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a b s t r a c t
This study investigated the changes in oxidative stress biomarkers and antioxidant status indices caused
by a 3-week high-intensity interval training (HIT) regimen. Eight physically active males performed three
HIT sessions/week over 3 weeks. Each session included four to six 30-s bouts of high-intensity cycling
separated by 4 min of recovery. Before training, acute exercise elevated protein carbonyls (PC), thiobarbituric acid reactive substances (TBARS), glutathione peroxidase (GPX) activity, total antioxidant capacity
(TAC) and creatine kinase (CK), which peaked 24 h post-exercise (252 ± 30%, 135 ± 17%, 10 ± 2%, 85 ± 14%
and 36 ± 13%, above baseline, respectively; p < 0.01), while catalase activity (CAT) peaked 30 min postexercise (56 ± 18% above baseline; p < 0.01). Training attenuated the exercise-induced increase in oxidative stress markers (PC by 13.3 ± 3.7%; TBARS by 7.2 ± 2.7%, p < 0.01) and CK activity, despite the fact that
total work done was 10.9 ± 3.6% greater in the post- compared with the pre-training exercise test. Training also induced a marked elevation of antioxidant status indices (TAC by 38.4 ± 7.2%; CAT by
26.2 ± 10.1%; GPX by 3.0 ± 0.6%, p < 0.01). Short-term HIT attenuates oxidative stress and up-regulates
antioxidant activity after only nine training sessions totaling 22 min of high intensity exercise, further
supporting its positive effect not only on physical conditioning but also on health promotion.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Low-volume, high-intensity interval training (HIT) has recently
gained popularity as an effective method of improving anaerobic as
well as aerobic ﬁtness (Burgomaster et al., 2005, 2006) in only a
few sessions. This type of training has not only been used in
healthy trained individuals, but also in patient populations with
metabolic disorders such as obesity and type II diabetes (Gibala
et al., 2012). The effectiveness of this type of training stems from
a combination of high anaerobic demand, mainly in the ﬁrst bouts
and an increasingly high aerobic contribution as the high intensity
bouts are repeated (Bogdanis et al., 1996; Parolin et al., 1999). As a
result, adaptations include rapid increases in muscle oxidative
capacity, as reﬂected by key mitochondrial enzymes, glucose transAbbreviations: ANOVA, analysis of variance; CAT, catalase; CK, creatine kinase;
GPX, glutathione peroxidase; HIT, high intensity training; PC, protein carbonyls;
TAC, total antioxidant capacity; TBARS, thiobarbituric acid reactive substances.
⇑ Corresponding author. Address: Department of Physical Education and Sports
Sciences, 41 Ethnikis Antistasis Str, Daphne, 17237, Athens, Greece. Tel.: +30 210
7276115.
E-mail addresses: gbogdanis@phed.uoa.gr, gregbogdanis@gmail.com (G.C. Bogdanis).
0278-6915/$ - see front matter Ó 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.fct.2013.05.046

porters, and muscle membrane lactate transporters (Burgomaster
et al., 2007). The key factor for the success of this exercise model
is the combination of high intensity, corresponding to >200% of
the power output eliciting maximal oxygen uptake and resulting
in large changes in ATP:ADP/AMP ratio and the activation of 50 adenosine monophosphate-activated protein kinase (AMPK) and
peroxisome-proliferator activated receptor c coactivator (PGC)1a (Gibala et al., 2009, 2012).
The large increase in metabolism during this type of exercise
may cause increased production of reactive oxygen and reactive
nitrogen species (RONS) that may not be counteracted by antioxidant defense systems, causing oxidative stress (Powers et al.,
2011a,b; Powers and Jackson, 2008). The sources of RONS production during or after HIT may be both the high oxygen consumption,
as well as the high anaerobic metabolism inducing RONS production from xanthine and NADPH oxidase, ischemic reperfusion conditions, altered calcium homeostasis and induced muscle damage
(Bloomer and Goldfarb, 2004; Hellsten, 1994; Nikolaidis et al.,
2007, 2008; Powers et al., 2011a,b). Although HIT is becoming a
popular training modality for athletes as well as for the general
population, there is very little and conﬂicting information regarding oxidative stress after an acute session (Bloomer et al., 2006;
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Deminice et al., 2010; Farney et al., 2012) or short-term training
(Fisher et al., 2011; Hellsten et al., 1996). Bloomer et al. (2006)
found that there was no increase in protein carbonyls (PC) and
malondialdehyde (MDA), a lipid peroxidation marker, after six
10 s sprints with 3 min recovery in anaerobically trained men.
However, Shing et al. (2007) found signiﬁcant increases in MDA
when trained cyclists performed nine bouts lasting 30 s each at
150% of power output eliciting maximal oxygen consumption
(VO2max). The only study that examined oxidative stress and antioxidant enzyme activity [glutathione peroxidase (GPX), superoxide
dismutase (SOD) and catalase (CAT) activities] using the most popular protocol of HIT (i.e. repeated 30 s sprints) has followed individuals for only three sessions over one week period (Fisher
et al., 2011). Antioxidant enzyme activity, measured in lymphocytes, was increased immediately after each exercise session, but
returned to resting levels after 3–24 h post exercise, showing no
signiﬁcant training effect over the three sessions. However, oxidative stress measured indirectly in plasma as thiobarbituric acid
reactive substances (TBARS) was attenuated after the third exercise
session (Fisher et al., 2011). Therefore, the purpose of the present
study was to investigate the acute (one session of four 30 s high
intensity bouts) and the long-term changes in oxidative stress biomarkers and antioxidant status indices caused by a 3-week HIT
regimen.
2. Material and methods
2.1. Participants
Eight healthy young male volunteers (age: 24.3 ± 1.4 y, body mass:
77.9 ± 2.9 kg, height: 179 ± 1 cm, body fat: 9.7 ± 1.3%) participated in this study.
Participants, although non-athletes, were physically active. Prior to data collection,
a medical questionnaire was completed by the participants to exclude individuals
taking medications or having recent musculoskeletal injuries. Written informed
consent was obtained from each participant, after a thorough explanation of the
testing and training protocol, the possible risks involved and the right to terminate
participation at will. The study was approved by the local Institutional Review
Board and all procedures were in accordance with the Helsinki declaration of
1975, as revised in 1996.
2.2. Experimental design and procedures
Initially, participants were familiarized with cycle ergometer sprinting by completing two separate sessions, including short (6–10 s) and longer (30 s) sprints.
During the second familiarization session, anthropometric measurements were also
performed (body mass, height) and body fat was estimated from skinfold thickness
measurements (Jackson and Pollock, 1978). In the third preliminary visit, a baseline
maximal 30 s all-out sprint was performed on a modiﬁed friction-loaded cycle
ergometer (Monark, model 864), against a resistance equivalent to 0.075 kg/kg
body mass. The angular velocity of the ﬂywheel was detected using a photocell
and the signal was sampled at 200 Hz using a Biopac data acquisition system (Biopac Systems Inc.). The highest power output generated over 1 s was deﬁned as peak
power output (PPO), while mean power output (MPO) over the 30 s sprint was also
recorded. A standardized warm-up preceded each testing and training session, consisting of 5 min cycling at a pedal rate of 60 rpm, 30 s at 100 rpm and 30 s at
120 rpm, against a resistance of 1 kg. A restraining harness, passed around the
waist, was used to stabilize the participant on the saddle and limit the exercise
to the lower limbs. The two side straps of the belt were ﬁxed to a metal rail, bolted
on the ﬂoor behind the bicycle frame. Toe clips were used and the feet were also
strapped to the pedal using strong tape. The saddle height and harness setting for
each subject were noted and used for all trials.
2.2.1. Exercise testing and training
Participants performed nine HIT sessions spread over three weeks with 48–72 h
between sessions. The ﬁrst training session was performed three days after the
baseline 30 s sprint test. Each session included four to six 30 s bouts of high intensity cycling. Venous blood samples were obtained at rest as well as 0.5, 24 and 48 h
following the ﬁrst and last training session, that included four 30 s sprints, interspersed with 4 min of recovery (Fig. 1).
Each 30 s bout of cycling was performed at a constant pace of 100 rpm separated by 4 min of recovery. Participants were instructed to reach a pedal rate of
100 rpm against the ergometer’s inertial resistance and then the individually adjusted load was applied. In all training sessions, except the last (post-training),
the resistive load was adjusted, so that the MPO generated in the baseline 30 s

sprint by each participant was replicated at this constant pace. The number of
sprints performed in each training sessions increased from four to six over the ﬁrst
six sessions, according to the principle of progressive training overload and then decreased to four in the last three training sessions with the aim to avoid overtraining
(Fig. 1). An increase in the number of sprints from 4 to 7 over the ﬁrst ﬁve training
sessions is typically used in most short term high-intensity training studies (e.g.
Burgomaster et al., 2005, 2006). In the ﬁnal session (post-test), participants completed four 30 s bouts, as in the ﬁrst session, but the load was re-adjusted according
to their post-training MPO recorded during a post-training 30 s sprint, performed
two days after the eighth session (Fig. 1).
In all training and testing sessions, participants were verbally encouraged to
maintain the predetermined pedaling rate throughout each 30 s bout. A metronome
was used to assist them in maintaining the steady cycling rate. During the 4-min
recovery period between sprints, participants remained seated on the ergometer
and either rested or cycled at a low cadence (50 rpm) against a light resistance
(50 W) to reduce venous pooling in the lower extremities and the feelings of
light-headedness or nausea. Participants were instructed to perform active recovery
for the middle 3 min of the 4 min recovery period. However, during the rest intervals between the last two or three sprints in the 5 and 6 sprints sessions, most participants were unwilling to perform active recovery and preferred to rest. We have
allowed this passive recovery between the last sprints in these sessions to avoid undue pressure to the participants and to encourage them to complete the session.
MPO during each 30 s bout was recorded as previously described.

2.3. Diet analysis
In order to standardize diet and antioxidant status, 2-day diet recalls were completed before each trial. Investigators monitored dietary consumption before the
ﬁrst testing session and participants replicated the same dietary plan for the two
days before the last training session. A trained qualiﬁed dietician instructed participants how to complete diet recall questionnaires and quantify food serving sizes.
Diet recalls were analyzed using the Science Fit Diet 200A (Science Technologies,
Athens, Greece).

2.4. Blood sampling and analysis
Each participant reported to the laboratory between 8:00 and 9:00 a.m. after an
overnight fast on two occasions for blood sampling and exercise testing (Fig. 1). Participants abstained from alcohol and caffeine consumption for at least 24 h, and did
not perform any exercise for the last 72 h before testing. Venous blood samples
(10 mL) were drawn after 20 min of rest at a seated position and the same procedure was repeated after the 4  30 s high intensity cycling test (Fig. 1). Blood was
collected via venipuncture from an arm vein with a disposable 20-gauge needle
using a Vacutainer tube holder (Becton–Dickinson, Franklin Lakes, NJ, USA). Blood
was collected in tubes with SST-Gel/clot activator for serum separation (allowed
to clot at room temperature and then centrifuged at 1500 g and 4 °C for 15 min)
for subsequent measurement of creatine kinase activity (CK), protein carbonyls
(PC), thiobarbituric acid reactive substances (TBARS), total antioxidant capacity
(TAC) and catalase (CAT). Whole blood (1 mL, stored at at 20 °C) was utilized for
the measurement of glutathione peroxidase activity (GPX). Plasma CK activity
was determined spectrophotometrically using a test kit at a stable temperature of
37 °C (Hitachi 917 analyzer, Roche Diagnostics GmbH, Mannheim, Germany).
Measurement of PC was performed as previously described (Margonis et al.,
2007). Brieﬂy, 20% TCA (50 lL) was added to serum samples (50 lL) and the resulting solution was incubated (in ice bath, 15 min) and centrifuged (15,000 g, 5 min, at
4 °C). The supernatant produced was discarded, and 2,4-dinitrophenylhydrazine in
HCl (2.5 N) was added in the pellet (500 lL of 10 mM for the sample, or 500 lL of
2.5 N HCl for the blank). Samples were then incubated for 1 h in the dark at room
temperature, vortexed intermittently (every 15 min) and centrifuged (15,000 g,
5 min, 4 °C). The supernatant was discarded again, TCA was added (1 mL, 10%) in
the pellet, vortexed, and centrifuged (15,000 g, 5 min, 4 °C). The resulting supernatant was discarded, 1 mL of ethanol–ethyl acetate (1:1 v/v) was added and samples
were vortexed and centrifuged (15,000 g, 5 min, 4 °C). This step was repeated two
more times. The ﬁnal supernatant was discarded, and urea (1 mL of 5 M solution
at pH 2.3) was added, and samples were vortexed and incubated (37 °C, 15 min).
Samples were ﬁnally centrifuged (15,000 g, 3 min, 4 °C) and their absorbance was
read at 375 nm. A control sample was used that was mixed only with HCl while
the rest of the samples were mixed with DNPH (freshly prepared in 2.5 N HCl).
The carbonyl content (in nmol mg1 of protein) of the resulting supernatant was
calculated by measuring its absorbance at 375 nm against the absorbance reading
of the control supernatant, using an extinction coefﬁcient 22 mM1 cm1.
Measurement of TBARS was performed as described previously (Margonis et al.,
2007). Brieﬂy, 100 lL of serum was mixed with TCA (500 lL, 35%) and Tris–HCl
(500 lL, 200 mM at pH 7.4) and the ﬁnal solution was incubated (10 min at room
temperature). Samples were then mixed with Na2SO4 (1 mL, 2 M) and thiobarbituric acid solution (55 mM) and the ﬁnal solution was incubated (95 °C, 45 min).
Thereafter, samples were cooled on ice (5 min) and vortexed after adding TCA
(1 mL, 70%). The samples were then centrifuged (15,000 g, 3 min), and the absorbance of the resulting supernatant was read at 530 nm. A blank was run with each
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Fig. 1. Schematic representation of the study protocol. Training sessions are depicted as open bars and the numbers inside bars indicate the number of 30 s sprints performed
during each session. Venous blood samples were taken during the ﬁrst and last training sessions at the following time points: at rest and 0.5, 24 and 48 h after the fourth 30 s
sprint. Dark bars indicate performance of a 30 s maximal sprint test, where the power output used in training and testing sessions was determined.

sample so that a baseline shift in absorbance was estimated. A standard curve was
then created by using a malondialdehyde standard at concentrations of 0, 1.25, 2.5,
5, and 10 lM.
Measurement of TAC was performed as described previously (Margonis et al.,
2007). In brief, serum (20 lL) was added to sodium potassium phosphate (480 lL,
10 mM, pH 7.4) and 2,2-diphenyl-1-picrylhydrazyl (DPPH; 500 lL, 0.1 mM) free
radical and the ﬁnal solution was incubated in the dark (30 min at room temperature). Then, samples were centrifuged at 20,000 g for 3 min and the absorbance of
the supernatant was read at 520 nm. TAC was estimated as mM of DPPH reduced to
1,1-diphenyl-2-picrylhydrazine (DPPH:H) by the antioxidants contained in the
samples. Catalase activity was determined as described previously (Margonis
et al., 2007). Sodium–potassium phosphate (2975 ll, 67 mM, pH 7.4) was added
in serum samples (20 lL) and the mixture was incubated (37 °C, 10 min). Samples
were then mixed with H2O2 (5 lL, 30%) and the change in absorbance was immediately read at 240 nm for 1.5 min. GPX activity was measured spectophotometricaly,
at 37 °C as previously described (Margonis et al., 2007) with a commercial kit (Ransel RS 505, Randox, Crumlin, UK).
2.5. Statistical analyses
All statistical analyses were performed using the STATISTICA v.8.0 software
(StatSoft Inc., Tulsa, OK, USA). Data are presented as means and standard error of
the mean. A two-way repeated measures ANOVA (training x time) was used to
examine the effects of training and sampling time for PC, TBARS, GPX, TAC and
CK. Tukey’s post–hoc tests were performed when a signiﬁcant main effect or interaction was obtained (p < 0.05) to locate differences between means. Effect size for
main effects and interaction was estimated by calculating partial eta squared (g2)
values using the STATISTICA v.8.0 software. Effect sizes were classiﬁed as small
(0.2), medium (0.5) and large (0.8). Statistical signiﬁcance was accepted at p < 0.05.

3. Results

to resting values at 48 h (Fig. 2). In contrast, after the post training
4  30 s test, the exercise induced increase in CK activity was abolished and thus CK activity at 24 h was signiﬁcantly lower compared with the corresponding pre-training value (Fig. 2).
3.3. Indices of oxidative stress
The 2-way ANOVA revealed signiﬁcant main effects for training
(pre vs. post; p = 0.016, g2 = 0.53, ‘‘medium’’) and sampling time
(p < 0.001, g2 = 0.88, ‘‘large’’) protein carbonils (PC). Also there
was a training by sampling time interaction (p = 0.025, g2 = 0.32,
‘‘medium’’). Before training, PC peaked at 24 h (252 ± 30% increase
above baseline) and remained elevated (31 ± 16% above baseline)
for 48 h (Fig. 3). Training resulted in an overall 13.3 ± 3.7% attenuation of the post-exercise PC elevation, and a 15.5 ± 5.2% decrease
of the peak value (p < 0.01). PC concentration returned to baseline
after 48 h only in the post-training test (Fig. 3).
There were signiﬁcant main effects for training (pre vs. post;
p = 0.034, g2 = 0.45, ‘‘medium’’) and sampling time (p < 0.001,
g2 = 0.90, ‘‘large’’) for thiobarbituric acid reactive substances
(TBARS). The training by sampling time interaction was not statistically signiﬁcant (p = 0.13, g2 = 0.21, ‘‘small’’). TBARS peaked at
24 h after exercise (135 ± 17% increase above baseline) and remained elevated (54 ± 13% above baseline) for 48 h (Fig. 3). TBARS
concentration was reduced post-training by an overall value of
7.2 ± 2.7%, (p < 0.01) and a 9.0 ± 2.8% decrease of the peak value.

3.1. Power output
280

Pre-training

260
240

†
**

Post-training

24h

48h

220
200

CK (U/l)

Participants performed a total of 44 high intensity 30 s cycling
bouts, adding up to 22 min of pure exercise time over the 3-week
training period. The pure exercise time in each session was between 2 and 3 min, while training session duration including the
4 min recovery intervals between bouts was between 14 and
23 min, adding up to 162 min over the 3-week training period.
Mean power output was increased in all four 30 s bouts posttraining compared with pre-training (main effect training:
p = 0.015; g2 = 0.59, ‘‘medium’’). This is translated into a
10.9 ± 3.6% increase in total work done during the four 30 s bouts
from 60.8 ± 2.5 to 67.1 ± 2.4 kJ.

180
160
140
120
100
80
60

3.2. Creatine kinase activity (CK)

40
Rest

A training by sampling time interaction (p = 0.004, g2 = 0.45,
‘‘medium’’), with no main effects, was found for serum CK activity.
Post-hoc comparisons showed that CK activity was elevated by
36 ± 13% (p < 0.01) 24 h after the pre-training test and returned

Post

Fig. 2. Creatine kinase (CK) activity at rest and 30 min (Post), 24 h and 48 h after a
4  30 s high intensity cycling test performed before (pre-) and after (post-)
training (n = 8). p < 0.01 from the corresponding post-training value. p < 0.01
from the corresponding resting value.
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Fig. 3. Oxidative stress markers at rest and 30 min (Post), 24 h and 48 h after a 4  30 s high intensity cycling test performed before (pre-) and after (post-) training (n = 8).
Left panel: Protein carbonyl (PC) concentration; Right panel: Thiobarbituric acid reactive substances (TBARS) concentration.  and p < 0.05 and p < 0.01 from the
corresponding pre-training value. p < 0.01 from the corresponding resting value.

3.4. Antioxidant status
Glutathione peroxidase (GPX) activity analysis showed signiﬁcant main effects for training (pre vs. post; p < 0.001, g2 = 0.80,
‘‘large’’) and sampling time (p < 0.001, g2 = 0.77, ‘‘large’’), but not
a training by sampling time interaction (p = 0.096, g2 = 0.22,
‘‘small’’). GPX activity was not increased 30 min post-exercise
compared to rest, but peaked at 24 h (10.2 ± 1.7% above baseline)
and remained elevated (4.8 ± 1.3%% above baseline) for 48 h
(Fig. 4A). Training resulted in an overall 3.0 ± 0.6% (p < 0.01) increase of the post-exercise GPX elevation, and a 4.9 ± 1.0% increase
of the peak value (Fig. 4A)
The 2-way ANOVA for Catalase (CAT) activity showed signiﬁcant main effects for training (pre vs. post; p = 0.033, g2 = 0.45,
‘‘medium’’) and sampling time (p < 0.001, g2 = 0.62, ‘‘medium’’),
but not a training by sampling time interaction (p = 0.42,
g2 = 0.11, ‘‘small’’). CAT activity peaked 30 min post-exercise
(55.7 ± 17.7% above baseline), remained 21.4 ± 8.3% above baseline
at 24 h and returned to resting values at 48 h post exercise
(Fig. 4B). As a result of training, the overall post-exercise CAT responses were enhanced by 26.2 ± 10.1% (p < 0.01) compared to
pre-training (Fig. 4B).
Signiﬁcant main effects for training (pre vs. post; p < 0.001,
g2 = 0.88, ‘‘large’’) and sampling time (p < 0.001, g2 = 0.63, ‘‘medium’’), as well as a training by sampling time interaction
(p < 0.001, g2 = 0.47, ‘‘medium’’) were found for total antioxidant
capacity (TAC). Before training, TAC peaked at 24 h (85 ± 14% increase above baseline) and remained elevated (62 ± 17% above
baseline) for 48 h (Fig. 4C). Training resulted in an increase in
TAC at all sampling points by an average of 26.2 ± 10.1%, including
a large elevation of the resting TAC by 84 ± 9% compared with the
pre-training values (Fig. 4C).

4. Discussion
The present study was designed to investigate both the acute
(single session) and the longer-term (training) responses to a popular and highly effective HIT program. Currently, there is limited
information regarding oxidative stress responses following one
session of this type of training. One main ﬁnding was that a single
session of HIT, comprising four 30 s bouts, with a pure exercise
time of only 2 min and a total duration of 16 min (including the
three 4-min recovery periods), induces a large (1.5–2.5-fold) increase of oxidative stress markers of lipid peroxidation (TBARS)
and protein carbonylation (PC), as well as a concomitant elevation
of antioxidant defence mechanism, that peak 24 h post-exercise.

The other main ﬁnding of the present investigation was that a 3week HIT resulted in a reduction of oxidative stress markers and
a marked elevation of antioxidant status indices, despite the fact
that total work done was greater in the post- compared with the
pre-training exercise test. These results are in accordance with
and add to the ﬁndings of Fisher et al. (2011), who has followed
individuals for only three training sessions over one week period
and did not measure oxidative stress 24 h post exercise, which is
the time point that we observed the peak concentration of TBARS
and PC.
Acute exercise-induced elevation of oxidative stress may be explained by several mechanisms. The rise of oxidative stress markers immediately post-exercise may be attributed either to the prooxidant activity of protons that are accumulated in intra- and extra-muscular compartments during high intensity exercise (Siesjo
et al., 1985; Bogdanis et al., 1996) or to catecholamine autooxidation, since catecholamines are markedly elevated during this type
of exercise (Zouhal et al., 1998). Although less likely, aerobic
metabolism during recovery between sprints may indirectly contribute to ROS production by down-regulating cytochrome oxidase,
thereby increasing coenzyme Q utilization as an electron acceptor
that forms semiquinones which are well-known pro-oxidants as
they reduce oxygen to superoxide radicals (Loschen et al., 1974;
Hellsten et al., 1996).
However, one of the major factors of elevated oxidative stress
immediately post-exercise is the up-regulation of the xanthine oxidase system due to an instant and stringent deoxygenation in active muscles during sprinting as the one occurring during cuffinduced ischaemia that is followed by a reoxygenation due to
reperfusion (Nioka et al., 1998). Anaerobic exercise elevates purine
catabolism which is associated with a vast increase of circulating
hypoxanthine and uric acid (Starling et al., 1996). In fact, hypoxanthine concentration in plasma peaks approximately 20 min following anaerobic exercise (Hellsten-Westing et al., 1989) which is in
agreement with the increased oxidative stress markers shortly
after exercise. A rise in lipid peroxidation, as evidenced by the increased TBARS, results in a loss of plasma memberane’s ﬂuidity
which ultimately increases its permeability that drives the efﬂux
of cytosolic proteins such as CK (Sjodin et al., 1990). This explains
the CK rise following the pre-training exercise test and absence of
CK rise in the circulation following the post-training exercise test
probably due to a lower elevation of lipid peroxidation. An up-regulation of lipid peroxidation and protein oxidation has been previously demonstrated, 6–48 h following sprint-type exercise
(Marzatico et al., 1997; Radák et al., 1998).
Another reason for the delayed rise of oxidative stress markers
observed in this study may be the ROS generated by mechanism of
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p < 0.01 from the corresponding post-training value. p < 0.01 from the corresponding resting value.

NADPH oxidase located on the membrane of leukocytes recruited
during the initial phase of the inﬂammatory response associated
with exercise-induced muscle damage, as evidenced by the rise
in CK, at least pre-training (Jaeschke, 1995; Nikolaidis et al.,
2008). The rise of PC and TBARS was less pronounced and faster
than has been usually observed in other exercise models (i.e.
football, plyometrics etc.) with a stronger eccentric component
(Chatzinikolaou et al., 2010; Fatouros et al., 2010; Ispirlidis et al.,
2008). Protein oxidation responses may be related to elevated oxidation of albumin and other serum proteins (Miyamoto et al.,
2003).
The marked increase of uric acid observed previously (Baker
et al., 2004; Chatzinikolaou et al., 2010; Starling et al., 1996), in
some cases for 24–48 h, after this type of exercise, explains the
TAC elevation during recovery since uric acid has been estimated
to account for one third of TAC concentration (Whitehead et al.,
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1992). Erythrocyte antioxidant system has been shown to be altered following supramaximal-type exercise which explains the
elevated GPX activity probably due to a profound decline of reduced glutathione (GSH) in erythrocytes (acts as a cofactor of
GPX and is consumed to scavenge ROS or re-synthesize a-tocopherol and ascorbic acid) during post-exercise recovery (Groussard
et al., 2003). As shown in Figs. 3 and 4, peak CAT activity was observed immediately after exercise and before the peak of the oxidative stress markers PC and TBARS. This is commonly observed after
a single bout of both aerobic and anaerobic exercise (Inal et al.,
2001; Michailidis et al., 2007) and may be attributed to a rapid
mobilization of tissue antioxidant stores in the circulation, possibly
due to a leakage of CAT from muscle ﬁbers or erythrocytes into the
circulation, since CAT is an intracellular enzyme (Michailidis et al.,
2007).
The main ﬁnding of the present investigation was that a 3-week
HIT resulted in a reduction of oxidative stress markers (by 7–13%)
and a marked elevation of antioxidant status indices (by 3–38%),
despite the fact that total work done was 10.9 ± 3.6% greater in
the post- compared with the pre-training exercise test. Most
importantly, these adaptations were achieved in only nine exercise
sessions with 22 min of pure exercise time and a total of 162 min
time commitment in the whole 3-week period. These adaptations
of the pro-oxidant and anti-oxidant balance with short-term HIT
may be considered as an additional beneﬁcial response to this type
of exercise, adding up to the effectiveness of this model for healthy
and patient populations. Previous studies using endurance exercise
have shown that a several fold greater exercise time is required to
achieve similar adaptations in oxidative stress and antioxidant status (Fatouros et al., 2004). For example, in the study of Miyazaki
et al. (2001) a 12-week training program, with running for
60 min per day at 80% of maximal heart rate, 5 days per week
was used to attain similar responses to the present study. Training
time in that study adds up to 3600 min compared with 162 min in
the present study, stressing the efﬁciency of HIT. Therefore, the
present study suggests that the a large part of the favorable adaptations of pro- and antioxidant mechanisms seen in well trained
individuals (Conti et al., 2012; Farney et al., 2012) may be achieved
relatively quickly by a time-efﬁcient training method such as HIT.
A potential limitation of the present study is the lack of a true control group. A non-exercise group would have strengthened even
further this compelling data.
Currently, there is limited information on the effects of HIT on
the development of oxidative stress in humans. A human study
showed that only three consecutive anaerobic training sessions
elicited a signiﬁcant decrease of oxidative stress markers with a
concomitant increase of antioxidant status suggesting that this
type of training induces rapid adaptations (Shing et al., 2007). Another human study showed that seven weeks of training resulted
in substantial rise of skeletal muscle antioxidant enzymes (Hellsten et al., 1996). These results were similar to those reported by
Atalay et al. (1996) who submitted rats to sprint training for six
weeks and demonstrated a marked up-regulation of the antioxidant defence system in heart muscle and fast and mixed ﬁber skeletal muscles known to be recruited during sprinting. Anaerobictype exercise utilizes the antioxidant system in order to counteract
increased ROS production by mechanisms mentioned before (Sen
et al., 1994). Therefore, it appears that chronic exposure to augmented ROS production induces a chronic up-regulation of the
antioxidant system, also seen in this study. In fact, sprint training
of animals elicited a marked increase in total muscle GSH as well
as in GPX (Atalay et al., 1996). Antioxidant enzyme up-regulation
in muscle may be related to the level of oxygen consumption by
the speciﬁc tissue (Jenkins et al., 1984) since a relationship between antioxidant enzyme activity and succinate dehydrogenase
activity as well as with ﬁber type composition in muscle has been
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reported (Laughlin et al., 1990). However, this cannot be veriﬁed in
this study since muscle oxidative capacity was not determined, but
data from similar investigations support this notion (Burgomaster
et al., 2005, 2008; Gibala et al., 2012).
Oxidative stress is generally considered harmful to the cell, by
damaging cell proteins, DNA and lipids. Indeed, reactive oxygen
species (ROS) have been implicated in disuse muscle atrophy (Pellegrino et al., 2011). However, there is growing evidence that intracellular ROS production constitutes an important signal for skeletal
muscle remodeling (Powers et al., 2011a,b). This is because ROS are
involved in the regulation of cell signaling pathways that increase
muscle oxidative capacity (Jackson, 2009) and promote antioxidant
capacity, possibly through redox control of two ROS sensitive signaling molecules: (a) the nuclear factor jB (NF-jB) that is involved
in the expression of genes involved in inﬂammation, stress responses and apoptosis, and (b) the key regulator of mitochondrial
biogenesis, i.e. peroxisome proliferator activated receptor c coactivator 1 a (PGC)-1a (Powers et al., 2011a,b). The fact that adaptations on both muscle oxidative capacity and antioxidant defense
occur in such a short time frame compared with the traditional
endurance training programs make this type of exercise attractive
for both healthy and patient populations, such as COPD patients
(Rodriguez et al., 2012)
An important feature of high intensity cycle ergometer exercise
is that it causes little or no muscle damage. This may be a characteristic of this type of exercise that includes only concentric muscle
contractions, while the absence of muscle damage is indicated by
the small (pre-training) or no changes (post-training) in CK, which
is an indirect muscle damage marker. In practical terms, this
means that cycling may be used as a training modality that causes
all the adaptations of HIT, but avoids muscle damage and its consequences. It is well known that eccentric exercise and muscle
damage are typically related to greater oxidative stress. For example, following a soccer match that involves both high and low
intensity aerobic exercise, as well as anaerobic activities with high
intensity eccentric contractions (e.g. sprints, jumps, changes of
direction), there is considerable muscle damage and oxidative
stress for up to 72 h post exercise (Ascensao et al., 2008; Fatouros
et al., 2010). The fact that cycling causes minimal or no muscle
damage may be used as a criterion to choose cycling vs. treadmill
running, for HIT of healthy and patient populations who wish to
avoid the combined effects of inﬂammation, oxidative stress and
muscle damage.
One of the possible negative consequences of HIT may be physical overtraining, which is characterized by declining performance
and transient inﬂammation. Previous studies have shown that ATP
and total adenine nucleotide content may decline by about 20% following repeated sprint training for 6–7 weeks (Burgomaster et al.,
2008; Stathis et al., 1994). Although the lower total adenine nucleotide pool is no sign of overtraining, it reﬂects a high metabolic
stress and it may indicate that the frequency of HIT sessions should
be determined with caution. Overtraining is accompanied by sustained leucocytosis, increased oxidative stress markers such as
PC, TBARS and isoprostanes and a decline in reduced glutathione
and total antioxidant capacity (Margonis et al., 2007). However,
in the present study oxidative stress was reduced and antioxidant
status was improved, suggesting that this HIT scheme is not causing any signs of overtraining, possibly due to its low exercise volume. A lack of lymphocytopenia and immune suppression
following HIT has also been reported by Fisher et al. (2011), suggesting that a HIT protocol similar to the one used in the present
study, may be an ideal mode of training for improving health, with
less immunosuppression compared with traditional endurance
training.
In summary, the results of the present study showed one session of HIT causes a large increase in oxidative stress markers

and also an increase in antioxidant status that last for 24–48 h after
exercise. Furthermore, short-term HIT attenuates oxidative stress
and up-regulates antioxidant activity after only nine training sessions totaling 22 min of high intensity exercise, further supporting
its effectiveness for not only in improving muscle oxidative capacity and performance but also in attenuating exercise induced oxidative stress.
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