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Abstract
Glucose homeostasis deficiency leads to a chronic 
increase in blood glucose concentration. In contrast 
to physiological glucose concentration, chronic super-
physiological glucose concentration negatively affects 
a large number of organs and tissues. Glucose toxicity 
means a decrease in insulin secretion and an increase 
in insulin resistance due to chronic hyperglycemia. It 
is now generally accepted that glucose toxicity is in-
volved in the worsening of diabetes by affecting the 
secretion of β-cells. Several mechanisms have been 
proposed to explain the adverse effects of hypergly-
cemia. It was found that persistent hyperglycemia 
caused the functional decline of neutrophils. Infection 
is thus the main problem resulting from glucose toxic-
ity in the acute phase. In other words, continued hy-
perglycemia is a life-threatening risk factor, not only in 
the chronic but also the acute phase, and it becomes 
a risk factor for infection, particularly in the periopera-
tive period.
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INTRODUCTION
Chronic hyperglycemia is a characteristic of  the diabetic 
condition, while glucose toxicity is the main cause of  
diabetic complications, which are often observed only 
several years after the beginning of  the illness[1]. Glucose 
toxicity, in its narrow sense, can indicate a clinical 
condition where control of  diabetes in particular is poor, 
since hyperglycemia itself  reduces the insulin secretion 
capacity of  pancreatic β-cells, and the resultant increase 
in insulin resistance leads to further hyperglycemia. 
This vicious circle finally leads to the total incapacity of  
β-cells to secrete insulin[2,3].

On the other hand, acute hyperglycemia, similar to 
chronic hyperglycemia, is known to cause injury to many 
organs. Hyperglycemia in the acute phase causes the 
functional decline of  neutrophils, and is a risk factor that 
causes infection in the perioperative period. In the first 
half  of  this review, we will present an introduction to the 
various mechanisms known to be involved in the control 
of  glucose homeostasis and in the development of  
glucose toxicity. In the latter half, diabetic complications 
(chronic and acute) and implications for the fields of  
surgery, emergency and critical care medicine will be 
presented and discussed.

GLUCOSE HOMEOSTASIS
Glucose homeostasis is maintained by the highly coordi-
nated interaction of  three physiologic processes: insulin 
secretion, tissue glucose uptake and hepatic glucose 
production. In this way, the body tries to maintain a 
constant supply of  glucose for cells by keeping glucose 
concentration in the blood constant. Normal glucose 
homeostasis represents the balance between intake (glu-
cose absorption from the gut), tissue utilization (gly-
colysis, pentose phosphate pathway activity, tricarboxylic 
acid cycle activity, glycogen synthesis) and endogenous 
production (glycogenolysis and gluconeogenesis)[4]. The 
most important metabolic fuels are glucose and fatty 
acids. Glucose is preferentially used by brain and muscles, 
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and to ensure a continuous supply of  glucose to the 
brain and other tissues, metabolic fuels are stored for use 
in time of  need. Glucose homeostasis is controlled pri-
marily by the anabolic hormone insulin and also by some 
insulin-like growth factors[5]. Several catabolic hormones 
(glucagons, catecholamines, cortisol, growth hormone, 
and adrenocorticotropic hormone) may antagonize the 
action of  insulin and are known as anti-insulin or coun-
ter-regulatory hormones[6].

It is often found that critically ill patients incur 
hyperglycemia because of  insulin resistance even if  it is 
not complicated by diabetes[7]. When severe stress occurs, 
insulin resistance and an insulin secretion decrease result 
from the response to stress by the neuroendocrine 
system because secretion of  anti-insulin hormones is 
enhanced. This leads to enhancement of  glucogenesis 
in the liver, of  lipolysis in adipose tissue, and of  protein 
catabolism in skeletal muscle. This is known as surgical 
diabetes. Patients with diabetes are more susceptible 
to stress and easily develop exacerbation of  diabetes, 
resulting in an increase in the incidence of  complications. 

MECHANISM OF GLUCOSE TOXICITY
It has been found that oxidative stress is associated 
with the molecular mechanism of  the decreased insulin 
biosynthesis and secretion, which is the main etiology 
of  glucose toxicity. Because pancreatic islet cells 
show extremely weak manifestation of  antioxidative 
enzymes[8,9], it is thought that the pancreas may be more 
susceptible to oxidative stress than other tissues and 
organs.

Pathway of oxidative stress production
Metabolic reactions continuously produce reactive oxy-
gen species (ROS), such as superoxides (O2

-), hydroxyl 
radicals (OH-), peroxyl radicals (ROO-) or nitric oxide. 
ROS are involved in a diversity of  biological phenomena, 
such as inflammation, carcinogenesis, aging, and athero-
sclerosis. However, several antioxidant enzymes help to 
maintain low levels of  ROS. Oxidative stress corresponds 

to the overproduction of  ROS that can damage cellular 
components, such as lipids, proteins or DNA[10]. There 
are strong indications that oxidative stress may be a key 
event in diabetic complications[11,12]. It is reported that 
8-hydroxy-2-deoxyguanosine (8-OHdG), which is an 
indicator of  oxidative damage of  DNA, increases in pa-
tients with type 2 diabetes mellitus[13], and that 8-OHdG, 
4-hydroxy-2-nonenal and heme oxygenase-1, all oxida-
tive stress markers, increase in the pancreatic islet cells 
of  type 2 diabetes mellitus animal models[14,15]. Genera-
tion of  ROS in diabetes seems to be directly linked to 
chronic hyperglycemia. Various pathways are thought 
to be involved in the increase in oxidative stress in a 
hyperglycemic state (Figure 1). With the first pathway, 
more oxidative stress is caused by hyperglycemia be-
cause a non-enzymatic glycosylation reaction (glycation) 
is enhanced in the hyperglycemic state. ROS are then 
generated by the Amadori compound, which is an in-
termediate metabolite, before leading to the production 
of  metabolites, known as advanced glycosylation end 
products (AGE) as the result of  a glycation reaction[16]. 
Another pathway involves the mitochondrial electron 
transfer system, which also becomes a source of  oxida-
tive stress. This system is located in the mitochondrial 
inner membrane, where Adenosine tri-phosphate is 
produced as an important organic energy source. In 
this electron transfer system, water molecules are gener-
ated by deoxidation of  four of  the electrons of  oxygen 
molecules, ROS is produced as an intermediate product 
in this process, and some of  the ROS leak out from 
this system. Part of  the oxygen used for this process is 
produced as superoxide anions even under physiologi-
cal conditions, and their production increases in the 
hyperglycemic state[17]. Furthermore, the hexosamine 
pathway also becomes a source of  oxidative stress. It 
was found that glucosamine, which is an intermediate 
metabolite in this process, also brings about oxidative 
stress[18]. Because this hexosamine pathway is enhanced 
in the diabetic state, the oxidative stress thus generated 
will increase.

Reduction of insulin biosynthesis and secretion by 
oxidative stress
Figure 2 shows the mechanism of  the reduction of  insulin 
secretion by oxidative stress. It is known that biosynthesis 
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Figure 1  Increase in oxidative stress in the diabetic state. Acceleration 
of glycation response and the intramitochondrial electron transfer system 
was detected in the diabetic state, causing oxidative stress as the responses 
accelerated. Black arrows indicate pathway, grey arrows indicate increase or 
decrease. AGE: Advanced glycosylation end products; ROS: Reactive oxygen 
species; TCA cycle: Tricarboxylic acid cycle; ATP: Adenosine tri-phosphate.
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Figure 2  The mechanism of insulin secretion reduction due to glucose 
toxicity. DNA binding capacity of PDX-1 decreases as a result of oxidative 
stress caused by hyperglycemia, while insulin biosynthesis and secretion also 
decrease. Black arrows indicate pathway, grey arrows indicate increase or 
decrease. PDX-1: Pancreatic duodenal homeobox-1.
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of  insulin decreases when pancreatic β-cells are exposed 
to chronic hyperglycemia in animal models of  type 2 
diabetes mellitus, and a similar phenomenon was in-
duced by oxidative stress caused in the diabetic state. In 
other words, promoter activity of  the insulin gene and 
mRNA expression decrease, and insulin gene expression 
is thus inhibited, when the β-cell line and isolated pan-
creatic islet cells are exposed to oxidative stress. It was 
also found that the DNA binding capacity of  Pancreatic 
duodenal homeobox-1 (PDX-1), which is a very impor-
tant transcription factor for insulin genes, decreases[18,19]. 
Finally, as for the control of  glucokinase transcription by 
PDX-1, it is reported the promoter activity, manifesta-
tion, and the enzyme activity of  glucokinase decreases 
with oxidative stress[20]. In fact, the use of  antioxidant 
drugs resulted in an improvement of  insulin secretion 
capacity as well as an increase in insulin mRNA expres-
sion[21]. On the other hand, it was also found that oxida-
tive stress and activation of  the c-Jun N-terminal kinase 
pathway are involved in a decline in insulin biosynthesis 
and secretion due to chronic hyperglycemia[22].

Increase in insulin resistance caused by oxidative stress
Glucotoxicity not only affects the secretion of  pancre-
atic hormones but also participates in insulin resistance 
of  insulin-sensitive tissues, which include liver, skel-
etal muscle, and adipose tissue. Insulin resistance has 
been shown to be present before the onset of  chronic 
hyperglycemia, although the latter may contribute to 
aggravation of  the diabetic state by increasing insulin 
resistance[23].

Oxidative stress is also strongly suspected to be 
involved in chronic hyperglycemia-induced insulin 
resistance[24]. Indeed, it is known that incubation of  
primary adipocyte cells with chronic high glucose 
concentration can induce oxidative stress[25]. Moreover, 
it was demonstrated that oxidative stress induces insulin 
resistance in the 3T3-L1 adipocyte cell line by inhibiting 
the translocation of  Glut 4 to the plasma membrane[26]. 
Finally, it was found that oxidative stress can induce 
insulin resistance in intact rat muscle[27].

GLUCOSE TOXICITY AND DIABETIC 
COMPLICATIONS
The prevalence of  diabetes mellitus is increasing world-
wide at an alarming rate due to population growth, obe-
sity, sedentary life style and aging. Consequently, diabetic 
complications are also on the increase. Prevention and 
treatment of  complications are considered to be most 
important for general care of  diabetic patients. The ba-
sic causes of  complications include tissue metabolism 
disorders caused by chronic hyperglycemia, which results 
in damage to many organs. The main diabetic complica-
tions are listed in Table 1. They are divided into chronic 
and acute complications based on the disease course.

Chronic complications
When metabolic disorders due to diabetes continue 

for many years, vascular tissue is affected the most. 
Chronic complications are divided into microvascular 
diseases that are specific to and common in diabetes 
and macrovascular diseases that are not specific but 
frequent and thus important for a prognosis. Vascular 
endothelial cell function in the blood vessels of  diabetic 
patients is impaired, and many basic research endeavors 
have demonstrated that vasodilative reaction is also 
impaired[28,29]. Hyperglycemia-induced oxidative stress is 
also involved in the development of  both macrovascular 
and microvascular diabetic complications[30].

Chronic hyperglycemia can induce microvascular 
complications such as retinopathy, neuropathy or 
nephropathy[31]. The retina is highly sensitive to 
oxidative stress since it has higher oxygen uptake and 
glucose oxidation than any other tissue[32]. Studies of  
diabetic rat retina and retinal cells incubated with a 
high-concentration of  glucose have shown that the 
concentration of  superoxides is elevated[33]. It has been 
demonstrated in animal models that oxidative stress is 
not only involved in the development of  retinopathy 
but also in the persistence of  the pathology after 
normalization of  glucose concentration, probably as 
the result of  persistent ROS[34]. Oxidative stress is also 
strongly suspected to be involved in the development 
of  diabetic neuropathy[35]. Several studies have shown 
the capacity of  antioxidant enzymes to prevent or 
reverse the toxic effect of  chronic hyperglycemia in the 
nerves[36]. Moreover, oxidative stress may contribute 
to the pathogenesis of  diabetic nephropathy since the 
presence of  high concentrations of  mitochondrial 
oxidative stress markers has been demonstrated in the 
urine and kidneys of  diabetic rats[37].

Chronic hyperglycemia can also induce macrovascular 
complications. Cardiovascular complications are the most 
prevalent cause of  death in diabetic patients. Moreover, 
it has been clearly shown that chronic hyperglycemia 
during diabetic and pre-diabetic states is linked to an 
increased risk for the development of  cardiovascular 
diseases[38]. Long-term incubation of  macrovessels 
with high-concentration glucose was found to strongly 
increase the risk of  cardiovascular, cerebrovascular and 
peripheral arterial diseases[39]. Activation of  protein kinase 
C by hyperglycemia is thought to play a central role in 
vascular complications since it leads to: (1) modification 
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  Table 1  Types of diabetic complications

Chronic complications
   Microvascular diseases: retinopathy, neuropathy, nephropathy
   Macrovascular diseases: aortic sclerosis, stroke, myocardial 
   infarction, angina pectoris, obstructive peripheral vascular 
   disease, etc
   Others: cataract, dermatopathy, hypertension, osteopenia, 
   osteomalacia, arthropathy, soft tissue fibromatosis, etc
Acute complications
   Diabetic coma: ketoacidotic coma, non-ketotic hyperosmolar coma, 
   lactic acidosis
   Acute infection: bacterial, mycotic, viral, etc
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of  contractile protein function, (2) an increase in the 
activity of  nitric oxide synthase, and (3) activation of  
the angiotensin-converting enzyme (ACE). Activation 
of  ACE has been linked with apoptosis and necrosis of  
cardiomyocytes and endothelial cells[40]. The importance 
of  ACE in cardiovascular disease development was 
confirmed by studies showing the inhibition of  ACE can 
protect against cardiovascular diseases[41]. Finally, protein 
glycation is another factor probably involved in the 
development of  cardiovascular diseases[42].

Acute complications
Hyperglycemia can exacerbate a number of  perioperative 
problems, including cardiac, neurologic, and infectious 
complications. In general, most outcomes tend to 
improve with treatment of  hyperglycemia[43]. Diabetic 
coma is a form of  consciousness disturbance that is 
characteristic of  diabetes in acute complications. Diabetic 
coma has three categories, ketoacidotic coma due to 
hyperglycemia, non-ketotic hyperosmolar coma without 
ketoacidosis, and, rarely, lactic acidosis. 

Infection in acute complications is a clinical condition 
that is not specific to but can easily become complicated 
in diabetic states. Diabetic patients have reduced 
immune function and enhanced bactericidal activity, so 
that special attention is required since the infection focus 
expands much faster than in non-diabetic patients. This 
becomes a problem particularly in the fields of  surgery, 
emergency and critical care medicine.

Association between hyperglycemia and infection
It has been confirmed that perioperative appropriate 
glycemic control promotes wound healing. Perioperative 
infectious complications, including surgical site infection, 
represent serious postoperative complications. It is 
well known that, compared with non-diabetic patients, 
diabetic patients suffer from an increased incidence of  
perioperative infections, especially surgical site infection. 
It was reported that patients with preoperative elevation 
of  HbA1c levels show a significantly higher incidence of  
surgical site infection than patients with normal HbA1c 
levels[44,45].

Recent basic researches have found that the functional 
decline of  neutrophils is caused by a hyperglycemic 
state[46], and that the mechanism of  this decline includes 
increased adhesive capacity and diminished chemotaxis, 
phagocytic activity and bactericidal capacity[47,48]. Neutro-
philic function is reduced in proportion to an increase in 
the blood glucose level, and 200 mg/dL is assumed to be 
the threshold of  neutrophil dysfunction. Furnary et al[49] 
reported that the incidence of  deep sternal wound in-
fection decreased from 2.0% to 0.8% in a patient group 
whose blood glucose level was kept below 200 mg/dL 
by insulin administration, and there are other reports of  
reduced infectious risk due to strict glycemic control[50]. 
Maintenance of  a perioperative hyperglycemic state, 
since the stress response is a risk factor of  postoperative 
infection, is extremely important for postoperative infec-
tion prophylaxis.

CONCLUSION
Several recent clinical studies have demonstrated the 
efficacy of  strict glycemic control for reducing the mor-
tality rate of  post-operative or emergency patients[51-53]. 
It was thought that perioperative strict glycemic control 
was essential to relieve a perioperative inflammatory re-
sponse and improve patient outcome. However, despite 
frequent blood glucose testing, it has been shown that 
intensive insulin therapy is sometimes difficult to per-
form when using sliding-scale manual insulin injection. 
Consequently, hypoglycemic events could not be avoided 
during intensive insulin therapy with intermittent blood 
glucose sampling. It has therefore been suggested that 
continuous blood glucose monitoring would be benefi-
cial for maintaining target blood glucose levels[54,55]. We 
also believe that it is necessary to establish more accurate 
glycemic control methods because, in view of  the global 
increase in diabetes, it is expected that glycemic control 
in surgical and emergency settings will become increas-
ingly important.

Recently the usefulness of  a closed-loop system 
(artificial endocrine pancreas), which provides continuous 
monitoring and strict control of  blood glucose, was 
reported. STG-22™ (Nikkiso, Tokyo, Japan) is a novel 
artificial endocrine pancreas with a closed-loop glycemic 
control system that provides continuous blood glucose 
monitoring through a glucose sensor electrode and 
subsequent automatic insulin and glucose infusion to 
maintain appropriate blood glucose levels[54-57]. The 
usefulness of  a closed-loop system providing continuous 
monitoring and strict control of  post-operative blood 
glucose in patients after hepatic resection was also 
reported[58]. Accurate and continuous blood glucose 
monitoring and close glycemic control may be possible 
with an artificial endocrine pancreas. Establishment of  a 
new perioperative blood glucose control method with the 
aid of  an artificial endocrine pancreas is urgently needed.
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