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A B S T R A C T   

Obesity has been associated with increased production of reactive oxygen species (ROS), which may be involved 
in the development of cardiovascular disease and type 2 diabetes (T2D). Endurance exercise lowers ROS pro-
duction and increases antioxidant capacity in muscle cells, but it is currently unknown whether high intensity 
interval training (HIT) elicits the same effects. Twelve sedentary obese subjects at risk of developing T2D took 
part in a six-week intervention, performing three HIT sessions per week (five 1-min sets of high-intensity cycling 
(125% of VO2peak), with 90 s recovery in between sets). Muscle biopsies were obtained for assessment of ROS 
production (H2O2 emission), mitochondrial respiratory capacity, and antioxidant protein levels before and after 
the intervention. H2O2 emission decreased 60.4% after the intervention (Succinate 3 mmol l− 1), concurrent with 
a 35.1% increase in protein levels of the antioxidant manganese superoxide dismutase (MnSOD) and a trend 
towards increased levels of the antioxidant catalase (p = 0.06, 72.9%). These findings were accompanied by a 
19% increased mitochondrial respiratory capacity (CI + II), a 6.9% increased VO2peak and a 1.7% lower body fat 
percentage. These effects were achieved after just 15 min of high-intensity work and 40 min of total time spent 
per week. Overall, this suggests that a relatively small amount of HIT is sufficient to induce beneficial effects on 
ROS production and antioxidant status in muscle cells, which may lower oxidative stress and potentially protect 
against the development of cardiovascular disease.   

1. Introduction 

Obesity is one of the largest public health concerns worldwide, and a 
major risk factor for mortality and the development of many different 
complications and diseases [1]. Obesity is often associated with 
low-grade inflammation, which may play a role in the development of 
various degenerative diseases [2]. Low-grade inflammation can cause 
the release of pro-inflammatory cytokines, leading to activation of 
pathways involved in increasing the production of reactive oxygen 
species (ROS) causing a state of oxidative stress [2]. In recent years, 
oxidative stress has been recognized as a possible major factor in the 

development of several obesity-related diseases, such as cardiovascular 
diseases [3,4] and type 2 diabetes (T2D) [5,6]. Oxidative stress is the 
result of an accumulation of ROS that occurs when the production of 
ROS exceeds the capacity of the antioxidant defense systems [7]. 
Excessive ROS production leads to a disturbance in redox homeostasis, 
and can cause lipid peroxidation, protein oxidation, and ultimately 
apoptosis and tissue damage [8]. 

There are many sources of ROS, but the major cellular source of ROS 
production is mitochondrial respiration [9], and several sites of ROS 
production within the mitochondria have been identified [10]. Under 
normal physiological conditions only small amounts of ROS are 
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generated, and thus can be handled by the antioxidant defense system, 
consisting of a wide range of antioxidants that work together to 
neutralize ROS and prevent oxidative stress. Muscle cells express various 
antioxidants, where the main ones are the enzymatic superoxide dis-
mutase (SOD), catalase (CAT), glutathione peroxidase (GPX), and the 
non-enzymatic glutathione (GSH) [11]. 

Physical exercise exerts numerous beneficial effects on cardiovas-
cular and metabolic disease outcomes [12,13], many of which may be 
linked to decreased oxidative stress. Previous studies have shown a 
decrease in oxidative stress markers in the blood, after a period of 
moderate-intensity endurance exercise in both healthy [14] and obese 
[15] subjects. Long term endurance exercise may lower oxidative stress 
by decreasing the ROS generating capacity, and/or by increasing the 
antioxidant capacity, and it has previously been established that mod-
erate endurance exercise leads to an upregulation of antioxidant en-
zymes [16]. However, most studies examining the effect of endurance 
exercise on oxidative stress and antioxidants, have focused on endur-
ance exercise of moderate intensity, and thus the effect of high-intensity 
interval training (HIT) remains to be fully elucidated. Furthermore, most 
studies have examined the effect in healthy non-obese subjects, and 
therefore the effect in obese subjects who may have increased intra-
muscular levels of ROS needs further examination. Vezzoli et al. found 
that eight weeks of HIT increased total antioxidant capacity (TAC) and 
lowered markers of oxidative stress in middle-aged runners [17], to the 
same level as moderate intensity exercise, while Bogdanis et al. found 
that just three weeks of HIT attenuated oxidative stress and upregulated 
antioxidant activity in healthy young males [18]. In both studies, 
oxidative stress markers and antioxidant capacity were measured in 
plasma and erythrocytes, and does not elucidate the effects on antioxi-
dants in muscle cells. Gram et al. observed an increase in antioxidant 
enzymes in muscle cells after a combination of continuous endurance 
exercise of moderate intensity and HIT [19], and therefore the effects of 
HIT by itself remains elusive. Larsen et al. found that 15 days of HIT 
lowered H2O2 emission in mitochondria from the triceps brachii muscle 
of healthy non-obese subjects [20], suggesting that HIT may lead to 
beneficial adaptations that can attenuate ROS production in muscle 
cells. According to our knowledge, no studies have examined the effects 
of just HIT on H2O2 emission and antioxidants levels in muscle cells of 
obese subjects. 

The primary purpose of the present study was to investigate the ef-
fects of HIT training on ROS production in the mitochondria and on the 
antioxidant capacity, in muscle cells, by measuring H2O2 emission in 
muscle cell mitochondria in vitro, and protein content of selected anti-
oxidants in muscle cells, before and after a 6 week HIT intervention. Our 
main hypotheses were that six weeks of HIT would lead to an increase in 
intramuscular antioxidant enzymes, and a decrease in H2O2 emission. 

2. Methods 

2.1. Participants 

The study is based on participants from the METAPREDICT HIT trial 
conducted in 5 geographical regions. The current investigation is based 
on a subsample of 12 participants (6 males and 6 females) from the 
Copenhagen area (Table 1). The design of the study including ethics 
approval, participant characteristics, inclusion/exclusion criteria, 
testing procedures and training protocol is described in Ref. [21]. In 
short, all participants were classified as sedentary (<600 metabolic 
equivalents (METs) min week− 1) using a modified International Phys-
ical Activity Questionnaire (21), and had a fasting blood glucose level 
consistent with World Health Organization criteria for impaired glucose 
tolerance (IFG; >5.5, <7.0 mmol l− 1), and/or a BMI > 27 kg/m2. 
Participants were instructed to refrain from exercise for 3 days prior to 
their visit (baseline session 1) and from alcohol and caffeine for 1 day 
(fasting from ~09:00 p.m. and reporting to the laboratory 12 h later at 
~09:00 a.m.). Body composition was measured using a dual-energy 

X-ray absorptiometry (LUNAR iDXA, GE Medical Systems Lunar, Mad-
ison, WI, USA). This was followed by a skeletal muscle biopsy from m. 
vastus lateralis. The muscle biopsy was obtained after local anesthesia 
(2–3 ml lidocaine: 5 mg/ml) of the skin and the superficial fascia using 
the Bergström needle technique modified with suction. Finally, a 
VO2peak test was conducted using a cycle ergometer (Lode Corival, 
Groningen, The Netherlands) and a continuous ramp protocol. After a 
5-min warm-up at 50 W, the work rate was increased by 1 W every 4 s. 
Participants were instructed to cycle to volitional exhaustion. For the 
duration of the test, expired air was analyzed using an online gas 
analyzer (COSMED, Rome, Italy). The training protocol was supervised 
and consisted of three cycling sessions per week for 6 weeks. All sessions 
began with a 2-min warm-up at 50 W followed by five sets of 1 min 
high-intensity cycling (~125% of VO2peak) with 90 s recovery between 
sets (5-by-1 HIT). 

2.2. Blood analysis 

A blood sample was taken from a dorsal hand vein and was imme-
diately analyzed for glucose concentration (YSI 2300 STAT Plus glucose 
analyzer, Yellow Springs Inc., OH, USA) and distributed into lithium 
heparin spray-coated vacutainers (Becton Dickinson, NJ, USA) and 
centrifuged at 2000 g for 10 min at 4 ◦C to yield plasma. Plasma was 
stored at − 80 ◦C and shipped for centralized analysis of insulin levels by 
a “high-sensitivity” ELISA (K6219, Dako Sweden AB, Stockholm) ac-
cording to the manufacturer’s instruction. HbA1C was measured with 
the DCA Vantage Analyzer (Siemens Healthcare A/S, Ballerup, 
Denmark). 

2.3. Skeletal muscle analysis 

The muscle biopsy was divided into two portions. One part was used 
immediately for respiration and H2O2 emission (see description under-
neath), and the other part was snap frozen in liquid nitrogen within 
30–45 s after sampling and stored at − 80 ◦C for later analysis. 

2.4. Permeabilization of skeletal muscle fibers 

Individual fiber bundles from the muscle biopsy were dissected free 
from blood, fat and connective tissue and carefully separated using a 
pair of sharp forceps. Saponin (50 μg ml− 1) was then added to 3 ml of 
buffer X for 30 min with gentle agitation containing: EGTA (7.23 mmol  
l− 1); MgCl2 (6.56 mmol l− 1); K-MES (60 mmol l− 1); KCL (35 mmol  
l− 1); CaK2EGTA (2.77 mmol l− 1); Imidazole (20 mmol l− 1); DTT (0.5 
mmol l− 1); Taurine (20 mmol l− 1); ATP (5.7 mmol l− 1) and Phos-
phocreatine (15 mmol l− 1) at pH 7.1. Fibers were then transferred to ice 
cold respiration medium buffer Z and washed for 2 × 10 min with gentle 
agitation containing: EGTA (1 mmol l− 1); MgCl2 (5 mmol l− 1); K-MES 
(105 mmol l− 1); KCL (30 mmol l− 1); KH2PO4 (10 mmol l− 1) and al-
bumin (5 mg ml− 1) at pH 7.1. Before analysis the muscle fiber bundles 

Table 1 
The effect of six weeks of high intensity cycle training on body composition, 
glycaemic control and maximal oxygen uptake.   

PRE POST P 

N 12 12  
Age (years) 37.2 ± 2.4   
Weight (kg) 103.9 ± 4.7 102.0 ± 3.7 0.069 
BMI (kg/m2) 34.0 ± 1.4 33.6 ± 1.5 0.068 
Fat (%) 41.1 ± 2.5 39.4 ± 3.0 0.011 * 
Visceral fat (kg) 1.73 ± 1.1 1.56 ± 0.9 0.096 
HbA1c (%) 5.3 ± 0.1 5.2 ± 0.1 0.054 
Glucose (mM) 4.6 ± 0.3 4.4 ± 0.3 0.740 
Insulin (pM) 86.5 ± 27.8 79.2 ± 36.3 0.464 
LBM (kg) 58.9 ± 2.8 59.3 ± 2.6 0.146 
VO2peak (l/min) 2.9 ± 0.2 3.1 ± 0.2 0.019 * 

Data are presented as means ± SD, * P < 0.05 PRE vs. POST. 
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were blotted on filter paper and measured on a balance (Mettler Toledo, 
XS105) to be able to normalize the data to wet weight. This was done 
rapidly and in a standardized fashion to ensure that the hydration status 
of the biopsy samples was identical. 

2.5. Respirometry 

Mitochondrial respiration was measured in permeabilized skeletal 
muscle fibers (Oxygraph-2k; Oroboros, Innsbruck, Austria). All mea-
surements were done in duplicate at 37 ◦C in a hyperoxygenated 
chamber (450 nmol O2 ml− 1) with the addition of Blebbistatin (25 
μmol l− 1). The protocol consisted of pyruvate (5 mmol l− 1) + malate 
(2 mmol l− 1) followed by saturating concentration of ADP (5 mmol  
l− 1) and Mg (5 mmol l− 1). Next, succinate was added (10 mmol l− 1 

followed by cytochrome C (10 μmol l− 1) to control for outer mito-
chondrial membrane integrity. We saw no change in respiration after the 
addition of cytochrome C, indicating that the outer mitochondrial 
membrane maintained its integrity (data not shown). Respiratory ca-
pacity was normalized to muscle fiber wet weight and expressed as pmol 
O2 s− 1 mg ww− 1. 

2.6. H2O2 emission 

H2O2 emission in permeabilized skeletal muscle fibers was deter-
mined fluorometrically in 500 μl quartz cuvettes (Xenius XC, SAFAS, 
Monaco) in buffer Z under constant stirring. The measurements were 
done in duplicate at 37◦ using Amplex Red (50 μmol l− 1) at excitation 
wavelength 560 and emission wavelength 590. The cuvettes contained 
blebbistatin (25 μmol l− 1), horseradish peroxidase (HRP; 5 U ml− 1) 
and exogenous superoxide dismutase (SOD; 5KU ml− 1). The reaction 
was initiated by the addition of substrates and subtracted from the basal 
value (with reagents and muscle present). H2O2 emission was calculated 
from the slope (absorbance  min− 1) and made relative to fiber wet 
weight, and expressed as pmol min− 1 mg ww− 1. Emission rate was 
converted to H2O2 production by the use of a standard curve. Standard 
curves were performed for each protocol separately in the presence of 
substrates and a fiber bundle. The protocol consisted of was conducted 
in state 4 (oligomycin - 10 g ml− 1) with the addition of pyruvate (5 
mmol l− 1) + malate (2 mmol l− 1) followed by succinate titrations (0.5, 
0.75, 1, and 3 mmol l− 1). and finally myxothiazol (0.5 mmol l− 1). 
Protocol B was identical to A but did not contain oligomycin. A 
correction coefficient was applied to correct for the non-linear rela-
tionship between the emission intensity and the H2O2/resorufin con-
centration, a phenomenon which has earlier been described [22,23]. In 
the initial part of the curve the ratio between the delta change in the 
emission intensity and the added H2O2 is constant. The ratio in this part 
of the curve was defined and assumed to be the “true ratio”. The fold 
difference between the true ratio and the ratios at higher H2O2/resurofin 
concentrations was plotted against the corresponding emission in-
tensity. This relationship followed a 2. order polynomial fit and the 
resulting equation was used to calculate a correction factor to account 
for the nonlinear relationship between the H2O2/resurofin concentra-
tion and the emission intensity. Correction factors were calculated for 
each of the protocols separately in the presence of substrates and a fiber 
bundle (range: 0.92; 3.26). 

2.7. Western blots 

Protein content was measured by western blotting in muscle biopsies 
as described previously [19]. Briefly 4 mg of freeze dried and dissected 
skeletal muscle tissue was homogenized in ice cold PIPA buffer. The 
following antibodies were used: Catalase (AF3398; R&D Systems, Min-
neapolis, MN, USA; dilution 1:3000); MnSOD (06–984; Millipore, Bill-
erica, MA, USA; dilution 1:1000); SOD1 (#2770; Cell Signaling 
Technology, Beverly, MA, USA; dilution 1:2000) and glutathione 
peroxidase 1 (GPX1) (3286; Cell Signaling; dilution 1:500), followed by 

incubation with the secondary antibody, polyclonal anti-rabbit horse-
radish peroxidase and anti-goat horseradish peroxidase conjugated 
(Dako, Glostrup, Denmark). Quantification was done using the Quant Tl 
Software (GE Healthcare), where the intensity of the specific band was 
normalized the entire ultraviolet intensity of the corresponding sample, 
representing its total protein content on the membrane. The samples 
were loaded, so that pre and post sample from the same subject was 
loaded next to each other on the gel. 

2.8. Statistical analysis 

A mixed model was performed with intervention (before and after 
training) and protocol titration steps as systematic effects and subjects as 
random effects. The results are SAS generated estimates. Due to insuf-
ficient amounts of tissue some data was missing in the H2O2 and respi-
rometry measurements. Therefore, full datasets with both pre and post 
values were present in only 8 subjects, and the values reported in the 
figures are from 8 subjects, as stated in the figure legends. Missing values 
were considered missing at random using the Satterthwaite approxi-
mation. The H2O2 measurements were log transformed as they were not 
normally distributed and had unequal variance and were therefore log 
transformed. The values presented in the results section are the actual 
values (not transformed) but the P-values are based on analysis of the log 
transformed data. Pearson correlation analyses were performed for 
changes in protein content and H2O2 emission. Statistical analyses were 
conducted in SAS Enterprise Guide 4.3 (SAS Institutes, Cary, NC, USA). 
Data are presented as mean ± SD in tables and mean ± 95% confidence 
intervals in figures. The level of significance was set at P < 0.05. 

3. Results 

3.1. Subject characteristics 

The training program increased VO2peak significantly by 6.9% 
(Table 1). Furthermore, body fat percentage decreased 1.7% units and 
HbA1c as well as visceral fat was borderline lower after the intervention 
(Table 1). 

3.2. H2O2 emission 

The H2O2 emission in skeletal muscle decreased drastically as a result 
of the training intervention such that the trained muscle H2O2 emission 
decreased 60.4% after the intervention (Succinate 3 mmol l− 1), relative 
to the untrained muscle (P < 0.0001, main effect). Effects of similar 
magnitude was present across the succinate titration steps (Fig. 1). An 
identical protocol including oligomycin to inhibit the ATP synthase 
showed similar decreases of H2O2 emission in trained relative to un-
trained muscle (see Supplementary Fig. 1). 

3.3. Respirometry 

Mitochondrial respiratory capacity increased robustly after the 
training intervention (P = 0.001, main effect). Maximal ADP-stimulated 
respiration (state 3 respiration) with pyruvate and malate (complex I 
linked respiration) increased 18.3% after the training intervention, and 
19.3% with pyruvate, malate and succinate (complex I + II linked 
respiration), respectively (Fig. 2). 

3.4. Protein content of different antioxidants 

The protein content of MnSOD increased 35.1% as a result of the 
training intervention (P = 0.0003), and catalase tended to be higher 
after the training intervention (P = 0.0628, 72.9%). Neither GPX1 nor 
CuZnSOD changed significantly as a result of the training intervention 
(Fig. 3). The changes in catalase content were correlated with the 
changes in H2O2 emission on the 0.75 mmol l− 1 (R2 = 0.86, P = 0.02) 
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and 1 mmol l− 1 (R2 = 0.87, P = 0.02) succinate titration steps, but due 
to missing values we only had full matching datasets on both catalase 
and H2O2 emission in five subjects. 

4. Discussion 

The main findings in the present study were that H2O2 emission in 
the mitochondria of muscle cells decreased after a six-week period of 
HIT training, along with an increase in protein content of the antioxidant 
enzyme MnSOD, indicating that six weeks of HIT training is sufficient to 
decrease ROS production and increase antioxidant capacity. 

The decrease in H2O2 emission observed in this study could be a 
result of a decreased ROS generating capacity of mitochondria in the 
muscle cell, or a result of increased ROS scavenging capacity. Thus, it 
has previously been shown that endurance exercise induces an increase 
in the antioxidant capacity of skeletal muscle [24–27]. However, no 

studies have so far evaluated if HIT training is sufficient to induce in-
creases in the antioxidant capacity in skeletal muscle. In this study it was 
evaluated by western blotting of the antioxidants MnSOD, catalase, 
GPX1 and CuZnSOD. We observed higher protein levels of MnSOD along 
with a tendency towards higher levels of catalase, which is in agreement 
with other studies that have also found increased muscular levels of SOD 
and catalase after a period of endurance training, in both animals [28, 
29] and humans [19,25,30–32]. We observed no change in GPX1 which 
was also the case in most other studies [19,25,30,31], except Brinkmann 
et al. who observed increased GPX1 content in muscle after 3 months of 
endurance or resistance exercise in patients with T2D and healthy 
overweight controls [32]. In the present study ROS production was 
measured as H2O2 emission and therefore an increase in MnSOD content 
could lead to an increase in H2O2, since the antioxidant function of 
MnSOD is to dismutate superoxide into H2O2 and O2 [33]. An increase in 
catalase content would decrease H2O2 levels as catalase converts H2O2 

Fig. 1. H2O2 emission in muscle cells before (dark columns, n = 8) and after (grey columns, n = 8) six weeks of high intensity cycle training. H2O2 emission is 
depicted as emission rates (pmol min− 1 mg ww− 1) after different succinate (Succ) titrations resulting in final concentrations of 0.5, 0.75, 1 and 3 mmol l− 1, 
respectively. Data is presented as means ± 95% confidence intervals. *P < 0.0001 (main effect). 

Fig. 2. Mitochondrial respiratory capacity of muscle cells before (dark col-
umns, n = 8) and after (grey columns, n = 8) six weeks of high intensity cycling, 
measured as O2 flux rates (pmol s− 1 mg ww− 1). State 2 represents respiratory 
capacity after the addition of pyruvate and malate, but with no ADP added and 
thus no oxidative phosphorylation. CI represents maximal respiratory capacity 
linked to complex I, after the addition of complex I linked substrates (pyruvate 
and malate) and ADP. CI + II represents maximal respiratory capacity linked to 
both complex I and II, after the addition of complex I (pyruvate and malate) and 
complex II (succinate) linked substrates. Data is presented as means ± 95% 
confidence intervals. *P = 0.001 (main effect). 

Fig. 3. Protein contents (arbitrary units) and Western blot images of the anti-
oxidant enzymes manganese superoxide dismutase (MnSOD), catalase, Cu–Zn 
superoxide dismutase (CuZnSOD), and glutathione peroxidase 1 (GPX1), before 
(dark columns, n = 8) and after (grey columns, n = 8) six weeks of high in-
tensity cycling. Images are representative images of pre and post blots of each 
antioxidant enzyme. Data is presented as mean related to the mean of the pre- 
values ± 95% confidence intervals. *P = 0.0003. #P = 0.0628. 
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into H2O and O2 [34]. As H2O2 levels were reduced after HIT, this could 
indicate that catalase content did in fact increase, though we only 
observed a tendency. In support of this, we also found a strong corre-
lation between the changes in catalase content and H2O2 emission, but 
due to the small sample size this remains speculative. However, it has 
recently been shown that exercise induces transcription factors that lead 
to an upregulation of antioxidant enzymes [35], and the large increase 
in oxidative stress and hypoxia that occurs during exercise of high in-
tensity leads to an acute regulation of catalase [35], which supports the 
idea that this type of exercise may indeed result in increased catalase 
content. The reduced H2O2 emission after HIT could also indicate a 
decreased ROS generating capacity in the mitochondria and not only 
increased antioxidant capacity. A decreased ROS generation along with 
an increase in antioxidant capacity would help reduce levels of oxidative 
stress, which could limit progressive vascular complications related to 
the development of T2D [36]. However, in the current study, we 
assessed changes in muscle cells and not the vasculature, and therefore 
this is speculative. Although we did not measure markers of oxidative 
stress, such as lipid peroxidation or protein carbonylation, our findings 
imply that a short period of HIT can lower oxidative stress in muscle 
cells. Increased oxidative stress has been linked to obesity [37], and we 
did observe a significant decrease in body fat percentage, along with a 
tendency towards a reduction in both bodyweight and visceral fat. High 
amounts of body fat, and especially visceral fat, seems to be associated 
with systemic oxidative stress [38], and therefore it could be speculated 
that a reduction in body fat percentage and visceral fat would also 
contribute to a reduction in ROS production. However, we did not assess 
systemic ROS production and antioxidant capacity, and thus a possible 
link between bodyfat and visceral fat and intramuscular oxidative status 
is only speculative. 

Mitochondrial respiration was increased after the intervention, 
which is consistent with what is found in some [39–42], but not all [43], 
studies including healthy subjects and applying HIT as an intervention. 
Endurance exercise of moderate intensity has previously been demon-
strated to increase mitochondrial respiration in patients with T2D [44]. 
Now we expand on this data to show that HIT can exert similar bene-
ficial effects on mitochondrial function in obese subjects in risk of 
developing T2D. Many articles have suggested a link between mito-
chondrial function and insulin sensitivity [45], though this standpoint 
has been questioned over the years [46]. We recently did a study in 
which we found substantial improvements in insulin sensitivity 
following gastric bypass surgery, but no changes in mitochondrial res-
piratory capacity or content (evaluated by citrate synthase activity) 
[47]. Although we did not measure insulin sensitivity in the present 
study, we observed a tendency towards a lower HbA1c after the inter-
vention, which could indicate a positive effect of HIT on insulin sensi-
tivity paralleled with an improved mitochondrial function. However, as 
our subjects did not have HbA1c values in the range of patients with 
T2D, and since HbA1c is not a direct measurement of insulin sensitivity, 
this remains speculative. 

Another important aspect of our findings is that the positive effects of 
HIT occurred after a relatively small amount of exercise time. The 
subjects completed 3 sessions per week, mounting to 18 sessions in total, 
but the actual time of high intensity effort was just 15 min per week, 
with a total of 40 min of time commitment towards exercise per week. 
Most endurance programs of moderate intensity that have proven to 
enhance antioxidant status have used protocols requiring significantly 
more exercise time, and thus our findings indicate that the beneficial 
effects on antioxidant status can be achieved using a more time-efficient 
model of higher intensity. We also observed a significant increase in 
maximal oxygen uptake, which is often observed after a period of 
endurance exercise [48], which further supports that this type of exer-
cise can lead to general cardiorespiratory and health benefits. 

4.1. Limitations 

A few limitations must be taken into account when interpreting the 
data of the current study. The study contained a relatively small sample 
size, and insufficient amount of tissue led to even smaller sample sizes in 
the Western blot analysis and respirometry and H2O2 emission mea-
surements. This increases the probability of a type 2 error, which could 
potentially explain the lack of change in other antioxidant enzymes, 
such as catalase which was borderline increased. It is also important to 
note that the measured H2O2 emission does not reflect cellular ROS 
production in an in-vivo situation, as it is measured at supra physio-
logical O2 levels and only H2O2 is measured and not other types of ROS 
that may also occur in the tissue. Thus, it is more a measurement of H2O2 
production capacity, and only under these methodological and physio-
logical circumstances. Also, there was no inhibition of mitochondrial 
GSH or TRDX systems, and therefore emission rates may be 
underestimated. 

In summary, we found that six weeks of HIT resulted in decreased 
H2O2 emission in mitochondria and increased antioxidant protein levels 
in skeletal muscle of obese patients at risk of developing T2D. This study 
is the first to measure the effects of HIT on H2O2 emission and antioxi-
dant levels in muscle cells. The lower H2O2 emission levels and higher 
antioxidant levels were accompanied by an increase in mitochondrial 
respiratory capacity, along with a higher VO2peak and lower body fat 
percentage. 
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