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Aim: To evaluate the impact of glucose excursion (GE) and mean glucose concentration (MGC) 

on oxidative stress among persons with or without diabetes.

Materials and methods: We examined 775 Japanese Americans who had normal glucose 

tolerance (NGT), impaired glucose tolerance, or diabetes according to the 75 g oral glucose-

tolerance test, using fasting, 1-hour, and 2-hour glucose data. We calculated GE by subtract-

ing the minimum from the maximum glucose level among three points and calculated MGC 

using these measurements. We investigated the relationship between GE or MGC and urinary 

isoprostane as a marker of oxidative stress.

Results: According to tertiles of GE or MGC, GE was associated with isoprostane levels among 

subjects with NGT as well as those with diabetes (P=0.004 and 0.033 for trend, respectively). 

However, MGC was associated with isoprostane only among NGT subjects (P=0.001 for trend). 

Association between GE and isoprostane was significant when adjustment was made for age, sex, 

smoking status, body mass index, C-reactive protein, glucose tolerance status, and homeostatic 

model assessment (P=0.029), but the association with MGC was not significant.

Conclusion: Our results suggest the possibility that GE might result in oxidative stress, and 

the relationship is stronger than that for MGC.
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Introduction
Type 2 diabetes is characterized by a high incidence of cardiovascular disease (CVD).1 

Diabetes patients exhibit two- to fourfold increased risk compared to subjects without 

diabetes, even when the analysis is adjusted for several cardiovascular risk factors.2 

However, reduction of hyperglycemia expressed as glycated hemoglobin showed only 

a weak relation to risk of macrovascular complications compared with microvascu-

lar complications.3 On the other hand, recently there has been increasing evidence 

that postprandial hyperglycemia might play an important role in the development of 

atherosclerosis,4 CVD,5 and diabetes mellitus (DM) complications.6 The DECODE 

(Diabetes Epidemiology: Collaborative analysis Of Diagnostic criteria in Europe) 

analysis reported that high blood glucose concentrations 2 hours after load in the 

glucose-tolerance test (GTT) are associated with increased risk of death, indepen-

dently of fasting blood glucose.7 Also, the Funagata Diabetes Study8 and AusDiab 

(Australian Diabetes, Obesity, and Lifestyle Study)9 concluded that impaired glucose 

tolerance (IGT), but not impaired fasting glucose, is a risk factor for death from CVD. 

In addition, the LURIC (LUdwigshafen RIsk and Cardiovascular health) study reported 

that postchallenge hyperglycemia identified a high-risk group for CVD mortality 
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undetected by fasting glucose and/or glycated hemoglobin.10 

These findings suggest that temporary hyperglycemia, ie, 

high levels of glucose excursion (GE), is associated with the 

development of CVD.

Activation of oxidative stress is thought to be related to 

injury of various organs, with evidence increasingly indicat-

ing that oxidative stress may play an important role in DM 

vascular complications.11 Several in vitro studies have dem-

onstrated increased expression of markers of oxidative stress 

in cells exposed to high GE.12,13 In addition, GE data that were 

obtained from continuous glucose monitoring carried out 

during the day indicated a more specific triggering effect on 

oxidative stress than chronic sustained hyperglycemia among 

type 2 DM patients.14 However, not only is the impact of GE 

or glucose elevation on oxidative stress unclear in subjects 

with or without diabetes, but how the effect differs with dif-

fering glucose-tolerance status is also unclear. Therefore, we 

compared GE and glucose elevation derived from a 75 g oral 

GTT with urine isoprostane, a well-recognized marker of 

oxidative stress,15,16 to study the impacts of GE by subtract-

ing the minimum from the maximum glucose value among 

fasting, 1-hour, and 2-hour afterload of GTT, or mean glucose 

concentration (MGC) from all three glucose values, and dif-

ferent glucose-tolerance status on oxidative stress in Japanese 

Americans living in Hawaii and Los Angeles, who share a 

virtually identical genetic makeup with native Japanese cur-

rently living in Japan. In a previous study, we demonstrated 

that the prevalence as well as incidence of type 2 DM and 

carotid intima-media thickness were significantly higher in 

Japanese Americans than in native Japanese, which suggests 

that the Westernization of lifestyle may promote the develop-

ment of preclinical atherosclerosis in Japanese.17

Materials and methods
Experimental design
This survey was part of a long-term epidemiological study 

initiated in 1970 of risk factors for DM and CVD, in which 

the subjects were limited to a population genetically identical 

to the Japanese population. The epidemiological study has 

previously been described in detail elsewhere.17,18 The sub-

jects of our study were 775 Japanese Americans (302 men and 

473 women) enrolled in a medical survey conducted in Hawaii 

in 2002 or Los Angeles in 2004, including persons who were 

under treatment for hyperlipidemia and/or hypertension. All 

subjects had glucose-tolerance status ascertained by GTT and 

were diagnosed according to the 1998 World Health Organi-

zation criteria.19 They had not been diagnosed with DM pre-

viously, and were free of infectious symptoms, autoimmune 

disease, and other acute conditions, as assessed by medical 

interview. Smoking status (current, past, or never-smoker) 

was assessed using standard interviewing procedures. All 

subjects underwent physical measurements and provided 

blood and urine samples after an overnight fast. Subjects with 

serum creatinine levels higher than 2 mg/dL were excluded 

from the study. The collected blood was centrifuged; serum, 

whole blood, and urine samples were immediately frozen and 

subsequently sent to Japan for analysis. Insulin was measured 

by double-antibody radioimmunoassay. Urinary isoprostane 

concentration was determined by enzyme immunoassay 

(Oxford Biomedical Research, Rochester Hills, MI, USA).20 

Urine data were expressed as the ratio relative to urinary 

creatinine level measured in the same sample. C-reactive 

protein (CRP) levels were measured using a highly sensitive, 

latex-enhanced immunonephelometric assay.21 Insulin resis-

tance was evaluated using the homeostasis model assessment 

(HOMA) for insulin resistance.22 This study was approved 

by the ethics committee of Hiroshima University and the 

Council of the Hiroshima Kenjin-Kai Association in Hawaii 

and Los Angeles.

Statistical analysis
Data are summarized as means and standard error. Because 

triglycerides, CRP, and isoprostane did not exhibit normal 

distributions, those data were analyzed after logarithmic 

transformation. As mentioned above, we calculated GE by 

subtracting the minimum from the maximum glucose value 

among fasting, 1-hour, and 2-hour afterload of GTT, and 

calculated MGC from all three glucose values. Continuous 

variables were first assessed using analysis of covariance, 

and if they were found to be significant, the Tukey–Kramer 

method was used to assess relationships among categories. 

Subjects were then divided into tertiles according to values 

of MGC or GE, calculated separately for each group under-

going 75 g GTT. Regarding MGC, we divided the normal 

glucose tolerance (NGT) group into categories comprised 

of less than 5.5, 5.5–,6.5, and 6.5 mmol/L or more; for 

the IGT group, categories of less than 7.8, 7.8–,8.6, and 

8.6 mmol/L or more; and for the DM group, less than 10.7, 

10.7–,13.0, and 13.0  mmol/L or more. As for GE, we 

divided the NGT group into categories of less than 2.16, 

2.16–,3.77, and 3.77 mmol/L or more; for the IGT group, 

less than 4.72, 4.72–,6.11, and 6.11  mmol/L or more; 

and for the DM group, less than 7.77, 7.77–,8.88, and 

8.88 mmol/L or more. We compared these concentrations 

with isoprostane levels in the three categories within each 

group. Numbers of subjects according to MGC tertile were 
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185, 186, and 187 for the NGT group, 58, 52, and 55 for 

the IGT group, and 16, 19, and 17 for the DM group. Num-

bers of subjects according to GE tertile were 184, 191, and 

183 for the NGT group, 54, 52, and 59 for the IGT group, 

and 19, 17, and 16 for the DM group. Multiple regression 

analyses were performed to investigate associations between 

urinary isoprostane as the outcome variable and either MGC 

or GE as the explanatory variable, after adjusting for age, 

sex, smoking status, body mass index (BMI), CRP, HOMA, 

and glucose-tolerance status (NGT, IGT, or DM). Age, CRP, 

BMI, and HOMA were used as continuous variables. Sex, 

smoking and glucose-tolerance status were used as categori-

cal variables. SAS version 8.2 (SAS Institute, Cary, NC, 

USA) was used for all analyses.

Results
Comparisons among groups in terms of clinical character-

istics of subjects after adjusting for age, sex, and smoking 

status are shown in Table 1. Systolic blood pressure, BMI, 

fasting glucose and insulin, 1-hour and 2-hour glucose and 

insulin, triglycerides, high-density lipid cholesterol, and 

CRP were all significantly higher in subjects with DM than 

in NGT subjects. Both MGC and GE were significantly 

higher in DM and in IGT subjects than in NGT subjects. 

Additionally, in IGT subjects, systolic blood pressure, BMI, 

fasting glucose and insulin, 1-hour glucose and insulin, 

2-hour glucose and insulin, triglycerides, and CRP were 

significantly higher than in NGT subjects.

Urinary isoprostane levels with adjustment for age, sex, 

and smoking status after dividing subjects into tertiles of 

MGC levels in NGT, IGT, and DM subjects are shown in 

Figure 1. Among NGT subjects, urinary isoprostane levels 

with increasing MGC tertile were 0.52±0.06, 0.54±0.06, 

and 0.75±0.06  ng/gCreatinine (Cr) (P=0.0002 for trend), 

with the high category of MGC having significantly higher 

isoprostane levels than the low category (P=0.002). Among 

IGT subjects, these levels were 0.59±0.16, 0.62±0.16, 

and 0.80±0.16 ng/gCr (trend not statistically significant). 

Among DM subjects, levels were 0.71±0.54, 1.04±0.47, 

and 1.03±0.53 ng/gCr (no trend). Regarding the GE tertiles, 

urinary isoprostane levels were 0.49±0.06, 0.62±0.06, and 

0.68±0.06  ng/gCr among NGT subjects (P=0.0016 for 

trend), with the middle and high categories of GE having 

significantly higher isoprostane levels than the low category 

(P=0.045 and 0.002, respectively) (Figure 2). Among IGT 

subjects, these levels were 0.60±0.16, 0.41±0.16, and 

0.97±0.15 ng/gCr (trend not statistically significant). Among 

DM subjects, the levels were 0.45±0.47, 0.98±0.51, and 

1.41±0.49 ng/gCr (P=0.044 for trend), with the high cat-

egories of GE having significantly higher isoprostane levels 

than the low category (P=0.045).

Using regression modeling to investigate asso-

ciations between MGC or GE and urinary isoprostane 

(Tables  2 and 3, respectively), MGC was significantly 

associated with isoprostane (P=0.010) without adjustment 

for other factors. After adjustment for age, sex, and smok-

ing status, the association with isoprostane remained sig-

nificant (P=0.004). The statistically significant association 

remained with further adjustment for BMI, CRP, glucose-

tolerance status, or HOMA (P=0.012, 0.014, 0.047, and 

0.036, respectively). However, the association disappeared 

(P=0.127) after adjusting for all of the above factors. Iso-

prostane was significantly associated with GE (P=0.0009), 

having a positive slope without adjustment for other fac-

tors. After adjustment for age, sex, and smoking status, 

the positive association remained significant (P=0.0002). 

With further adjustment for BMI, CRP, glucose-tolerance 

status, and HOMA, the association remained significant 

(P=0.0007, 0.0009, 0.0016, and 0.0017, respectively). The 

association remained significant even after adjusting for 

all of the factors (P=0.0049).

Table 1 Clinical characteristics of subjects

NGT IGT DM

N (men/women) 558 (210/348) 165 (66/99) 52 (26/26)
Age (years) 63.1±0.6 67.4±1.1† 68.7±l.8†

SBP (mmHg) 135±1 138±1† 140±2†

DBP (mmHg) 76±1 77±1 78±1
BMI 23.7±0.2 25.0±0.3† 25.6±0.5†

Fasting glucose (mmol/L) 4.89±0.04 5.18±0.06† 7.33±0.11†,‡

1-hour glucose (mmol/L) 7.84±0.11 10.67±0.18† 15.05±0.31†,‡

2-hour glucose (mmol/L) 5.51±0.08 8.84±0.12† 14.58±0.22†,‡

Fasting insulin (pmol/L) 41.5±1.7 51.9±2.8† 71.1±4.8†,‡

1-hour insulin (pmol/L) 402.8±14.2 473.7±23.0† 351.6±39.9‡

2-hour insulin (pmol/L) 262.8±12.5 529.4±20.3† 438.6±35.3†,‡

T-CHO (mmol/L) 5.58±0.05 5.59±0.08 5.65±0.14
TG (mmol/L) 1.58±0.07 1.85±0.11† 2.46±0.19†

HDL-C (mmol/L) 1.48±0.02 1.40±0.03 1.32±0.05†

MGC (mmol/L) 6.08±0.06 8.23±0.10† 12.32±0.18†,‡

GE (mmol/L) 3.30±0.09 5.65±0.14† 8.51±0.24†,‡

CRP (mg/L) 0.19±0.02 0.20±0.03† 0.24±0.05†

Urinary isoprostane  
(ng/gCr)

0.59±0.05 0.68±0.08 1.00±0.13

Notes: †P,0.05 toward NGT; ‡P,0.05 toward IGT by Tukey–Kramer method. 
Data are expressed as means ± standard error. All data are adjusted for age, sex, 
and smoking status except age.
Abbreviations: NGT, normal glucose tolerance; IGT, impaired glucose tolerance; 
DM, diabetes mellitus; SBP, systolic blood pressure; DBP, diastolic blood pressure; 
BMI, body mass index; T-CHO, total cholesterol; TG, triglycerides; HDL-C, high 
density lipoprotein cholesterol; MGC, mean glucose concentration; GE, glucose 
excursion; CRP, C-reactive protein; Cr, creatinine. 
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Figure 1 Relationship between urinary isoprostane level and mean glucose concentration (MGC).
Notes: Urinary isoprostane levels were grouped according to tertile of MGC. Data are expressed according to glucose-tolerance test diagnosis. Bars indicate standard error. 
Mean MGC levels among the normal glucose tolerance (NGT) subjects, from lowest to highest tertile, were 4.88±0.49, 6.02±0.29, and 7.20±0.56 mmol/L, respectively. Among 
impaired glucose tolerance (IGT) subjects, these levels were 7.29±0.34, 8.20±0.23, and 9.20±0.46 mmol/L, respectively. Among the subjects with diabetes mellitus (DM), these 
levels were 9.85±0.83, 11.75±0.68, and 15.32±3.51 mmol/L, respectively. Numbers of subjects according to MGC tertile were 185, 186, and 187 for the NGT group, 58, 52, and 
55 for the IGT group, and 16, 19, and 17 for the DM group. Trend analysis revealed P=0.0002, P=0.451, and P=0.743 among NGT, IGT, and subjects with diabetes, respectively. 
*P,0.05 compared with the lowest tertile by the Tukey–Kramer method.
Abbreviation: Cr, creatinine.
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Figure 2 Relationship between urinary isoprostane level and glucose excursion (GE). 
Notes: Urinary isoprostane levels were grouped according to tertile of GE. Data are expressed according to glucose-tolerance test diagnosis. Bars indicate standard error. 
Mean GE levels among normal glucose tolerance (NGT) subjects, from lowest to highest tertile, were 1.32±0.57, 3.01±0.46, and 5.21±1.10 mmol/L, respectively. Among the 
impaired glucose tolerance (IGT) subjects, these levels were 3.89±0.65, 5.46±0.39, and 7.17±0.81 mmol/L, respectively. Among the subjects with diabetes mellitus (DM), these 
levels were 6.81±0.91, 8.38±0.33, and 10.54±1.51 mmol/L, respectively. Numbers of subjects according to GE tertile were 184, 191, and 183 for the NGT group, 54, 52, and 
59 for the IGT group, and 19, 17, and 16 for the DM group. Trend analysis revealed P=0.002, P=0.350, and P=0.044 among NGT, IGT, and subjects with diabetes, respectively. 
*P,0.05 compared with the lowest tertile by the Tukey–Kramer method.
Abbreviation: Cr, creatinine.
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Discussion
The results of the present study show that GE as well as MGC 

(both calculated using GTT data) were related to the poten-

tial production of oxidative stress, as indicated by urinary 

isoprostane, whereas the relationship for GE was stronger 

than that for MGC. The results suggest the possibility that 

excursions in glucose level during the GTT might be effective 

for inferring a high risk of CVD not only among subjects 

with type 2 DM but even among subjects who do not have 

glucose intolerance.

The relationship between oxidative stress and insulin 

resistance, leading to type 2 DM, and endothelial dysfunc-

tion, leading to CVD, has received considerable attention. 

Recent studies demonstrate that hyperglycemia induces 

an overproduction of oxidative stress by the mitochondrial 

electron-transport chain.23,24 An increase of plasma malon-

dialdehyde and a decrease of circulating antioxidants were 

found both in DM and normal subjects during the GTT.25 In 

addition, Kawano et al reported that endothelium-dependent 

vasodilation in NGT subjects decreased through increased 

oxidative stress 1 hour after glucose loading.26 Thus, consider-

ing our results, the possibility is indicated that NGT subjects 

whose GE was high in the GTT might also have increased 

levels of oxidative stress, because subjects with high GE can 

be assumed to also have high postprandial GE. These find-

ings are consistent with evidence showing that postprandial 

hyperglycemia may play an important role in the development 

and progression of atherosclerosis, even among NGT sub-

jects.26 However, the relationship between GE and oxidative 

stress is still conflicting, even among subjects with type 2 

DM,14,27 as well as among healthy volunteers.28 Concerning 

two studies,14,27 subjects with type 2 DM were recruited from 

an outpatient clinic. In addition, healthy volunteers in another 

study28 were not ascertained using GTT. In contrast, subjects 

in our study had not been diagnosed with DM previously, 

and had been determined by their glucose tolerance status, 

by GTT. To understand the differences, further study on this 

matter is required.

MGC was correlated with urinary isoprostane only 

among the NGT subjects in our study. A previous study 

that examined subjects with DM over a 24-hour period also 

demonstrated a significant relationship between activation of 

oxidative stress and acute glucose swings, but did not exam-

ine any parameters of long-term glucose exposure.14 One 

reason for the apparent lack of association among IGT and 

DM subjects is that compared to NGT subjects, continuous 

hyperglycemic states are thought to elevate oxidative stress 

for a number of reasons,24 leading to elevated isoprostane 

level. In addition, during chronic exposure to high levels 

of glucose, some adaptive mechanisms might work against 

certain toxic glucose effects.29 As a result, the impact of MGC 

on oxidative stress might have been somewhat attenuated. 

Further study of this issue is also required.

We found that the oxidative stress marker was strongly 

correlated with GE among the NGT subjects. Several studies 

that support our data have assessed the comparison between 

the impact of GE and that of continuous hyperglycemia on 

various factors related to oxidative stress. Recent studies 

using rats with or without DM demonstrated that post-

prandial GE evokes greater levels of monocyte adhesion to 

endothelial cells of the thoracic aorta than that induced by 

stable hyperglycemia.30,31 Furthermore, other studies have 

demonstrated that oxidative stress production is more pro-

nounced and apoptosis levels are increased under exposure 

Table 2 The relationship of MGC by regression analysis with 
urinary isoprostane as the dependent variable

Adjustment β SE P 
-value

MGC only 0.043 0.016 0.010
Adjusted for age, sex, and smoking status 0.048 0.017 0.004
Adjusted for age. sex, smoking status,  
and BMI

0.043 0.017 0.012

Adjusted for age, sex, smoking status,  
and CRP

0.042 0.017 0.014

Adjusted for age, sex, smoking status,  
and glucose tolerance status

0.055 0.028 0.047

Adjusted for age, sex, smoking status,  
and HOMA

0.039 0.019 0.036

Adjusted for age, sex, smoking status, BMI, 
CRP, HOMA, and glucose tolerance status

0.045 0.029 0.127

Abbreviations: SE, standard error; MGC, mean glucose concentration; BMI, body 
mass index; CRP, C-reactive protein; HOMA, homeostatic model assessment for 
insulin resistance.

Table 3 The relationship of GE by regression analysis with 
urinary isoprostane as the dependent variable

Adjustment β SE P 
-value

GE only 0.050 0.015 0.0009
Adjusted for age, sex, and smoking status 0.057 0.015 0.0002
Adjusted for age, sex, smoking status,  
and BMI

0.053 0.016 0.0007

Adjusted for age, sex, smoking status,  
and CRP

0.052 0.016 0.0009

Adjusted for age, sex, smoking status, 
and glucose tolerance status

0.065 0.021 0.0016

Adjusted for age, sex, smoking status,  
and HOMA

0.051 0.016 0.0017

Adjusted for age, sex, smoking status, BMI, 
CRP, HOMA, and glucose tolerance status

0.059 0.021 0.0049

Abbreviations: SE, standard error; GE, glucose excursion; BMI, body mass index; 
CRP, C-reactive protein; HOMA, homeostatic model assessment for insulin resistance.
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to intermittently high glucose compared with exposure to 

constantly high glucose levels in human umbilical vein 

endothelial cells.12,29 On the other hand, it has been demon-

strated that oxidative stress could be diminished by reducing 

postprandial GE, defined as the change in glucose concentra-

tion from before to after meal intake.32 Taking these findings 

into account, when we examine GTT, we must consider not 

only glucose data for diagnosing DM or glucose intolerance 

but also excursion in glucose levels for understanding the 

latent risk of CVD through high oxidative stress.

Although the mechanism underlying different roles of 

MGC and GE in oxidative stress remains unknown at present, 

possible explanations include the following. The effect of 

MGC on oxidative stress tended to be confounded by glucose 

intolerance and insulin resistance in our study, because the 

significance of the relationship between urinary isoprostane 

and MGC was markedly attenuated after further adjustment 

for glucose-tolerance status or HOMA (in addition to age, 

sex, and smoking status; Table 2). In fact, the significance 

of these relationships disappeared after adjustment for age, 

sex, HOMA, and glucose-tolerance status (P=0.112, data 

not shown). In addition, both high glucose level and insulin 

resistance are thought to be related to oxidative stress.12,24,33 

Therefore, MGC may be associated with oxidative stress 

through insulin resistance or glucose metabolism. On the 

contrary, the effect of GE on oxidative stress also tended to 

be confounded by insulin resistance, as shown in Table 3. 

However, the attenuation was small compared to that of 

MGC. GE may be associated with oxidative stress through 

protein kinase C-dependent activation of nicotinamide 

adenine dinucleotide phosphate oxidase,12 which was greater 

in the fluctuating than in the stable high-glucose condition in 

endothelial cells, or activation of the ras–mitogen-activated 

protein kinase pathway and nuclear translocation of nuclear 

factor-κB,13 independent of insulin resistance indicated by 

HOMA.

This study has several limitations. First, medications were 

not fully considered. However, there were no differences in 

GE, MGC, or urinary isoprostane levels between subjects 

who were not under treatment for hyperlipidemia or hyperten-

sion and subjects who were being treated (data not shown). 

Second, renal function might influence urinary isoprostane 

levels, leading to the possibility of a misunderstanding of 

the relationship between GE or MGC and oxidative stress. 

However, patients with severe renal dysfunction were 

excluded: all subjects’ serum creatinine levels in this study 

were under 2 mg/dL. Third, the study was cross-sectional; 

we might have overestimated the relationships between 

GE or MGC and oxidative stress because we were unable 

to distinguish cause from effect. To allow more general 

conclusions, more detailed studies employing alternative 

designs are needed.

In summary, GE calculated from GTT data was related 

to the potential induction of oxidative stress not only among 

subjects with diabetes but also among NGT subjects, whereas 

MGC was related only among NGT subjects. The results 

suggest that GTT might be a useful tool for use in detecting 

a high risk of CVD as well as defining glucose intolerance.
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