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A B S T R A C T   

Aims/hypothesis: This secondary analysis aimed to investigate the effects of a 12 months intensive exercise-based 
lifestyle intervention on systemic markers of oxidative stress in persons with type 2 diabetes. We hypothesized 
lifestyle intervention to be superior to standard care in decreasing levels of oxidative stress. 
Methods: The study was based on the single-centre, assessor-blinded, randomised, controlled U-turn trial (Clinical 
Trial.gov NCT02417012). Persons with type 2 diabetes ˂ 10 years, ˂ 3 glucose lowering medications, no use of 
insulin, BMI 25–40 kg/m2 and no severe diabetic complications were included. Participants were randomised 
(2:1) to either intensive exercise-based lifestyle intervention and standard (n = 64) or standard care alone (n =
34). Standard care included individual education in diabetes management, advice on a healthy lifestyle and 
regulation of medication by a blinded endocrinologist. The lifestyle intervention included five to six aerobic 
exercise sessions per week, combined with resistance training two to three times per week and an adjunct dietary 
intervention aiming at reduction of ~500 kcal/day (month 0–4). The diet was isocaloric from months 5–12. The 
primary outcome of this secondary analysis was change in oxidative stress measured by 8-oxo-7,8-dihydrogua-
nosine (8-oxoGuo) and secondarily in 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG), as markers of RNA and 
DNA oxidation, respectively, from baseline to 12-months follow-up. 
Results: A total of 77 participants, 21 participants receiving standard care and 56 participants receiving the 
lifestyle intervention, were included in the analysis. Mean age at baseline was 54.1 years (SD 9.1), 41% were 
women and mean duration of type 2 diabetes was 5.0 years (SD 2.8). From baseline to follow-up the lifestyle 
group experienced a 7% decrease in 8-oxoGuo (− 0.15 nmol/mmol creatinine [95% CI -0.27, − 0.03]), whereas 
standard care conversely was associated with a 8.5% increase in 8-oxoGuo (0.19 nmol/mmol creatinine [95% CI 
0.00, 0.40]). The between group difference in 8-oxoGuo was − 0.35 nmol/mmol creatinine [95% CI -0.58, 
− 0.12,], p = 0.003. No between group difference was observed in 8-oxodG. 
Conclusion/interpretation: A 12 months intensive exercise-based lifestyle intervention was associated with a 
decrease in RNA, but not DNA, oxidation in persons with type 2 diabetes.  

Abbreviations: 8-oxodG, 8-oxo-7,8-dihydro-2′-deoxyguanosine; 8-oxoGuo, 8-oxo-7,8-dihydroguanosine; 8-iso-PGF(2α), 8-iso-prostaglandin F2alpha; AGE, 
Advanced glycation endproducts; CRP, C-reactive protein; RAGE, Receptor for advanced glycation endproducts; ROS, Reactive oxygen species; sRAGE, Soluble re-
ceptor for advanced glycation endproducts; StC, Standard care. 
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1. Introduction 

Intensive glucose control may reduce the risk of microvascular 
complications in persons with type 2 diabetes. However, the causal 
relation between improved glycaemic control and reduced risk of mac-
rovascular complications remains inconclusive [1,2]. Increased levels of 
oxidative stress has been suggested as a driver in the pathogenesis of 
both micro- and macro-vascular complications in type 2 diabetes [3,4] 
but no efficacious interventions alleviating the consequences of oxida-
tive stress in vivo have been identified [5]. 

Reactive compounds, particularly reactive oxygen species (ROS), are 
naturally occurring in the body as drivers of metabolism, also in 
response to exercise [6,7]. Nevertheless, chronic oxidative stress arises 
when the production of reactive compounds exceeds the antioxidative 
capacity [8]. Hyperglycemia and increased availability of free fatty 
acids may lead to increased mitochondrial formation of ROS in endo-
thelial cells [9,10], tipping the redox balance and adding to the accu-
mulation of systemic low-grade inflammation [11]. The detrimental 
effect of impaired redox balance is supported by studies illustrating that 
increased oxidative stress, expressed by 8-oxoGuo (a systemic marker of 
RNA oxidation), is associated with both all-cause and cardiovascular 
mortality, in persons with type 2 diabetes [12]. Previous studies suggests 
that accumulation of advanced glycation endproducts (AGEs) and acti-
vation of NF-KB through the receptor for AGE (RAGE) contributes 
extensively to the vicious cycle of oxidative imbalance [13–15], possibly 
mediating the association between oxidative stress and low-grade 
inflammation. 

In a small study with 22 sedentary subjects [16], eight weeks of 
aerobic exercise training resulted in a 21% reduction in 8-iso-prosta-
glandin F2alpha (a biomarker of oxidative stress i.e., lipid peroxida-
tion) in parallel with increase in soluble RAGE (sRAGE), which act as a 
decoy ligand for AGEs and consequently diminish cellular receptor 
activation and NF-KB expression [17]. Another study found decrease in 
8-oxodG (a systemic marker of DNA oxidation) following 12 weeks of 
low intensity exercise, whereas 12 weeks of high intensity exercise led to 
increase in 8-oxodG [18]. Others have looked at effects of acute bouts of 
exercise with divergent results [19,20]. Choi et al. [21] found that 
aerobic exercise increased levels of sRAGE accompanied by a decrease in 
high-sensitive C-reactive protein, supporting the link between exercise 
effects, RAGE-activation and inflammation. This is in line with a 
recently published prospective study from Sponder et al. [22] showing 
increased levels of sRAGE following 8 months of exercise training. Also 
Kotani et al. reported increase in sRAGE following a six months inter-
vention with increase in physical activity [23]. It is evident that exercise 
training enhances peripheral insulin sensitivity and increase carbohy-
drate and fat oxidation [24]. Hence, in addition to the anti-inflammatory 
effects [25], exercise might also alleviate chronic oxidative stress and 
attenuate the RAGE activation [7] with the potential to alleviate the 
development of diabetic complications. However, this remains to be 
elucidated in a clinical setting of type 2 diabetes. 

We have previously reported discontinuation of glucose lowering 
medication along with improvement in body weight and low-grade 
inflammation, in response to a 12-months intensive exercise-based 
lifestyle intervention, in persons with type 2 diabetes [26,27]. The pri-
mary aim of the present study was to investigate the effect of this 
exercise-based lifestyle intervention on systemic markers of oxidative 
stress. Secondarily, we aimed to investigate the effects on AGEs and 
sRAGE and explore associations between oxidative stress, AGE, sRAGE 
and low-grade inflammation following the intervention. We expected 
that 12 months of intensive lifestyle intervention was superior to stan-
dard care in decreasing oxidative stress and AGEs accompanied by in-
crease in sRAGE. 

2. Methods 

2.1. Study design, participants and randomisation 

This study is based on secondary analysis from the U-turn study 
[26–31]. The data on oxidative stress, AGEs and sRAGE have not been 
reported previously. The study was performed as a single-centre, 
assessor-blinded, randomised, controlled trial carried out from April 
2015 to August 2016. The study included persons with a diagnosis of 
type 2 diabetes for less than 10 years. The participants were charac-
terized by using less than three antidiabetic medications, no use of in-
sulin, BMI between 25 and 40 kg/m2, no severe diabetic complications 
and no history of cardiovascular disease. Detailed description of inclu-
sion- and exclusion criteria has been published previously [32]. Clinical 
trial registration number NCT02417012. The study was approved by 
The Scientific Ethical Committee at The Capital Region of Denmark and 
conducted in accordance with the Helsinki Declaration. All participants 
provided oral and written informed consent prior to inclusion. 

Participants were randomised (2:1) stratified by sex, to the U-turn- 
lifestyle intervention or standard care control group (StC). The 
computer-generated random number sequence used for randomisation 
was created by an independent statistician and managed by an external 
individual with no study involvement. The sequence was concealed on a 
password-protected computer and upon request from the study nurse, 
the data manager would provide allocation corresponding to the 
participant number. 

2.2. Interventions 

Detailed description of the intervention has been published previ-
ously [32]. In brief, both groups received standard care consisting of 
individual education in diabetes management and advice on a healthy 
lifestyle. Pharmacological treatment with glucose-, lipid- and blood 
pressure-lowering medication was managed by a blinded endocrinolo-
gist following a pre-defined treat-to-target algorithm and mediated by a 
study nurse. The standard care was controlled by the study nurse every 
third month. 

In addition to standard care, the lifestyle group was assigned a 12 
months lifestyle intervention with group-based, high-volume exercise, 
consisting of five to six aerobic exercise sessions (30–60 min, moderate 
to vigorous intensity) per week, of which two to three sessions were 
combined with resistance training (moderate to vigorous intensity). 
Initially all sessions were supervised, which gradually declined. Exercise 
intensity and duration were registered with a Polar V800 watch (Polar 
Electro, Finland) paired with a heart rate sensor attached to a chest 
strap. In addition, the lifestyle group also received individual dietary 
counceling and meal plans provided by a clinical dietitian. The initial 
four months of the intervention aimed at an energy deficit of 2092 kJ 
(500 kcal) per week, until a BMI of 25 kg/m2 was reached. The 
following months strived for isocaloric diet. 

To increase the daily basal physical activity level, participants in the 
lifestyle group were recommended to reach a level of minimum 10 000 
steps per day, choose walking when possible and incorporate light 
physical activity to break prolonged sitting. Furthermore, the partici-
pants were asked to increase their sleep duration by introducing regular 
bed- and waking times aiming at 7–8 h of sleep every night. To monitor 
basal physical activity level and sleep duration, participants were 
requested to wear the Polar V800. 

2.3. Study endpoints 

The primary outcome of this secondary analysis was the between 
group difference in change in oxidative stress expressed by 8-oxoGuo, a 
marker of RNA oxidation, from baseline to 12-months follow-up. 

Secondary outcomes include intervention-induced changes in DNA 
oxidation (8-oxodG), circulating levels of AGEs and sRAGE. 
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Markers of inflammation (IL-6, IL-10, TNF-α, IL1-1ra and CRP) and 
clinical endpoints (glycemic control, lipids, body composition and 
cardiorespiratory fitness) have been reported previously [26,27,30] but 
will be included in the analysis. 

2.4. Data collection 

Participants were tested at baseline and at 12 months follow-up. 
Prior to testing participants were informed to discontinue all glucose-, 
lipid-, antihypertensive treatment and refrain from moderate to 
vigorous intensity exercise for 48 h prior to the test day. No alcohol was 
allowed 24 h prior to testing and participants were instructed to eat 
habitually. The experimental day was preceded by a minimum of 8 h 
overnight fasting. 

2.5. Oxidative stress 

Urine samples were collected at home, in a timespan up to 48 h prior 
to testing, stored at − 20ᵒC and transported to the test facilities in a 
cooler bag with a cooling element. 

Subsequently the urine was stored at − 80ᵒC until time of analysis. 
Urine samples were analysed for 8-oxo-7,8-dihydroguanosine (8-oxo-
Guo) and 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) as markers of 
overall RNA/DNA oxidation [33]. 

Measurements of 8-oxoGuo and 8-oxodG were performed at 
Department of Clinical Pharmacology, Bispebjerg-Frederiksberg Hospi-
tal, Copenhagen, Denmark by a validated technique based on ultra- 
performance liquid chromatography-tandem mass spectrometry 
(UPLC-MS/MS) [34]. Measurements were corrected for urinary creati-
nine concentration in order to adjust for variation in urine dilution. 

2.6. Advanced glycation end products (AGE) and soluble receptor 
(sRAGE) 

Fasting blood samples were collected in EDTA tubes, centrifuged, 
and stored at − 80 ◦C until analysis. AGEs were measured with OxiSe-
lect™ Advanced Glycation End Product (AGE) Competitive ELISA Kit. 
sRAGE was measured with Quantikine® ELISA Human RAGE, Cat.no. 
SRG00, R&D Systems. TECAN Sunrise microplate reader @ 450 nm/620 
nm was used to read the plates. 

2.7. Blood analysis 

Blood samples (C-reactive protein (CRP), HbA1c, glucose, insulin, 
total cholesterol, LDL- and HDL-cholesterol and triglycerides) were 
analysed at Department of Clinical Biochemistry, University Hospital 
Copenhagen – Rigshospitalet, Copenhagen, Denmark. 

Fasting plasma samples were analysed for TNF-α, IL-6, IL-10 and IL- 
1ra with immunoassay kits (Mesoscale, V-Plex human proinflammatory 
panel I and V-Plex human IL-1ra kit, Meso Scale Discovery, USA). 

2.8. Body composition and fitness 

A dual-energy x-ray absorptiometry scan (Lunar Prodigy Advance, 
GE Medical Systems Lunar, USA) with software (Prodigy, enCORE 2004, 
version 8.8, GE Lunar Corp, USA) was used for measurement of whole- 
body fat mass, fat-free mass and regional abdominal fat mass. Prior to 
the scan, body weight was measured with an electronic scale and height 
was measured with a Holtain stadiometer (Holtain, Crymych,UK) and 
BMI was calculated as weight in kg divided by the square of height in 
meters. 

Maximal oxygen uptake (VO2max) was decided using a Monarch LC4 
bicycle (Monark Exercise, Sweden) and continuous indirect calorimetric 
(Quark CPET, Cosmed, Italy). The test was initiated with a 5 min warm- 
up followed by increases of 20 W/min until exhaustion. The quality of 
the VO2max was evaluated based on the criteria of RER >1.1 and an 

individual evaluation from the investigator. 

3. Statistics 

The analysis was based on the intention-to-treat principle. Data of all 
participants allocated to intensive lifestyle intervention or StC group, 
were assessed and analysed as belonging to the lifestyle or StC group, 
regardless of the compliance to the planned treatment program. A sec-
ondary analysis of the primary outcome was performed on the per- 
protocol population, so that any difference between the two analyses 
could be shown. Per protocol was defined as adherence to pharmaco-
logical treatment and medical consultations in both groups, participa-
tion in both baseline- and follow-up testing, and completion of ≥70% of 
the prescribed exercise sessions in the lifestyle group. 

Only complete cases with urine samples at both baseline and follow- 
up were included in the analysis. 

The primary endpoint was assessed using analysis of covariance. The 
models included fixed factors for group (2 levels) adjusted for sex (2 
levels) and the baseline variables of the outcome. Associations between 
the change (post-pre) in the primary outcome (Δ8-oxoGuo/creatinine, 
dependent variable) and the change (post-pre) in markers of complica-
tions (independent variables; AGE, sRAGE, glycaemic control, inflam-
mation, body composition, fitness, use of glucose-lowering medication) 
were investigated in the lifestyle group using multivariable regression 
analyses adjusted for sex (2 levels) and baseline outcome variable 
(continuous). The analyses were performed if between group difference 
reached a significance level of p ≤ 0.1 in the primary analysis. The linear 
regression models were repeated stratified by baseline levels of 8-oxo-
Guo/creatinine (median split). Standard diagnostics (distribution of 
residuals and variance homogeneity) was performed. If assumptions 
were not met, quantile (median) regression analysis was employed. 

Data are presented as mean difference in change with 95% CI, unless 
stated otherwise. The significance level was set to p < 0.05 (two-tailed). 
All statistical calculations were performed using Stata IC/SE 13.1 (Sta-
taCorp, USA). 

4. Results 

In total 77 complete cases (79% of all included samples), 21 partic-
ipants receiving StC (62% of included samples in the StC group) and 56 
participants receiving the lifestyle intervention (88% of included sam-
ples in the lifestyle group), were included in the analysis. The flow of 
participants is presented in Fig. 1. Baseline characteristics for the anal-
ysis set are presented in Table 1. The mean age was 54.1 years (SD 9.1), 
with 41% females, mean duration of type 2 diabetes was 5.0 years (SD 
2.8). Sample characteristics stratified by baseline 8oxoGuo/creatinine 
are presented in eTable 1. When stratified by baseline 8-oxoGuo/creat-
inine we find similar baseline characteristics between the groups, except 
the proportion of current and former smokers appears to be a bit higher 
in the high 8-oxoGuo group and participants in the low 8-oxoGuo group 
seems to receive more antihypertensive treatment. 

From baseline to 12-months follow-up, a 7% decrease in 8oxoGuo/ 
creatinine was observed in the lifestyle group, whereas a 8.5% increase 
was observed in the StC group (Fig. 2A, between-group difference: 0.35 
nmol/mmol creatinine [95% CI -0.58, − 0.12] p = 0.003). The result 
from the per-protocol analysis did not differ from the primary analysis. 
8-oxodG was unchanged from baseline to follow-up in both groups 
(Fig. 2B). Repeating the analyses without adjusting 8-oxoGuo and 8- 
oxodG for creatine did not materially change the primary analyses 
(eTable 2). 

AGE concentration decreased in both groups and no between-group 
difference was observed (Table 2, Fig. 2C). However, sRAGE levels 
increased in the lifestyle group and decreased in the StC group from 
baseline to 12-month follow-up (Table 2 and Fig. 2D, between-group 
difference 92.2 pg/ml [95% CI 15.98, 168.32]; p = 0.018] also re-
flected by reduction in the ratio AGES:sRAGE in the lifestyle group 
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Fig. 1. Flow of participants.  
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(Table 2, between-group difference − 0.003 μg/pg [95% CI -0.006, 
− 0.001]; p = 0.015). Fig. 2 illustrates baseline and 12 months follow-up 
for primary and secondary outcomes. 

From baseline to 12-months follow-up, 2-h glucose, body composi-
tion and cardiorespiratory fitness improved more in the lifestyle group 
compared to StC (Table 2). IL-1ra and TNF-α decreased more in the 
lifestyle group compared to StC and were the only markers of inflam-
mation that showed between group difference (Table 2). 

In the intervention group, the decrease in 8-oxoGuo/creatinine, were 
associated with change in HbA1c and IL-6 (Table 3). Furthermore, the 
change in 8-oxoGuo levels tended to be associated with lower 2-h 
glucose and TNF-α levels. No significant associations were observed 
between change in 8-oxoGuo/creatinine and AGE or sRAGE. When 
stratified by baseline level of 8-oxoGuo, we did however observe an 
association between increased sRAGE and drop in 8-oxoGuo/creatinine, 
whereas the increase in the AGE:sRAGE ratio was associated with an 
increase in 8-oxoGuo levels, in participants with high levels of 8oxoGuo/ 
creatinine. In persons with high baseline 8-oxoGuo/creatinine levels we 
observed an association between the reduction in IL-6 and TNFα and 
decrease in 8-oxoGuo/creatinine levels, whereas this was not observed 
in persons with low baseline 8-oxoGuo/creatinine. 

In participants with low levels of 8-oxoGuo at baseline, we found that 
discontinuation of glucose lowering medication, was associated with 
further reduction in 8-oxoGuo and increase in 8-oxoGuo in this group 
was associated with increase in IL-1ra. 

5. Discussion 

The main findings of this study are, that an intensive lifestyle 
intervention, with focus on high volume of exercise, results in decrease 
in 8-oxoGuo but not 8-oxodG in the circulation, reflecting a reduction in 
RNA oxidation. Furthermore, the lifestyle intervention amplified sRAGE 
and the AGE:sRAGE ratio decreased, suggesting an increased clearance, 
and hence decreased bioavailability of AGEs. 

While there is a paucity of studies investigating the effects of lifestyle 
interventions on oxidative stress in persons with type 2 diabetes, this has 
been investigated in healthy humans. Franzke and colleagues [35] 
investigated the effect of six months of resistance exercise (1 h super-
vised, two times/week) on healthy elderly subjects, and found no effect 
on 8-oxodG levels. In contrast to our study, they did not observe any 
effect on 8-oxoGuo. However, compared to our findings, the exercise 
intervention was less intensive and did not include aerobic exercise. 
Similar to our observations, Santilli et al. [16] reported a decrease in 
oxidative stress (8-iso-PGF(2α)) following eight weeks of high-amount, 
high intensity aerobic exercise in healthy sedentary adults. These re-
sults might suggest that aerobic exercise of high intensity is required to 
achieve exercise induced effects on pathways implicated in the regula-
tion of oxidative stress. In another study, Karstoft and colleagues did not 

Table 1 
Baseline characteristics.   

Standard care 
group 
n = 21 

Intensive lifestyle 
group n = 56 

Total n = 77 

Demographics 
Age, years 56.2 (7.97) 53.3 (9.41) 54.1 (9.09) 
Sex, no. male/no. 

female 
11/10 30/26 36/41 

Type 2 diabetes 
duration (years) 

5.6 (2.9) 4.8 (2.7) 5.0 (2.8) 

Smoking current/ 
former/never, 
No. (%) 

1/9/11 (4.8/ 
42.9/52.4) 

3/31/22 (5.4/ 
55.4/39.3) 

4/40/33 (5.2/ 
52.0/43.0) 

Oxidative stress 
8-oxoGuo/ 

creatinine (nmol/ 
mmol) 

2.22 (1.86–2.69) 2.09 (1.73–2.56) 2.13 (1.8–2.57) 

8-oxodG/creatinine 
(nmol/mmol) 

1.56 (1.19–1.89) 1.46 (1.10–2.21) 1.53 (1.14–2.11) 

AGE, ug/ml 20.8 (17.8–25.9) 22.9 (17.4–26.6) 22.5 (17.8–26.4) 
sRAGE, pg/ml 958.1 

(700.0–1356.5) 
923.8 
(735.9–1110.6) 

923.8 
(721.4–1120.1) 

AGE/sRAGE ug/pg 0.021 
(0.015–0.035) 

0.023 
(0.017–0.034) 

0.023 
(0.017–0.034) 

Glycaemic control 
HbA1c, mmol/mol 48 (44–53) 48 (42.5–55.5) 48 (43–55) 
Fasting glucose, 

mmol/l 
7.8 (6.9–8.1) 7.1 (6.3–8.5) 7.5 (6.4–8.4) 

2-h glucose, mmol/ 
l (n = 76) 

16.3 (3.8) 15.4 (4.1) 15.6 (4.0) 

Inflammation 
CRP, No.˃3 mg/l 

(%) 
4 (19.1) 7 (12.7) 11 (14.5) 

TNFa, pg/ml 1.97 (1.58–2.5) 1.99 (1.62–22.41) 1.98 (1.61–2.48) 
IL-6, pg/ml 0.54 (0.39–0.66) 0.55 (0.33–0.76) 0.55 (0.34–0.7) 
IL-10, pg/ml 0.21 (0.16–0.27) 0.18 (0.14–0.23) 0.18 (0.14–0.24) 
IL-1Ra, pg/ml 283.5 

(223.9–472.3) 
303.7 
(203.6–461.8) 

291.3 
(209.5–467.8) 

Lipids 
HDL, mmol/l (n =

76) 
1.3 (0.4) n = 20 1.23 (0.36) 1.25 (0.36) 

LDL, mmol/l (n =
76) 

1.97 (0.6) n = 20 2.38 (0.75) 2.27 (0.73) 

Triglycerides, 
mmol/l 

1.19 (0.8–1.9) 1.42 (1.01–1.91) 1.33 (0.92–1.91) 

Body composition 
Body weight, kg 98.0 (14.5) 96.7 (14.6) 96.3 (14.5) 
Body mass index, 

kg/m2 
32.8 (4.1) 31.6 (4.0) 32.0 (4.0) 

Total fat mass, kg 36.6 (11.3) 35.9 (8.74) 36.1 (9.4) 
Fat-free mass. Kg 60.3 (9.7) 59.01 (10.82) 59.37 (10.48) 
Android fat, kg 4.3 (1.3) 4.02 (1.14) 4.10 (1.20) 

Physical fitness 
VO2max, mlO2/min 

(n = 76) 
2670.6 (817.3) 2701.8 (709.2) 2693.60 (733.7) 

Relative VO2max, 
mlO2/kg/min 

27.3 (6.9) 28.3 (6.5) 28.05 (6.6) 

Blood pressure 
Systolic blood 

pressure, mmHg 
(n = 70) 

136 (8.54) 128 (13.80) 130 (13.22) 

Diastolic blood 
pressure, mmHg 
(n = 70) 

84 (8.89) 79 (8.57) 80 (8.84) 

Glucose-lowering medication, No. (%) 
None 0 (0) 1 (1.8) 1 (1.3) 
Biguanide 16 (76.2) 44 (78.6) 60 (77.9) 
Biguanide + GLP-1 

analogue 
5 (23.8) 11 (19.7) 16 (20.8) 

Biguanide + GLP-1 
analogue +
Insulin 

0 (0) 0 (0) 0 (0)  

Table 1 (continued )  

Standard care 
group 
n = 21 

Intensive lifestyle 
group n = 56 

Total n = 77 

Blood pressure-lowering medication, No. (%) 
Non 9 (42.9) 30 (53.6) 39 (50.7) 
ARB 2 (9.5) 8 (14.6) 10 (13.0) 
ARB + Thiazide 5 (23.8) 10 (18.2) 15 (19.5) 
ARB + Thiazide +

Calcium-channel 
blocker 

5 (23.8) 8 (14.6) 13 (17.2) 

Lipid-lowering medication, No. (%) 
None 3 (14.3) 13 (23.2) 16 (20.8) 
Statins 18 (85.7) 43 (79.6) 61 (79.2) 

8-oxoGuo, 8-oxo-7,8-dihydroguanosine; 8-oxodG, 8-oxo-7,8-dihydroguanosine; 
AGE, advanced glycation endproducts; sRAGE, soluble receptor for advanced 
glycation endproducts; ARB, angiotensin receptor blockers. 
Data presented as mean (SD) or median (IQR 25%–75%). 
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observe any difference in 8-iso-PGF(2α) levels following a two weeks 
intervention comparing high intensity interval walking to oxygen 
consumption-matched continuous walking [36]. Nevertheless, a previ-
ous study comparing interval walking to continuous walking with 
four-months follow-up [37], did however, report difference in 
intervention-induced changes in physical fitness and visceral fat, 
constituting metabolic adaptations that might precede changes in the 
redox balance. This suggests that the duration of the intervention is not 
trivial when assessing changes in oxidative stress, and the importance of 
exercise intensity, modality and frequency remains to be elucidated with 
longer follow-up. 

Another explanation to the divergent findings across studies could 
relate to the different measurements of oxidative stress. Whereas 8-oxo-
Guo is located in the cytosol, 8-oxodG is located in the nucleus [38] and 
8-iso-PGF(2α) is situated in the membrane [39]. As an improved mito-
chondrial oxidative capacity is seen in response to aerobic exercise 
training [40], the proximity of 8-oxoGuo to the mitochondria might 
explain why exercise is more prone to affect this variable and not 
8-oxodG and 8-iso-PGF(2α). As we observed an association between 
decrease in 8-oxoGuo and increase in sRAGE in response to the lifestyle 
intervention, our findings suggest it may hinder downstream patho-
physiological signaling of known mechanisms of diabetic vascular 
complications [14]. As we only observed a significant inverse associa-
tion between the change in oxidative stress and change in sRAGE, IL-6 or 
TNFa in the participants with high baseline oxidative stress in response 
to the intervention, this may be most pronounced for the most pro-
gressed participants. Contrarily lifestyle interventions might not elicit 
essential changes in oxidative status among persons with less pro-
nounced mitochondrial overproduction of ROS. 

The observed increase in sRAGE and improvement in inflammatory 
markers is consistent with the studies from Choi et al. [21] and Santilli 
et al. [16]. In contrast Drosatos and colleagues recently reported 
reduction in sRAGE in young army recruits, following four weeks of 

military training consisting of both moderate- and high intensity aerobic 
exercise training [41]. Once again, this suggest differences in the regu-
lation of mediators of oxidative stress between healthy persons and 
persons more prone to low-grade inflammation including the persons 
with type 2 diabetes included in the current study. 

Our design included a treat to target approach with a predefined 
algorithm for pharmacological management, leaving room for both 
intensification, reduction and discontinuation of glucose lowering 
medication. Hence, several participants experienced changes in phar-
macological treatment during the 12-months intervention. Although, we 
have previously reported that metformin did not change skeletal muscle 
adaptations to exercise or affect concentrations of 8-oxoGuo in that 
context [42], a newly published study reported metformin-induced 
changes in RNA oxidation [43]. In this study we observed association 
between discontinuation of glucose lowering medication and decrease 
in 8-oxoGuo which is in line with previous epidemiological findings 
[44]. However, teasing the exercise-induced effects apart from the 
pharmacological induced effects is not possible with our design, and 
possible interactions between standard care and lifestyle intervention 
remains inconclusive. 

The strength of this study is the well-conducted lifestyle intervention 
and the relatively long follow-up as compared to other studies with 
limited follow-up. A further strength is the assessment of both oxidative 
stress and downstream events like the occurrence of glycation products, 
including the receptor sRAGE, and low-grade inflammation. Thus, we 
look beyond reduced glyco- and lipotoxicity and provide new insights to 
the potential mechanisms responsible for the beneficial effects of exer-
cise. Our study has some limitations. 8-oxoGuo were measured in urine 
samples collected by the participants at home up to 48 h prior to delivery 
at the test facilities. Consequently, exercise-, medicine- and food- 
restrictions preceding sampling was uncontrolled, and in theory par-
ticipants could have been exercising immediately before sampling. Since 
exercise may lead to an acute increase in 8-oxoGuo [45], we could 

Fig. 2. Within group changes in primary and major secondary outcomes 
8-oxoGuo, 8-oxo-7,8-dihydroguanosine; 8-oxodG, 8-oxo-7,8-dihydroguanosin; AGE, advanced glycation endproducts; sRAGE, soluble receptor for advanced glyca-
tion endproducts. 
Intervention effects from baseline to 12-months follow-up on 
A) 8-oxoGuo, B) 8-oxodG, C) AGE and D) sRAGE. 
Data are presented as least square means. 
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potentially underestimate the effect on oxidative stress at follow-up. 
Nevertheless, sensitivity analysis (data not shown) revealed no influ-
ence of variation in timespan between last exercise session and urinary 
sample collection, on changes in 8-oxoGuo/creatinine. Exercise prior to 
urine sampling might also be reflected in urinary creatinine, however, 
when comparing analysis of 8-oxoGuo with and without adjusting for 
creatinine we observed no difference. AGEs were analysed with an 
ELISA kit measuring total amount of AGE protein adducts, without 
differentiating between different types of AGEs. This might mask effects 
on specific AGE-products and explain why, no difference was observed 
between groups at follow-up. Furthermore, the lack of high-sensitive 
CRP represents a limitation to the evaluation of low-grade 
inflammation. 

Lastly the exploratory nature of this study includes the risk of 
underpowering and subsequent type 2 errors with increased risk of false 
negative observations. 

To further understand the underlying mechanisms linking exercise 
and the AGE:sRAGE axis it will be of great importance to investigate the 
effect on different forms of sRAGE and the ratio between them. A review 
paper by Piarulli and colleagues concluded, that low levels of esRAGE 
(an endogenous secretory decoy form of sRAGE) might be the primary 
driver of the increased atherosclerotic burden in persons with diabetes 
[46], and distinguishing different forms of sRAGE will lead to a deeper 
understanding of the pathways regulated by exercise. Additionally, 

exercise effects on specific AGEs that has already been described in the 
context of diabetic vascular complications, should be elucidated. Dietary 
recommendations and weight loss are essentials in the treatment of type 
2 diabetes and previous findings indicate that both dietary macronu-
trient distribution and body composition can directly influence RNA 
oxidation [47,48]. In the present study we did not observe any associ-
ations between changes in oxidative stress and weight loss or body 
composition, however our study design does not allow us to distinguish 
exercise effects from dietary effects or weight loss per se. Lastly, a 
possible dose-depending effects of exercise training remains to be 
elucidated. 

6. Conclusion 

In conclusion a 12 months exercise-based lifestyle intervention, in 
persons with short duration of type 2 diabetes, led to decrease in RNA 
but not DNA oxidation. The decrease in RNA oxidation was accompa-
nied by an increase in sRAGE as well as a more beneficial ratio between 
AGE and sRAGE. 
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Table 2 
Between-group difference in primary and secondary outcomes.   

Lifestyle group Standard Care Difference in change 

pre-post LCL UCL Pre-Post LCL UCL MD LCL UCL P-value 

Oxidative stress 
8-oxoGuo/creatinine nmol/mmol) − 0.15 − 0.27 − 0.03 0.19 0.00 0.40 − 0.35 − 0.58 − 0.12 0.003 
8-oxoDg/creatinine (nmol/mmol) − 0.06 − 0.19 0.08 0.05 − 0.17 0.28 − 0.11 − 0.37 0.15 0.41 
Total AGE (μg/ml) − 2.00 − 2.65 − 1.34 − 1.33 − 2.41 − 0.26 − 0.66 − 1.93 0.59 0.30 
sRAGE (pg/ml) 33.78 − 7.71 75.27 − 58.37 − 122.25 5.50 92.2 15.98 168.32 0.018 
AGE:sRAGE (μg/pg) − 0.003 − 0.005 − 0.002 0.000 − 0.002 0.002 − 0.003 − 0.006 − 0.001 0.015  

Low-grade inflammation 
IL-1raa − 178.4 − 205.6 − 151.3 − 89.5 − 134.6 − 44.4 − 88.9 − 142.5 − 35.4 0.001 
IL-6 a − 0.25 − 0.33 − 0.17 − 0.11 − 0.23 0.02 − 0.15 − 0.30 0.01 0.061 
IL-10 a − 0.03 − 0.05 − 0.01 − 0.01 − 0.03 0.02 − 0.02 − 0.05 0.01 0.16 
TNFα a − 0.16 − 0.24 − 0.08 0.04 − 0.10 0.18 − 0.20 − 0.37 − 0.04 0.015  

Glycemic control 
HbA1c a − 3.2 − 4.6 − 1.7 − 0.7 − 3.1 1.8 − 2.5 − 5.4 0.3 0.08 
Fasting glucose a − 1.1 − 1.4 − 0.8 − 0.9 − 1.5 − 0.4 − 0.2 − 0.8 0.5 0.57 
2 h-glucose a − 2.7 − 3.4 − 2.0 − 1.0 − 2.2 0.2 − 1.7 − 3.1 − 0.3 0.016  

Lipids 
LDL a 0.4 0.3 0.6 0.3 0.0 0.5 0.2 − 0.2 0.5 0.30 
HDL a 0.2 0.2 0.3 0.2 0.1 0.3 0.0 − 0.1 0.2 0.58 
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Body composition 
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Cardiorespiratory fitness           
Absolute (ml O2/min) a 383 277 489 − 62 − 241 117 445 237 653 <0.001 
Relative (ml O2/kg/min) a 6.4 5.1 7.7 − 0.2 − 2.4 2.1 6.6 4.0 9.2 <0.001 

8-oxoGuo, 8-oxo-7,8-dihydroguanosine; 8-oxodG, 8-oxo-7,8-dihydroguanosine; AGE, advanced glycation endproducts; sRAGE, soluble receptor for advanced glyca-
tion endproducts. 
Data presented as difference in mean change and 95% CI or median (IQR 25%–75%). 

a Data have been published previously. 
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Table 3 
Associations between the change in 8-oxoGuo/creatinine and markers of com-
plications within the intervention group.   

R Beta LCL UCL p-value 
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AGE:sRAGE 0.15 10.8 − 5.3 26.9 0.19 
High baseline 8- 
oxoGuo 

0.48 31.3 16.0 46.5 <0.001 
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Glu medication 
(Yes) – 
reference is No – 
the estimate is 
the difference in 
8 oxo Guo at 
between yes and 
no at 12 months 
FU 
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High baseline 
8OxoGuo 
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Table 3 (continued )  

R Beta LCL UCL p-value 

Low baseline 8- 
oxoGuo 

VO2 (ml/min) − 0.13 − 0.0001 − 0.0004 0.0002 0.28 
High baseline 8- 
oxoGuo 

− 0.25 − 0.0003 − 0.0006 0.00002 0.07 

Low baseline 8- 
oxoGuo 

− 0.05 − 0.0001 − 0.0003 0.0002 0.61 

Fitness (ml 02/kg/ 
min) 

− 0.07 − 0.007 − 0.03 0.01 0.53 

High baseline 8- 
oxoGuo 

− 0.25 − 0.022 − 0.05 0.004 0.10 

Low baseline 8- 
oxoGuo 

0.01 0.001 − 0.02 0.02 0.90 

TRIMP (Intensity 
X total 
træningstid over 
55% af HRmax) 

− 0.09 − 0.00005 − 0.00002 0.000008 0.45 

High baseline 8- 
oxoGuo 

− 0.30 − 0.00002 − 0.00003 − 0.000002 0.03 

Low baseline 8- 
oxoGuo 

− 0.05 − 0.000003 − 0.00001 0.000007 0.61 

8-oxoGuo, 8-oxo-7,8-dihydroguanosine; AGE, advanced glycation endproducts; 
sRAGE, soluble receptor for advanced glycation endproducts. 
LCL: Lower 95% confidence limit; UCL: Upper 95% confidence limit. 
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