degradation, releas-
ing NF-κB to translocate into the nucleus. 
NF-κB stimulates the transcription of genes 
encoding proinflammatory proteins includ-
ing TNF-α, IL-6, monocyte chemoattractant 
protein 1 (MCP-1), and MMPs. Within the 
endothelial cell, insulin also induces eNOS 
expression in endothelial cells, which leads 
to controlled NO release and vasodilation, 
while glucose has the opposite effect. Glu-
cose induces the expression of adhesion mol-
ecules ICAM-1 and E-selectin, while insulin 
suppresses their expression in the endothelial 
cell. sE-selectin, soluble E-selectin; sICAM-1, 
soluble ICAM-1.
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secretion is inhibited (15). Not only does glu-
cose induce increased intranuclear NF-κB  
binding, it induces increased AP-1 and 
EGR-1 binding. Thus, glucose activates all 
3 key proinflammatory transcription fac-
tors suppressed by insulin (3, 16) (Figure 
1). Generation of cytokines (e.g., TNF-α)  
by mononuclear cells is stimulated in 
addition to an increase in MMP-2 and TF 
protein expression following the ingestion 
of glucose. In addition, plasma MMP-2, 
MMP-9, and TF concentrations increase 
(16). Glucose also induces an increase in 
ROS (including superoxide radical) gen-
eration and an increase in p47phox expres-
sion, which is consistent with an increase 
in NADPH oxidase (1). The bioavailability 
of NO is reduced due to the increase in the 
level of superoxide radical, which binds NO 
to form peroxynitrite. This exerts a procon-
strictor, platelet proaggregatory, and pro-
thrombotic effect. Through the induction 
of MMPs, glucose may promote plaque 
rupture and thus trigger thrombosis. Thus, 
hyperglycemia induces a milieu of oxidative 
stress, inflammation, vascular constriction, 
platelet hyperaggregability, and thrombo-
sis. The proinflammatory and prothrom-
botic effects of glucose are profound.

The future of insulin infusions
Inflammation is a normal physiological 
defense mechanism. However, in severe 
inflammatory conditions, the excessive 
nature of this defense mechanism can 
contribute to tissue damage. Thus, its 
control could potentially improve clinical 
outcomes. Glucose is proinflammatory, 
and insulin is the ideal antiinflammatory 
measure, since it normalizes plasma glu-
cose concentrations while exerting its anti-
inflammatory effect. In addition, insulin, 
as an anabolic hormone, could help con-
trol the catabolic state induced by severe 
inflammation. Thus, insulin infusion could 
potentially benefit conditions with severe 
systemic inflammation such as septicemia, 
meningitis, and pneumonias. The use of 
insulin infusions to maintain normoglyce-
mia has already been shown to be of benefit 
during cardiac surgery (17), in patients with 
burns (18), and in those in medical ICUs 
(19). Furthermore, the antiinflammatory 
effect of insulin has been confirmed in rats 
injected with endotoxin (20) and in patients 
with severe forms of hyperglycemia includ-
ing diabetic ketoacidosis (21). Similarly, 
insulin infusion has been shown to be anti-
inflammatory and cardioprotective in acute 
myocardial infarction (9).

A new study by Langouche, Van den Ber-
ghe et al., reported in this issue of the JCI 
(22), on ICU patients from the same cohort 
in which the authors previously established 
markedly improved survival (6), further 
emphasizes the role of insulin infusion in 
suppression of inflammation. Here they 
demonstrate, as might be expected, a sup-
pression of several mediators of inflam-
mation such as the adhesion molecules 
ICAM-1 and E-selectin (Figure 1). In addi-
tion, these patients had markedly elevated 
plasma NO (NO2 + NO3) concentrations as 
well as an increase in iNOS expression in 
the liver. Both plasma NO concentrations 
and iNOS expression were reduced by insu-
lin, while eNOS expression was not altered. 
This very interesting observation implies 
that the source of the excessive NO is prob-
ably the iNOS expressed by macrophages 
in the liver (Kupffer cells). It is possible that 
the reticuloendothelial system elsewhere 
also contributes to this phenomenon. Insu-
lin infusion likely suppresses iNOS expres-
sion not just in the liver but elsewhere. It is 
even more remarkable that the NO concen-
tration predicted mortality: patients in the 
2 highest quartiles of NO concentration 
had a risk ratio of 8.0 and 6.0, respectively, 
when compared with patients in the lowest 
quartile. This makes NO concentration the 
strongest risk factor for mortality in the 
ICU. Although the data on iNOS expres-
sion was obtained from the patients who 
died and therefore may not be precise, the 
marked suppression of iNOS, by 66%, fol-
lowing insulin infusion is consistent with 
a fall in NO. In contrast, eNOS levels did 
not change. This indicates that the contri-
bution to the increase in NO concentration 
in these patients or the suppression of NO 
in those infused with insulin was not due 
to endothelial NO but due to iNOS from 
monocytes/macrophages or other cells in 
which iNOS has been induced as a result 
of inflammation (Figure 1). These data 
offer us the opportunity to use NO con-
centration as a prognostic marker and as 
an important mediator of the pathological 
process in ICU patients.

The data also demonstrate a small (15%) 
but significant reduction in ICAM-1, an 
adhesion molecule essential to the inflam-
matory response (22). The magnitude of 
this reduction is not likely to be responsible 
for the remarkable improvement in clinical 
outcomes, although it is consistent with an 
improvement in endothelial function.

More and more evidence of the antiin-
flammatory effect of insulin continues to 

emerge. The demonstration of its antiin-
flammatory action 80 years after its discov-
ery as a metabolic hormone and more than 
25 years after the discovery of the insulin 
receptor in the mononuclear cell (including 
the monocyte/macrophage), a key mediator 
of inflammation, is a major advance. Simi-
larly, the emergence of glucose as an inducer 
of oxidative and inflammatory stress and a 
prognostic indicator of grave clinical out-
comes offers important potential therapeu-
tic opportunities. The outstanding studies 
discussed here represent significant advanc-
es in this rapidly developing field, and they 
support a new paradigm in which glucose 
and insulin are related not only through 
their metabolic action but also through 
inflammatory mechanisms.
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You are right too!
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Macrophage scavenger receptors, such as CD36 and class A scavenger recep-
tor (SR-A), have previously been thought to play a central role in foam cell 
formation and atherogenesis by mediating the uptake of oxidized LDL. In 
this issue of the JCI, Moore et al. report that Apoe–/– mice deficient in either 
CD36 or SR-A did not have less atherosclerosis at the level of the aortic valve 
than did wild-type Apoe–/– mice (see the related article beginning on page 
2192). In contrast, similar studies by previous investigators found that dele-
tion of these receptors decreased atherogenesis. The reasons for the differ-
ent results are not known, but these data suggest that the role of these recep-
tors in atherogenesis remains unresolved.
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dized LDL; SR-A, class A scavenger receptor; SR-BI,  
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In the small villages of eastern Europe, the 
rabbi was the undisputed leader of the Jew-
ish people of his village. Not only was he the 
master of religious wisdom and law, but he 
often served as the arbiter of civil disputes 
as well. There is told the tale of 2 individu-
als who had a major dispute and agreed 
to go to the rabbi for resolution. The first 
party to the dispute came to the rabbi and 
carefully outlined his side of the argument. 
The rabbi listened intently and finally said, 
“My friend, you are right.” The man went 
away satisfied. Later in the day, the other 
party to the dispute arrived and told the 
rabbi his side of the issue. The rabbi again 
listened carefully, was impressed with the 
arguments, and replied after some thought, 
“You are right.” Later, the rabbi’s wife, who 
had overheard the rabbi’s conversations 
with both men, said to him, “Rabbi, you 

told both the first party and the second 
party that they were right. How can this 
be?” To which the rabbi replied, “And you 
are right too!”

So we too are faced with a dilemma. In 
the current issue of the JCI, Moore et al. 
report that Apoe–/– mice deficient in either 
class A scavenger receptor (SR-A) or CD36 
and fed an atherogenic diet showed a 
reduction in peritoneal macrophage lipid 
accumulation in vivo; however, there was 
no decrease in atherogenesis (1). To put 
these results into perspective, previous 
reports by equally reputable investigators 
have provided convincing data supporting 
a role for these 2 scavenger receptors in the 
generation of foam cells and the develop-
ment of atherosclerosis (2–4). These data 
are particularly strong for the CD36 recep-
tor. Furthermore, a recent study in which 
bone marrow from either Cd36–/– or wild-
type mice was transplanted into choles-
terol-fed Apoe–/– mice demonstrated that 
the absence of CD36 provided substan-
tial protection against lesion formation 
and the reintroduction of CD36+ macro-
phages increased lesion area (5). The data 
strongly suggest that CD36 expressed on 

macrophages is an important contributor 
to foam cell formation and atherosclerosis. 
So like the rabbi’s wife, we are left to ask, 
“How can this be?”

Analysis of the study
Let us first examine the current study by 
Moore et al. (1). There are many aspects of 
their data that support their conclusions. 
The authors have generated a carefully 
defined genetic model that was essentially 
congenic to the C57BL/6 background. The 
authors began with the same Sra–/– mice 
generated by Kodama and colleagues (2) 
and the Cd36–/– mice generated by Feb-
braio and Silverstein (4) and backcrossed 
them to be 99% congenic with the C57BL/6 
background. In this respect, the mice stud-
ied by Moore et al. did differ from some, 
but not all, of the animals used in similar 
experiments. It is of course well known that 
different murine strains have differing sus-
ceptibilities to atherosclerosis and, as even 
a single gene product can influence this 
susceptibility, it is conceivable that some 
of the prior experiments were influenced 
by the presence of unrecognized disease-
modifying gene(s) that were not a factor in 
the experiments presented here (1). How-
ever, the results of the bone marrow trans-
plant study cited above (5) suggest that if 
such disease-modifying genes are involved, 
they would need to be primary products of 
bone marrow–derived cells.

Despite the robustness of the observa-
tion that atherosclerosis was not decreased 
at the aortic valves in both Sra–/–Apoe–/– and 
Cd36–/–Apoe–/– mice, a number of issues 
need to be considered in interpreting these 


