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Xavier Leverve Hyperglycemia and oxidative stress: 
complex relationships with attractive prospects

The major impact of stress, inflammation, or infection on
glucose homeostasis has long been recognized as a cen-
tral metabolic adaptation to severe illnesses [1, 2, 3]. If
insulin resistance can be considered as a major change in
the hormonal environment [4, 5], in association with
some other changes [6], the resulting effects on glucose
concentration and/or metabolism (overall turnover, oxi-
dative and nonoxidative routes) and their consequences
appear to be more ambiguous. A relationship between
hyperglycemia and increased susceptibility to infection
has long been postulated, but after the pioneering work
of Cuthbertson [7] glucose infusion was also recognized
to be a major way to limit the extent and the morbid con-
sequences of lean body mass wastage following surgery
and other diseases [8, 9]. Similarly, insulin resistance
was regarded either as an adaptive event, permitting to
reroute the glucose toward high metabolic priorities
(wounded or immune tissues) at the expense of the insu-
lin-dependent territories (muscle and adipocytes) or, 
conversely, as a deleterious event, indicating the inca-
pacity of β-cells to secrete sufficient amounts of insulin
[4, 9, 10, 11].

Several additional data obtained in type I or II diabe-
tes, in brain-compromised patients, and more generally
in severe diseases have accumulated that indicate a pos-
sible deleterious effect of insulin resistance and high 
glucose per se. The paradox regarding glucose, however,
either bad or good, still persists since in cardiac surgery
or after an acute myocardial infarction, the use of a glu-
cose-insulin-potassium (GIK) mixture shows beneficial
effects despite the resulting increase in blood glucose
[12, 13, 14, 15]. The splendid work of van den Berghe
and her group [16] showing an impressive improvement
in both morbidity and mortality in ICU patients undergo-
ing a tight control of blood glucose by insulin might be
regarded as a cornerstone in our appreciation and under-
standing of metabolic disorders in the ICU and their 
consequences, regardless of the interesting debate con-
cerning patient population, best level of glycemia, actual
underlying mechanism, etc. In Intensive Care Medicine
the work presented by Perner et al. [17] contains addi-
tional data, indicating that high glucose may impair neu-
trophil cells by affecting oxidative metabolism, a crucial
pathway for the antimicrobial effect.

Nevertheless, despite these new data indicating a del-
eterious effect of high glucose, the question remains as
to understand why glucose is sometimes beneficial but
sometimes clearly detrimental. Three parameters must
probably be considered separately, although physiologi-
cally very tightly connected: (a) blood (cellular?) level
of glucose, (b) rate of glucose metabolism (both oxida-
tive and nonoxidative), and (c) insulin level (among 
several other circulating factors) required to obtain a giv-
en steady state. As oxygen, and probably many other
metabolites, glucose is not only a unique substrate, it is
also a powerful signaling molecule and any change in
blood glucose must be considered as a very complex
event with a variety of consequences. It is highly proba-
ble that in the absence of any exogenous (medical) inter-
vention the state of insulin resistance is clearly benefi-
cial, permitting to redirect the molecules of glucose



(very valuable when obtained by gluconeogenesis from
muscle protein breakdown) towards compulsory path-
ways [4, 18]. Nowadays, thanks to modern medicine,
glucose is certainly no longer a very valuable substrate
since it is routinely infused to patients, and the conse-
quences of insulin resistance on blood glucose concen-
tration are probably largely magnified by the routine use
of intravenous glucose infusion compared to the pure
pathophysiological response. The use of exogenous insu-
lin permits blood glucose to be maintained in a near-
physiological range or its increase to be limited. Howev-
er, it has also some drawbacks such as hypoglycemia,
which can be minored by attentive bedside care, and ac-
tivation of lipogenesis, with the possible harmful fatty
liver [19].

It seems reasonable to propose that glucose, as an 
energetic substrate, is a beneficial metabolite, and this is
probably the explanation for the positive effect of 
its infusion as reported in several studies, including
Cuthbertson’s postoperative state and GIK infusion,
among many other clinical conditions. The harmful 
effect of glucose is then most probably related to its role
as signaling molecule, and the main question is to under-
stand how and why. This was a pressing question in the
world of diabetologists, and therefore not surprisingly
the major recent advances came from researchers work-
ing in this field. It appears that cellular glucose sensing
is related to reactive oxygen species (ROS) metabolism
[20, 21, 22]. Briefly (see Fig. 1), high extracellular 
glucose induces an activation of the glycolytic pathway,
resulting in an enhanced pyruvate oxidation, which is as-
sociated with a higher mitochondrial membrane potential
(∆Ψm). This high ∆Ψm is responsible for an increased
ROS production, which in turn inhibits glycolysis by a
negative feedback located on the glyceraldehyde phos-
phate dehydrogenase (GAPDH), the flux of carbon being
then oriented towards glucosamine pathway, responsible
for the transcriptional consequence of high extracellular
glucose. Hence, according to these data, high glucose is
associated with an enhanced ROS production, this effect
being responsible for the harmful consequences of hy-
perglycemia [22, 23]. This proposal represents a major
advance in our understanding of the deleterious effects
of hyperglycemia. This fact is well established, meaning-
ful and may lead to fruitful therapeutic prospects.

It is noteworthy, however, how nothing is simple in
metabolism, and how the truth is often shaded by com-
plexity. Indeed, in the work presented by Perner et al.
[17] high glucose impairs superoxide production! These
results are actually found in isolated blood neutrophils,
while the data presented by Du et al. have been obtained
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Fig. 1 Glucose, oxidative signaling, and oxidative stress. Glucose
metabolism is central in mitochondrial and cytoplasm redox me-
tabolism. I High glucose concentration enhances glycolysis lead-
ing to a higher mitochondrial membrane potential resulting in an
increased mitochondrial ROS production, which in turn inhibits
GAPDH. Hence the flux is redirected toward glucosamine path-
way, responsible for the transcriptional effects of hyperglycemia.
II In addition to pyruvate (malic enzyme) and isocitrate (cytosolic
NADPH-dependent isocitrate dehydrogenase), glucose is a major
metabolite for the generation of NADPH in the cytosol at the level
of the pentose phosphate pathway. High glucose inhibits G6PDH
leading to decrease NADPH formation. III NADPH is crucial in
the redox homeostasis since its metabolism can lead to NO forma-
tion (NOS) or superoxide anion (NADPH oxidase, reactive oxygen
species, ROS) on the pro-oxidant side and to the reduction in glu-
tathione (glutathione reductase, GSH) a key intermediate in the
defense against excess of oxidative pressure. GAPDH Glyceralde-
hydephosphate dehydrogenase; 1,3-DPGA 1, 3-diphosphoglycer-
aldehyde; 6PGL 6-phosphogluconolactone; 6PG 6-phosphoglu-
conate; GLU glutamic acid; GLN glutamine; GPX glutathione per-
oxidase; GR glutathione reductase; GSSG oxidized glutathione;
GSH reduced glutathione



in endothelial cells [22]. Nevertheless, it seems that high
glucose is able to induce either an increase and a de-
crease in ROS production, the deleterious effect being
possibly related to both effects!

The metabolism of ROS involves a mitochondrial
production of superoxide (O2

−) at the level of complexes
1 and 3 of the respiratory chain, associated with power-
ful matricial antioxidant mechanisms. In addition to such
ROS metabolism located in mitochondria, however, 
cytoplasm is also a very important compartment regard-
ing ROS metabolism, glucose being potentially involved
in both pathways. As noted above, stimulation of glycol-
ysis is responsible for a mitochondrial production of
ROS (see Fig. 1), and in addition glucose is also in-
volved in a pathway of major importance regarding cyto-
solic redox homeostasis: the pentose phosphate pathway
(PPP), a pathway shunting the first part of glycolysis.
The main function of this pathway is to produce the 
reducing equivalent NADPH, an indispensable cofactor
for the production of ROS by neutrophils at the level of
the plasma membrane linked NADPH oxidase (see
Fig. 1). Hence activation of PPP by glucose is expected
to increase the production of ROS in neutrophils, rein-
forcing thus the main function for the killing of bacteria.
Recently, however, it has been shown that high glucose
is a powerful inhibitor of the first step of PPP, the glu-
cose-6-phosphate dehydrogenase (G6PDH) [24]. There-
fore, as shown in the work of Perner et al., high glucose
actually results in a decrease in ROS production from
neutrophils, thus impairing its bactericide function [17].
This finding is in very good agreement with data report-

ing an impaired antimicrobial function related to a
G6PDH deficiency in humans [25, 26, 27].

Again, nothing is simple. Indeed, although NAPDH is a
main factor for the production of ROS by the NADPH oxi-
dase, it is also the mandatory cofactor for the glutathione
reductase, the key enzyme in the cytosolic pathway of
ROS scavenging [28, 29]. Hence by providing NADPH
(see Fig. 1), glucose metabolism by PPP is necessary for
the cytosolic struggle against ROS, while in the presence
of excessive glucose concentration, the impairment of the
first step of PPP is responsible for a decrease in NADPH
availability, leading to a decreased antioxidant defense. In
addition, it must be noted that two other pathways are of
importance regarding the cytosolic generation of NADPH,
namely pyruvate via malic enzyme flux [30] and isocitrate
via cytosolic NADPH-dependent isocitrate dehydrogenase
[31], two key steps in the regulation of redox homeostasis.

From these considerations it appears that glucose ob-
viously plays a very subtle role in oxidant cellular sig-
naling. It can either increase or decrease ROS production
and can either increase or decrease the antioxidant de-
fense according to (a) the level of extracellular glucose
concentration, (b) the cell type, and most probably (c)
the endocrine and paracrine environment. Therefore it is
not surprising that any change in blood glucose must be
considered as a complex event and taking care of glyce-
mia and redox homeostasis will be probably central in
the management of ICU patients in the next years.
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