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Abstract

The purpose of this study was to determine whether moderate-intensity exercise training reduces oxidative stress in patients with type 2
diabetes mellitus over 12 months. The patients were divided into 3 groups: aerobic training combined with the use of a fitness center (group
A, n=43), aerobic training only (group B, n = 44), or controls (group C, n = 16). The subjects in groups A and B were instructed to exercise
at 50% of peak oxygen uptake for more than 30 minutes on at least 3 days per week over a 12 month period. In addition, the subjects in group
A were instructed to use a fitness center and were taught how to perform aerobic training in the indicated manner by certified fitness
instructors. We measured the levels of urinary 8-hydroxy-2’-deoxyguanosine (8-OHdG) as a parameter of oxidative stress. Serum glycated
albumin levels were reduced significantly after 6 and 12 months in groups A and B and after 12 months in group C. Urinary 8-OHdG levels
decreased after 12 months in groups A and B, but remained unchanged in group C. There was a significant positive linear association
between percentage changes in urinary 8-OHdG and glycated albumin levels over the 12 months. In conclusion, aerobic exercise training
improved glycemic control and reduced oxidative stress in patients with type 2 diabetes mellitus. Furthermore, improvement in glycemic

control was associated with a reduction in oxidative stress.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Diabetes mellitus is a risk factor for cardiovascular
disease, with the prevalence of cardiovascular mortality
being higher in diabetic patients than in the general
population [1-4]. Production of reactive oxygen species
and lipid peroxidation are increased in diabetic patients [5,6],
and it is well established that oxidative stress is an important
metabolic abnormality in both cardiovascular disease and
diabetic microvascular complications [7].
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8-Hydroxy-2’-deoxyguanosine (8-OHdG) is a product of
oxidative DNA damage following specific enzymatic
cleavage after 8-hydroxylation of the guanosine base.
Urinary 8-OHdG is a biomarker of overall systemic
oxidative stress in vivo [8]. Urinary 8-OHdG levels have
been shown to be higher in diabetic patients than in
nondiabetic subjects [6,9].

Aecrobic exercise training is one of the most effective
interventions for type 2 diabetes mellitus because it does
not only improve glycemic control [10], but also can
prevent ischemic heart disease [11]. However, the mechan-
isms underlying the beneficial effects of aerobic exercise
that prevent cardiovascular disease are not fully understood.

Depending on its intensity and duration, physical exercise
can increase the generation of free radicals and the activity of


mailto:yamanek@hiroshima-u.ac.jp
http://dx.doi.org/10.1016/j.metabol.2007.08.021

H. Nojima et al. / Metabolism Clinical and Experimental 57 (2008) 170-176 171

antioxidant systems [12-15]. Oxidative stress is determined
by the balance between free-radical generation and anti-
oxidant activity. Goto et al [16] showed that high-intensity
exercise training in healthy young men increased plasma
concentrations of 8-OHdG and serum concentrations of
malondialdehyde-modified low-density lipoprotein choles-
terol, both of which are indices of oxidative stress. In
contrast, the study also showed that moderate-intensity
exercise training tended to decrease the levels of these
oxidative stress markers. These findings therefore indicated
that the effect of exercise on oxidative stress may differ
according to the level of exercise intensity. In most patients
with type 2 diabetes mellitus, moderate-intensity exercise
training is recommended for achieving metabolic improve-
ments [17,18]. However, the impact of moderate-intensity
exercise training on oxidative stress in patients with type 2
diabetes mellitus is yet to be fully elucidated.

There is extensive evidence demonstrating the benefits of
exercise in the management of type 2 diabetes mellitus [19].
Despite this large volume of evidence, up to 80% of patients
with type 2 diabetes mellitus do not perform sufficient
physical activity to obtain these beneficial health effects.
Furthermore, diabetic patients have a greater tendency to
relapse to sedentary behavior compared with the general
population [20]. Fitness centers are now readily accessible in
major cities in Japan and are used commonly for exercise
training and therefore may be useful for treatment of type 2
diabetes mellitus.

The major purpose of this study was to determine
whether moderate-intensity exercise training reduces
oxidative stress in patients with type 2 diabetes mellitus.
We further evaluated whether use of a fitness center in
addition to aerobic exercise training could further reduce
oxidative stress.

2. Research design and methods

2.1. Subjects

The Hiroshima University Health Promotion Study is an
exercise training study, of which the main purpose is to
assess the cardiovascular, metabolic, and hormonal
responses to aerobic exercise training in patients with
type 2 diabetes mellitus. The subjects in the study were
134 patients with type 2 diabetes mellitus, aged between 30
and 74 years, who were recruited from diabetes outpatient
clinics. Diabetes was defined according to established
criteria [21] and was controlled by either diet or oral
hypoglycemic agents. The exclusion criteria were as
follows: (1) glycated hemoglobin (HbA;c) =9%, (2)
clinical findings of diabetic micro- or macrovascular
complications, (3) taking insulin, (4) inability to walk for
exercise, and (5) medical conditions for which the exercise
program might be contraindicated. Thirty-one patients
dropped out of the study because of either relocation,
loss of motivation, serious disease, or work commitments.
The study protocol was approved by the Ethics Committee

of Hiroshima University, and written informed consent was
obtained from all the participants before commencement of
the study.

2.2. Study design and interventions

The subjects were assigned to one of the following
3 groups: aerobic training in combination with the use of a
fitness center (group A) (n = 43), aerobic training only
(group B) (n = 44), or controls (group C) (n = 16).

The subjects in groups A and B were requested to
undertake aerobic exercise at 50% of peak oxygen uptake for
more than 30 minutes on at least 3 days per week over a
12-month period. The types of aerobic exercise, which we
proposed, were walking, jogging, cycling, and swimming.
Furthermore, the subjects in group A were instructed to visit
a fitness center at least once a month and were taught how to
perform aerobic exercise training in the indicated manner by
certified fitness instructors. We did not order the subjects in
group A to perform exercise training in the fitness center. No
specific advice on dietary habits was given to any of the
subjects during the study period. All subjects received
regular treatment of their diabetes mellitus at outpatient
clinics. The subjects in group C were not advised on exercise
training but received regular treatment of their diabetes
mellitus at the clinics.

2.3. Determination of peak oxygen uptake

All the participants underwent an exercise test on a
bicycle ergometer (Ergometer STB-2400; Nihon Kohden,
Tokyo, Japan). The exercise test was performed after a
meal to avoid hypoglycemic symptoms because some of
the participants took hypoglycemic agents. After a
sufficient period of rest on the cycle ergometer, exercise
was begun with a 1-minute warm-up at 10 W, followed by a
ramp protocol (20 W/min). An electrocardiogram and heart
rates were recorded during the test using an electrocardio-
graph (QP932D; Nihon Kohden). Oxygen uptake (VO,)
was measured using a respiratory gas-exchange analyzer
(AE300SRC; Minato Medical Science, Osaka, Japan). The
exercise test was terminated when (1) predicted maximum
heart rate determined by (210 — age [years]) of the subject
was achieved; (2) signs of ischemia in the electrocardio-
gram were detected; or (3) the patient could no longer
sustain a pedaling cadence of at least 50 revolutions per
minute because of dyspnea, leg fatigue, or other symptoms.
The peak VO, was defined as the highest value of VO,
reached at the end of the exercise.

2.4. Clinical examination

Clinical data were obtained at baseline and after 6 and
12 months of the aerobic training program in groups A and
B, whereas data were collected only at baseline and after
12 months in group C. Information collected included
duration of diabetes, smoking status, habitual exercise status,
and kinds of exercise. Anthropometry (height and body
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weight), blood pressure measurement, blood sampling, urine
collection, and a cycle ergometer exercise test were
performed. Body mass index (BMI) was calculated by
dividing weight (in kilograms) by height (in meters) squared.
Total body fat (percentage) was assessed by bioimpedance
measurements (TBF-501; Tanita, Tokyo, Japan). At baseline
and after 12 months, total energy intake and intakes of
carbohydrate, protein, total fat, and vitamin A were measured
by a registered dietitian using food frequency questionnaire
software (Excel Eiyoukun FFQg version 1.0; Kenpousha,
Tokyo, Japan) [22]. Physical activity was evaluated through
an interviewer-administered questionnaire. The status level
of aerobic exercise training was categorized into the
following 3 groups: (1) active (more than 30 minutes at
least 3 days per week), (2) mild (between active and
sedentary), and (3) sedentary (no exercise). Venous blood
and urine samples were collected before an exercise test.
Total cholesterol, high-density lipoprotein (HDL) choles-
terol, triglyceride, and HbA ;- were measured at the
respective outpatient clinics. Glycated albumin was mea-
sured by high-performance liquid chromatography. Urine
samples were stored in polypropylene tubes at —80°C.
Urinary 8-OHdG levels were measured using a competitive
enzyme-linked immunosorbent assay kit (New 8-OHdG
Check; Japan Institute for the Control of Aging, Nikken
SEIL, Fukuroi, Japan). The levels of urinary 8-OHdG were
expressed as the ratio to urinary creatinine levels.

2.5. Statistical analysis

To determine the differences between the groups before
intervention, categorical variables were tested using the »*
test, whereas continuous variables were tested by analysis
of covariance (ANCOVA) adjusted for age and sex,
followed by Bonferroni multiple comparison test. Serum
triglyceride and urinary 8-OHdG were log-transformed
because distribution of the data was skewed. Repeated-
measures 2-way (time X group) analysis of variance
(ANOVA) models were used to analyze the effect of
intervention on outcome measures, followed by Dunnett
multiple comparisons. Furthermore, we compared the
percentage change of urinary 8-OHdG levels between the
study groups by ANCOVA adjusted for age and sex,
followed by Bonferroni multiple comparisons. Percentage
change was calculated by the following formula: percen-
tage change = (value at 12 months — baseline value) x 100/
baseline value. The relationship between percentage
changes in urinary 8-OHdG and glycated albumin levels
after 12 months was determined using simple regression
analysis. We performed a multivariate linear regression
model that included age, sex, and the percentage changes
in BMI and glycated albumin levels as independent
variables and the percentage change in urinary 8-OHdG
as a dependent variable, respectively. The Wilcoxon
matched pairs signed rank test was used to compare
physical activity status at baseline and at 12 months. A

P value < .05 was considered to be statistically significant.
The statistical tests were performed using SPSS 12.0 J
(SPSS Japan, Tokyo, Japan).

3. Results

3.1. Baseline characteristics

The baseline characteristics of the study participants are
shown in Tables 1 and 2. All the baseline characteristics were
similar in the 3 study groups. The level of physical activity at
baseline was not significantly different among the 3 study
groups (Table 3). Total energy intake and intakes of
carbohydrate, protein, total fat, and vitamin E at baseline
were similar among the 3 study groups (data not shown).

3.2. Changes in variables according to study group

The physiological and biochemical variables at baseline
and after 6 and 12 months for groups A and B and at
baseline and after 12 months for group C are shown
(Table 2). After 6 months, BMI was decreased significantly
in group B, but remained unchanged in group A. A
significant decrease in total body fat was found in both
groups A and B after 6 months. Lean body mass increased
after 6 months in group A, whereas it did not change in
group B. There was no significant change in BMI,
percentage body fat, and lean body mass over the study
period in group C. Systolic blood pressure decreased after 6
and 12 months in groups A and B. On the other hand, no
significant changes in systolic blood pressure were observed
in group C. Diastolic blood pressure was reduced after
12 months in group A, whereas it remained unchanged in
groups B and C. Total cholesterol and triglyceride did not
change in any of the groups. High-density lipoprotein
cholesterol increased after 12 months in groups A and B, but
did not change in group C. Glycated albumin was reduced
after 6 and 12 months in groups A and B and was reduced
after 12 months in group C. No significant changes in peak
VO, were observed in any of the groups.

Urinary 8-OHdG significantly decreased after 12 months
in groups A and B; however, no significant change was

Table 1

Baseline characteristics of the study groups

Characteristic Group A Group B Group C P

(n=43) (n=44) (n=16)

Sex (male/female) 32/11 2717 7/9 NS

Age (y) 554+ 1.1 559+ 1.1 539+24 NS

Duration of 74+09 56+0.8 73+2.1 NS
diabetes (y)

Current smoking (%) 28.0 20.5 37.5 NS

HbA, ¢ (%) 7.0+0.2 6.6+0.2 6.4+0.2 NS

Urinary 8-OHdG* 103 £ 1.1 113+14 6.7 +0.7 NS

(ng/mg creatinine)

Values are expressed as mean = SE or percentage. The data were analyzed by
ANCOVA with age and sex as the covariates. NS indicates not significant.
? Analyses were performed using natural logarithms.
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Table 2 Table 3
Characteristics at baseline and during follow-up by the study groups Physical activity status at baseline and during follow-up by the study groups
Characteristic Baseline 6 mo 12 mo P Characteristic Baseline 6 mo 12 mo P
Group A Group A <.01
BMI (kg/m?) 237+0.6 234+£06 235+£06 NS Sedentary 18 10 8
Total body fat (%) 240+12 224+1.1% 232+1.1 <.01 Mild 10 8 11
Lean body mass (kg) 47.7+14 484+ 14% 481+14 <.01 Active 15 25 24
Systolic BP (mm Hg) 140.5+2.9 1355+24%* 132.1+2.0* <.01 Group B .067
Diastolic BP 842+18 823+1.7 79.0+14* <01 Sedentary 19 14 14
(mm Hg) Mild 10 10 8
Total cholesterol 556+0.13 5.63+0.17 546=+0.17 NS Active 15 20 22
(mmol/L) Group C .180
Triglyceride® 1.51+0.11 1.70+£0.13 1.58+0.18 NS Sedentary 7 3
(mmol/L) Mild 3 8
HDL cholesterol 1.46 £0.05 145+0.06 1.55+£0.05* <05 Active 6 5
GISELT;)«;/L) 225106 215+06* 207+06% <0l Values are 'exp'ressed as number. The data were axTal'yzed by Wilcox‘on
albumin (%) matched pairs signed rank test to compare physical activity status at baseline
fter 12 ths.
Peak VO, 25407 256+08 253£07 NS and affer 12 months
(mL/min/kg)
1 - a * . .
Urinary 8-OHdG 0311 9.3+10 67+0.6% <05 found in group C. Analysis by repeated-measures 2-way
(ng/mg creatinine) .
Group B ANOVA model showed that there was no intergroup
BMI (kg/m?) 244+05 239+06% 243+0.6 <0l difference in the change in urinary 8-OHdG levels before
Total body fat (%) 259+1.1 241+1.1% 252+11 <0l intervention and after 12 months (P = .368). The

Lean body mass (kg) 463 +13 466+13 465+13 NS
Systolic BP (mm Hg) 139.8+3.3 133.1+£2.5%* 1343+27* <05

Diastolic BP 82.7+16 8l.6+1.8 800+£13 NS
(mm Hg)

Total cholesterol 521+0.14 513+0.12 531+0.12 NS
(mmol/L)

Triglyceride® 1.41£0.12 1.51+£0.13 1.52+0.14 NS
(mmol/L)

HDL cholesterol 1.38+£0.05 1.44+0.05 148+0.05*% <01
(mmol/L)

Glycated 21.5£07 204+05*% 200+05*% <01
albumin (%)

Peak VO, 239+0.8 243+0.8 246+08 NS
(ml/min/kg)

Urinary 8-OHdG* 11.3+1.4 8.1+0.8 6.8 +0.7% <01
(ng/mg creatinine)

Group C
BMI (kg/m?) 243+ 1.1 240+1.0 NS
Total body fat (%) 28.5+2.7 284+2.6 NS

Lean body mass (kg) 42.4+2.0
Systolic BP (mm Hg) 127.8 +4.4

422+22 NS
128.2+43 NS

Diastolic BP 76.4 +2.8 79.1 £3.1 NS
(mm Hg)

Total cholesterol 5.67+0.24 6.00 £ 0.33 NS
(mmol/L)

Triglyceride® 1.33+£0.19 1.59£0.24 NS
(mmol/L)

HDL cholesterol 1.31 +0.08 1.49+£0.06 NS
(mmol/L)

Glycated 20.0 +0.9 18.9 £ 0.8 <.05
albumin (%)

Peak VO, 21.6+1.3 222+1.5 NS
(ml/min/kg)

Urinary 8-OHdG? 6.7+0.7 62+0.6 NS

(ng/mg creatinine)

Values are expressed as mean + SE. The data were analyzed by repeated-
measures ANOVA. BP indicates blood pressure.

? Analyses were performed using natural logarithms.

* P <.05 vs baseline (Dunnett test) in group A or B.

percentage changes in urinary 8-OHdG were not different
among the 3 groups after adjustment for age and sex (data
not shown). At 12 months, physical activity status level had
significantly increased in group A, whereas it showed a
nonsignificant increasing trend in group B and no change
in group C (Table 3). There was no significant change in
total energy intake and intakes of carbohydrate, protein,
total fat, and vitamin E during the study in any group (data
not shown).

3.3. Correlation between percentage changes in oxidative
stress and glycated albumin

The combined data of all the subjects showed a weak but
significant positive linear association between the percentage
changes in urinary 8-OHdG and glycated albumin over the
12-month period of the study (Fig. 1). In a multivariate linear

2007 g 021
P< .05 L P

_ ®
& ™ b
E100- & ° o® °
10}
o
i
Q
@
- |
<

-1004 . i i

40 30 20 -0 0 10 20
A glycated albuminy,.q (%)

Fig. 1. Correlation between the changes from baseline to 12 months in
urinary 8-OHdG and glycated albumin levels for all the subjects.
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regression model, the percentage changes in urinary
8-OHdG were correlated with the percentage changes in
glycated albumin, even after adjusting for age, sex, and the
percentage changes in BMI (data not shown).

4. Discussion

This study demonstrated that moderate-intensity aerobic
exercise training over 12 months reduced oxidative stress in
patients with type 2 diabetes mellitus. This finding is based
on the results that urinary 8-OHdG levels decreased
significantly after 12 months in groups A and B, whereas
they remained unchanged in group C.

The impact of long-term exercise training on oxidative
stress in patients with type 2 diabetes mellitus has not been
fully investigated. It has been reported that both intensity and
duration of exercise are important for antioxidant adaptation
[23]. Although endurance exercise can increase oxidative
stress, it also simultaneously induces antioxidant systems
[14,15]. Long-term exercise training can reduce oxidative
stress by enhancing antioxidant defense mechanisms that
include antioxidant enzymes such as superoxide dismutase,
catalase, and glutathione peroxidase [23]. Based on the
results of our study, we propose that endurance exercise
training over 12 months is important for reducing parameters
of oxidative stress. Mori et al [24] demonstrated that 8 weeks
of aerobic exercise training did not significantly reduce
urinary isoprostane in 11 dyslipidemic patients with type 2
diabetes mellitus. However, the sample size of the study was
smaller and the duration of the intervention period was
shorter than those used in our study.

In our study, improvement in glycemic control was
associated with a reduction in oxidative stress, supported by
the result that the percentage change in urinary 8-OHdG
was weakly but significantly related with the percentage
change in glycated albumin after age, sex, and the
percentage changes in BMI were adjusted. There are 2
mechanisms that underlie this relationship. The first
mechanism is that improvement in glycemic control
associated with aerobic exercise training may result in a
decrease in oxidative stress. Aerobic exercise training
improves insulin sensitivity [25] and glycemic control
[10]. Hyperglycemia can induce oxidative stress via several
mechanisms including glucose autoxidation, formation of
advanced glycation end products, and activation of the
polyol pathway [26]. Chugh et al [27] reported previously
that 6 weeks of glycemic control with sulfonylurea resulted
in an improvement of glycemic control and a reduction in
serum malondialdehyde, a reliable measure of lipid
peroxidation [28]. The other mechanism is that a decrease
in oxidative stress caused by aerobic exercise training may
lead to an improvement in glycemic control. Aerobic
exercise may increase antioxidant activity and reduce
oxidative stress. Elosua et al [29] reported that aerobic
exercise training increased the activity of the endogenous
antioxidants, glutathione peroxidase, and glutathione reduc-

tase and decreased oxidized low-density lipoprotein con-
centration. There is evidence that oxidative stress is
associated with insulin resistance, as Urakawa et al [30]
demonstrated that plasma isoprostane levels were negatively
correlated with glucose infusion rates in men. These results
therefore indicate that a reduction in oxidative stress caused
by aerobic exercise training may improve insulin sensitivity
and glycemic control.

During the study period, the status level of physical
activity significantly increased in group A, whereas it
increased in group B, but not significantly. This finding
suggested that the recommendation to use a fitness center
had resulted in increased physical activity. Despite this
difference in physical activity, there were no differences in
either the improvement in glycemic control or decrease in
oxidative stress between groups A and B. The average
frequency of visit to the fitness center was 0.5 + 0.2 times per
month in group A. We assume that use of a fitness center did
not have an additional effect of improving glycemic control
or decreasing oxidative stress because the subjects in group
A did not go to the fitness center once a month.

We requested the subjects in groups A and B to
undertake aerobic exercise for more than 30 minutes on at
least 3 days per week. The US Surgeon General’s report
recommended that most people accumulate >30 minutes of
moderate-intensity activity on most days of the week [31].
However, most clinical trials evaluating exercise interven-
tions in people with type 2 diabetes mellitus have used a
frequency of 3 times per week [19]. The effect on insulin
sensitivity of a single bout of aerobic exercise lasts 24 to
72 hours [32]. Therefore, we also used a frequency of at
least 3 times per week.

In this study, we measured serum glycated albumin to
monitor glycemic control because glycated serum protein is a
more sensitive index than HbA . Serum glycated albumin
levels have been shown to reflect overall glycemic control
during the previous 2 weeks [33,34], whereas HbAc
provides an integrated measurement of blood glucose
during the previous 2 to 3 months [35,36]. Schleicher
et al [37] proposed that glycated serum protein is a more
sensitive index than HbA ¢, possibly as a consequence of
the higher albumin content of serum. Furthermore, Monnier
et al [38] reported that urinary isoprostane level, which is
one of the oxidative stress markers [39], was positively
correlated with short-term glucose fluctuations, but not
HbA,c, in patients with type 2 diabetes mellitus. We
therefore used serum glycated albumin as a sensitive marker
of glycemic control, as the study subjects did not have
severe abnormal glycemic control.

Our study has several limitations. First, it was limited
by its relatively small sample size, especially in the control
group. Thus, larger-scale studies are warranted to further
establish the beneficial effects of aerobic exercise training
on oxidative stress. Second, no significant changes in peak
VO, were observed in any of the groups. Baseline physical
activity status was “active” in nearly one third of the
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subjects in our study (Table 3); and therefore, initial peak
VO, in group A or B might be relatively higher than that
of the common subjects with type 2 diabetes mellitus
reported in the previous studies [40]. Third, we could not
perform intention-to-treatment analysis because of the
relatively large number of patients who did not finish the
trial after randomization.

In conclusion, moderate-intensity aerobic exercise train-
ing over 12 months reduced oxidative stress and improved
glycemic control in patients with type 2 diabetes mellitus.
Furthermore, improvement of glycemic control was asso-
ciated with a reduction in oxidative stress. Our results
suggest that long-term aerobic exercise training can be
regarded as an effective antioxidant therapy, as well as being
crucial for improving glycemic control in patients with type
2 diabetes mellitus.
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