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Abstract

The purpose of the present study was to evaluate the association between oxidative

stress and overtraining syndrome. Indicators of oxidative stress (plasma protein

carbonyls, nitrotyrosine and malondialdehyde and antioxidant status (oxygen radical

absorbance capacity [ORAC]) were measured in severely overtrained (two women,

five men) and control athletes (five women, five men). Samples were collected from

both groups at baseline (i.e. in the overtraining state of overtrained athletes) and after

six months of recovery, both at rest and immediately after an exercise test to

volitional exhaustion. At baseline, overtrained athletes had higher plasma protein

carbonyls at rest than controls (mean difference 0.03 nmol∙mg-1, 95% CI 0.01-0.05

nmol∙mg-1, P=0.003, ES=0.40). At baseline and following recovery exercise to

exhaustion leads to an increase in ORAC and malondialdehyde (P=0.001-0.006) in

the controls but not in the overtrained athletes. Furthermore, at baseline, only

overtrained athletes showed negative correlations between ORAC at rest and protein

carbonyls after exhaustive exercise (r=-0.98, P=0.0001). These results suggest that

increased oxidative stress has a role in the pathophysiology of overtraining

syndrome. The attenuated responses of oxidative stress and antioxidant capacity to

exercise in the overtrained state could be related to an inability to perform exercise

effectively and impaired adaptation to exercise.
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Introduction

Repeated bouts of training coupled with sufficient recovery promotes adaptive

responses that lead to improvements in performance. However, prolonged heavy

training with incomplete recovery results in limited substrate availability, impaired

protein synthesis and maladaptation (Radak et al., 2007). These conditions could lead

to fatigue and overtraining syndrome (Steinacker et al., 2004; Meeusen et al., 2006a).

The syndrome is characterized by an unanticipated reduction in performance, despite

increased or maintained training challenges.

Several factors and symptoms have been linked to overtraining syndrome. However,

there are no specific markers of impending overtraining and the exact

pathophysiological chain of the syndrome is not known. Nonetheless, current

theories on the role of cytokines, amino acids, muscle glycogen depletion,

dysfunction of the hypothalamus and autonomic imbalance have been linked to the

pathophysiology of overtraining syndrome (Meeusen et al., 2006b). Impaired

antioxidant capacity and increased oxidative stress, where the production of reactive

oxygen species overwhelms antioxidant defences, could be associated with chronic

fatigue syndrome (Smirnova & Pall, 2003), and might also be related to overtraining

syndrome (Tiidus, 1998; Finaud et al., 2006). Animal (Ogonovszky et al., 2005;

Zoppi & Macedo, 2008) and human based studies have provided evidence that a

progressively increased training volume can produce symptoms of overtraining

(Vollaard et al., 2006; Margonis et al., 2007). Overload training can lead to an

impaired antioxidant defence and a lack of anticipated adaptations to training (Smith,

2000), as well as a distortion of the redox balance (Finaud et al., 2006). Furthermore,
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overload training can induce inflammation, which is also related to oxidative stress.

Extreme increases in training volume can lead to a substantial rise in inflammation

and apoptosis markers (Fatouros et al., 2006). However, there is still no strong

evidence to support any of these theories, so precise mechanisms responsible for

overtraining syndrome remain unknown (Meeusen et al., 2006a).

The aim of the present study was to evaluate the association between oxidative stress

and disrupted redox control, and overtraining syndrome. Oxidative stress markers

and antioxidant capacity were studied in athletes diagnosed with severe overtraining

syndrome and in control athletes before and after a six-month recovery period, both

at rest and immediately after an exercise test to volitional exhaustion. It was

hypothesised that overtrained athletes would exhibit increased oxidative stress and

impaired antioxidant capacity compared with trained controls at baseline, and that an

offset of this imbalance would occur after a six-month recovery period.

Methods

Participants

The participants for the present study were athletes who already had overtraining

symptoms, as it is unacceptable to develop a study in which athletes are deliberately

trained to develop overtraining syndrome. These athletes were recruited via a

newspaper advertisement  that covered the whole of Finland (Uusitalo et al., 2006).

Seven overtrained (OT, two women and five men; six endurance athletes and one ice

hockey player) and ten control athletes (five women and five men; nine endurance
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athletes and one sprinter) with no smoking history participated in the present study.

Table 1 presents the baseline characteristics of the OT and control athletes. The OT

athletes were heavier than the controls (P=0.037); otherwise the groups were similar

in terms of their physical characteristics. The diagnostic criteria of overtraining

syndrome were that the athlete: 1) had suffered from an unexplained decrement in

physical performance and fatigue even after a recovery time of at least 3 weeks,

which was verified by carefully interviewing the athletes and their coaches; 2) had

been certified to be otherwise healthy based on a clinical examination, and several

laboratory and physiological measurements performed at the Department of Clinical

Physiology and Nuclear Medicine, Kuopio University Hospital, Finland (Uusitalo et

al., 2004); 3) had a training history consistent with the indications of overtraining,

i.e., the athletes had progressively increased their training volume and intensity for

up to 6 months before overtraining symptoms appeared, and had continued training

after this point without sufficient recovery time. Training logbooks of the previous

months were examined to reveal the athletes’ training histories. An additional

criterion for overtraining syndrome was a slow recovery (not recovered after three

weeks of rest or light training) of performance to normal, as well as a slow recovery

of the symptoms related to overtraining.

All athletes recruited to the study fulfilled the criteria set for overtraining syndrome.

In addition, the recovery for most of these athletes lasted more than 12 months,

which is indicative of severe overtraining syndrome. Athletes participating in this

study were part of a larger group of twelve OT athletes (6 males and 6 females). Our

group has recently reported that these OT athletes were moderately depressed

(Uusitalo et al., 2006), and presented with higher perceived stress than the controls
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(Hynynen et al., 2006). Moreover, these athletes had attenuated cardiac autonomic

modulation during orthostatic tests and cognitive tasks (Hynynen et al., 2008) . In

overtrained athletes, maximal oxygen uptake (VO2max) has been shown to decrease

(Uusitalo  et  al.,  1998b).  However,  in  the  present  study  VO2max  results  for  OT

athletes in healthy condition were not available. The tests were performed after the

diagnosis of overtraining syndrome, and previous tests performed in the same

laboratory for the comparison were not in use. In addition, comparisons between

control and OT athletes had to be made with caution (Table 1 and Table 2), because

of differences in sports events and the sex of participants between the groups, which

might influence the results of maximal exercise tests.  The study and control groups

were similar (Table 1) concerning aerobic capacity, which is known to have an

impact on markers of oxidative stress and antioxidant status (Jenkins et al., 1984;

Rush & Sandiford, 2003). All athletes were fully informed of the experimental

protocol and the measurements, and provided written consent to participate in the

study. The study protocol was approved by the ethics committee of Kuopio

University Hospital, Kuopio, Finland.

Experimental design

Measurements were performed at baseline, i.e. at the time where OT athletes were

suffering from severe overtraining syndrome, and after a six-month recovery period.

Recovery for the OT group consisted of relative rest and an alternative form of

exercise (involving a sport discipline that was different to the athlete’s own

competitive sport discipline) depending on the athlete’s overall well-being. Training

was  initially  limited  to  a  maximum of  20  min  of  walking,  three  times  a  week.  The
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volume of activity increased based on the athletes’ own perceived abilities, gradually

incorporating different activities (stretching, gymnastics, light speed or gym

training). Blood samples were collected from an antecubital vein before and

immediately after a cardiopulmonary exercise test to volitional exhaustion. The test

consisted of a continuous, incremental cycle-ergometer (Ergoline Ergo-metrics 900,

West-Germany) step test starting at 20 W, and increasing by 20 W every minute until

exhaustion. To define maximal aerobic capacity (VO2max), pulmonary gas exchange

values were measured on-line using a Sensor Medix Vmax 29 (USA) breath-by-

breath system, and mean values were calculated every 30 seconds for statistical

analysis. The analyzer was calibrated with known volumes and gas concentrations

before every test and verified immediately after. Heart rate was recorded on-line

(using a Marquette Hellige Cardiosoft, Germany), and rating of perceived exertion

(RPE) was assessed at the end of each stage. Standard physiological criteria were

used  to  determine  maximal  effort  (ASCM,  2001).  Exercise  time  to  exhaustion

(EXtime; min: sec), maximal power output (Pmax; W) and maximal heart rate

(HRmax; bpm) were all determined based on the volitional-exhaustion test.

Technical error for Pmax and HRmax were 1-2 % based on manufacturers’ manuals.

Repeatability of Pmax and HRmax in an exercise test to volitional exhaustion among

athletes has reported to be 4% and 5%, respectively (Bingisser et al., 1997).

The athletes were admitted to the laboratory at 8 a.m., two hours after a light

breakfast. Before the measurements started, the OT athletes were interviewed and

examined to ensure that they still fulfilled the overtraining syndrome criteria. The

athletes used a self-reported scale to evaluate their positive and negative mood states

during the previous two weeks. The four-point scale included six positive and nine
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negative items, and the means of both items were calculated. The reliability of the

mood scale has been previously established (Uusitalo et al., 1998a): The Cronbach

alpha coefficient for positive items is 0.82 and for negative items 0.83.  The athletes

were instructed not to drink coffee, tea, chocolate or cola drinks on the morning of

the measurements or the previous evening, and also not to drink alcohol within 48

hours of the measurements. They were also instructed to abstain from strenuous

activity the day before testing. Data were collected over a three-year period because

of the rare nature of severe overtraining syndrome. The women were measured at

various stages of the menstrual cycle. Three of the control athletes and one OT

athlete were users of oral contraceptives. At baseline, one OT athlete using oral

contraceptives was measured at the end of the follicular phase, and one non-user in

the middle of the menstrual cycle. Among the controls, two oral contraceptive users

were measured at the beginning of the follicular phase, one non-user in the middle of

the menstrual cycle and two in the luteal phase, one of whom was a user and one a

non-user.

Biochemical analysis

Blood samples were collected into lithium-heparin tubes and centrifuged

immediately after collection at 1200 g and + 4 ºC for 15 minutes to separate the

plasma.  Plasma  samples  were  stored  in  multiple  portions  at  -80°C until analysis.

Samples were thawed only once for the measurements of oxidative stress and

antioxidant markers. Exercise-induced relative changes in plasma were calculated

using the equation: (after – before)/before *100, and expressed as %∆. Protein

carbonyls, markers of protein oxidative damage, were measured using an ELISA
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method as previously described (Oksala et al., 2007). Oxygen radical absorbance

capacity (ORAC) was used for the measurement of antioxidant capacity, which was

performed using a multi-well plate reader according to methods described previously

(Kinnunen et al., 2005). Nitrotyrosine concentrations were determined with the

ELISA method using a commercial kit (HyCult biotechnology b.v; Netherlands).

Total malondialdehyde in plasma was measured according to the method of Gerard-

Monnier et  al.  (Goldfarb et  al.,  2005).  As estimates of plasma volume change after

exercise  (Dill  &  Costill,  1974)  were  small  and  similar  for  both  groups,  it  was  not

deemed necessary to correct any plasma variables for changes in plasma volume. The

intra-assay coefficients of variation for protein carbonyls, ORAC, nitrotyrosine and

malondialdehyde assays were 5.9%, 8.1%, 10.0% and 6.2%, respectively, and inter-

assay coefficients of variation were 9.2%, 11.3%, 12.7 and 10.6%, respectively.

Protein carbonyls and ORAC measurements were performed in triplicate.

Statistical analysis

Statistical  analysis  was  performed  using  SPSS  statistical  software  (SPSS,  Inc.,

Chicago, IL, USA; version 12.0.1). The Shapiro-Wilks-test was used to test for

normal distribution of variables. Normality assumptions for malondialdehyde and

nitrotyrosine results could not be met, and data were log transformed before

statistical analysis. An independent t-test was used to compare stature and mood

states in each group at baseline. Nitrotyrosine results were not normalized after log

transforming, so the nonparametric Kruskal-Wallis test was used to compare the

differences between groups, and Friedman and Wilcoxon’s pairwise tests were used

to compare values in the groups. For the other variables a mixed-design factorial
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ANOVA  [group  (control  vs.  OT  athletes)  x  exercise  (before  vs.  after)  x  time

(baseline vs. 6-month recovery)], with least significant difference (LSD) as the post

hoc test, was used to identify differences between and within the groups. In addition,

the effect of group, exercise and time and their interaction were calculated. Cohen’s

effect sizes (partial eta squared = ES) (Cohen, 1988) and 95% confidence intervals

(CI) were also determined to estimate the meaningfulness of the changes/differences

in means. Cohen (1988) classes an ES of 0.10 as a small effect, 0.25 a moderate

effect, and 0.40 a large effect was used. If 95% confidence interval included zero, it

was concluded that there was no significant effect, except for non-normally

distributed nitrotyrosine. Pearson’s correlation coefficients for normally distributed

variables, and Spearman correlation coefficients for non-normally distributed

variables, were computed to determine the relationship between oxidative stress

markers and ORAC at baseline in the OT and control groups. During the follow-up,

one female OT athlete discontinued the study and her data were excluded from

analysis at the six-month time point. All values are reported as mean ± standard

deviation. Statistical significance was set to a p-value of 0.05.

Results

During the experimental follow up, at the halfyear time point, one participant

dropped out and the other OT athletes showed no signs of full recovery. Three of

these athletes were not able to train regularly because of slow recovery from training

and the presence of muscle and general fatigue, contributing to a detraining effect.

Three athletes were able to train regularly with cautious planning, but their training
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volume had not returned to normal and they required more time for recovery from a

training session than usual.

At baseline, the mean score of negative mood states was higher in OT than in

controls (mean difference 0.7, 95% CI 0.1 to 1.3, P=0.009, ES=0.45), indicating

severe overtraining syndrome in the OT athletes (Uusitalo et al., 1998b). Positive

mood states did not differ between groups (mean difference -0.5, 95% CI -1.0 to 0.1,

P=0.10,  ES=0.20).  The  RPE  was  20  at  the  end  of  exercise  test  to  volitional

exhaustion, both at baseline and after a six-month recovery period in both groups,

and there were no differences in RPE at either time point between or within groups

(Table 2). There was a group x time interaction for EXtime (P=0.021). After six-

months of recovery, EXtime decreased in OT by -6.8±7.9% (95% CI -15.0 to 1.4%,

P=0.019 ES=0.33) and Pmax by -5.8±5.5% (95% CI -0.1 to -11.6%, P=0.028,

ES=0.30).  There were no other differences in EXtime, Pmax or HRmax at  baseline

or after the six-month recovery period between or within groups (Table 2). Body

mass did not change after the six-month recovery period in either group.

***Table 1 near here***

***Table 2 near here***

Oxidative stress markers

Resting protein carbonyls were higher in OT than in controls at baseline (mean

difference 0.03 nmol∙mg-1, 95% CI 0.01 to 0.05 nmol∙mg-1, P=0.003, ES=0.40)

(Figure 1). Compared with the resting values, exercise to exhaustion caused an
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increase in protein carbonyls at baseline in controls (mean change 10.6±14.9%, 95%

CI 0.1 to 21.3%, P=0.017, ES=0.33), but not in OT (mean change -1.0±5.6%, 95%

CI -6.2 to 4.2%, P=0.772, ES=0.00). After six months, exercise did not increase

protein carbonyls in either group (controls mean change 7.5±15.6%, 95% CI -3.7 to

18.7%, P=0.123, ES=0.16; OT mean change 6.1±14.8%, 95% CI -9.4 to 21.7%,

P=0.370, ES=0.06). There was a main effect of exercise (P=0.0001) and group x

exercise interaction (P=0.024) for malondialdehyde. In the controls at baseline,

exercise caused an increase in malondialdehyde (mean change 27.5±23.8%, 95% CI

16.7 to 64.9%, P=0.001, ES=0.56) and nitrotyrosine (mean change 10.3±18.1%, 95%

CI -2.7 to 23.2%, P=0.022 [nonparametric test]), but after six months only

malondialdehyde increased significantly (mean change 40.8±33.6%, 95% CI 16.7 to

64.9%, P=0.0001, ES=0.64). In OT at baseline, exercise lead to an increase in

nitrotyrosine (mean change 4.4±4.9%, 95% CI -0.2 to 8.9 %, P=0.046

[nonparametric test]), but not in malondialdehyde (mean change 13.6±15.2%, 95%

CI -0.4 to 27.6%, P=0.085, ES=0.24). After the six month recovery, no exercise

related changes were seen in either of these parameters in OT (Table 3). In contrast,

OT had higher nitrotyrosine levels at the end of exercise after six months than at

baseline (mean difference 14.0±18.1%, 95% CI -4.9 to 32.9%, P=0.046

[nonparametric test]) (Table 3).

***Figure 1 near here***

***Figure 2 near here***
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Antioxidant capacity

There was a main effect of exercise (P=0.006) and group x exercise interaction

(P=0.037) also for ORAC. ORAC increased with exercise in the controls, both at

baseline (mean change 13.3±11.1%, 95% CI 5.4 to 21.3%, P=0.008, ES=0.40) and

after six months (mean change 19.1±19.1%, 95% CI 5.4 to 32.7%, P=0.003,

ES=0.47), but not in OT (baseline mean change 5.7±15.9%, 95% CI -9.0 to 20.5%,

P=0.323, ES=0.05; 6-month mean change 1.8±11.3%, 95% CI -10.0 to 13.7%,

P=0.928, ES=0.00)(Figure 2). At baseline, only OT exhibited strong negative

correlations (r=-0.98, P=0.0001) between ORAC before and protein carbonyls after

exercise; a lower ORAC before exercise was associated with higher protein

carbonyls at the end of exercise (Table 4).

***Table 3 near here***

***Table 4 near here***

Discussion

To our knowledge, there are no previous reports that have investigated oxidative

stress in athletes with overtraining syndrome, with the exception of a small number

of studies where participants were trained intensively without any clinical diagnosis

or symptoms of overtraining (Vollaard et al., 2006; Margonis et al., 2007). In the

present study, overtraining status was associated with an increase in resting oxidative

stress detected as higher protein carbonyl levels in OT athletes than controls.
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Furthermore, this study revealed that responses to acute exercise-induced stress were

diminished in OT athletes.

The results demonstrating increased oxidative stress in overtraining state, even in

resting conditions, are in agreement with a study by Margonis et al. (Margonis et al.,

2007), where resting protein carbonyl levels increased following intense training, and

peaked with progressively increased training volume. Although regular exercise

training improves resistance to oxidative stress, decompensation and a lack of

adaptation during overtraining may have the opposite effect. In accordance with the

results of this study, Smirnova and Pall (2003) reported increased resting protein

carbonyl levels in patients with chronic fatigue syndrome, which supports the

hypothesis that increased oxidative stress is associated with overtraining syndrome.

Differences between the OT and control groups in resting protein carbonyl levels

may be attributed to phagocytic cell invasion of damaged muscle, which generates a

substantial amount of reactive oxygen species, and is accompanied by underlying

inflammation and soreness (Tiidus, 1998).

Unlike the changes in protein carbonyls (as a marker of protein oxidation),

malondialdehyde (an indicator of lipid peroxidation) did not differ between groups at

rest. Different mechanisms or factors may thus have influenced oxidative damage to

lipids and proteins (Sen et al., 1997). Moreover, protein oxidation has been suggested

to be of greater importance in cell toxicity than lipid peroxidation (Sandy et al.,

1988). Although increased formation of nitrotyrosine is a marker of oxidative protein

modification, there was no difference between groups in this study, which may be

due to the wide variation of nitrotyrosine levels in the controls. In contrast to the
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protein carbonyl results, there was a trend for higher nitrotyrosine values at rest in

controls than OT. Nitric oxide production may influence nitrotyrosine levels and

increased nitrotyrosine content alone. Accordingly, nitrotyrosine may not be a

sufficiently sensitive marker to assess training or acute exercise-induced changes in

oxidative stress (Rush et al., 2003). Although the number of OT athletes did not

differ from that in previous overtraining studies (Barron, 1985; Urhausen et al., 1998;

Meeusen et al., 2004), the low number of participants probably accounts for the lack

of statistical power and is a limitation in our study. The low number increases the

likelihood of a type 2 error, and thus possible differences were not detected between

control and OT athletes in resting malondialdehyde and nitrotyrosine levels.

Because of the difficulties associated with obtaining OT athletes, men and women

athletes were recruited for this study. Furthermore, for practical reasons, female

athletes were in different phases of the menstrual cycle at the time of data collection.

There is evidence in the literature that estrogens have antioxidant properties (Joo et

al., 2004; Vina et al., 2006), suggesting an influence of sex and menstrual-cycle

status on oxidative stress and antioxidant capacity. Conversely, Chung et al. (1999)

demonstrated that exercise-induced oxidative stress was independent of menstrual

cycle. At baseline in the present study, three female controls were measured at the

phase of the menstrual cycle where oestrogen levels are low, and thus oxidative

stress could be high and antioxidant capacity weak. In spite of this, OT athletes

exhibited increased oxidative stress at rest compared with controls. Excluding

women from the study would have further decreased the power in the analysis.

Comparisons of men OT athletes with men controls, revealed that the OT group still
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exhibited higher oxidative stress at rest than controls. Resting protein carbonyl levels

and malondialdehyde was higher in OT (P<0.05) than in controls.

Some exercise-induced oxidative stress is a physiological response, since at

physiological concentrations, reactive oxygen species serve as messengers and

regulate cellular adaptations (Pattwell & Jackson, 2004). In the present study,

responses to acute exercise-induced stress were diminished in OT; protein carbonyls

and malondialdehyde did not increase as a result of exercise, and antioxidant

protection could not react (ORAC was not induced). In contrast, malondialdehyde

and ORAC responded to exercise in the controls, as observed in previous human

studies (Schmidt et al., 2002; Fatouros et al., 2004). However, the OT athletes felt

that their performance was restricted because of muscle fatigue, which may be

associated with overtraining (Smith, 2000). Acute aerobic exercise to exhaustion

resulted in a 16-fold increase in VO2max above resting levels in OT, and RPE values

in the tests were maximal in both groups, indicating overall maximal effort. Despite

these indicators, the effort and exercise challenge might not have been strenuous

enough to induce oxidative stress in these high-standard OT athletes.

In the present study, low antioxidant capacity at rest was associated with high

exercise-induced protein oxidation and increased oxidative stress in OT, indicating

poorer protection against exercise-induced protein oxidation. However, causality

cannot be established here. Schmidt et al. (2002) reported that physically active male

participants with low ORAC had increased oxidative stress markers after a 24-day

training period. Alessio et al. (2000) reported increased ORAC after exhaustive

exercise in healthy recreational athletes. Similarly, in this study there were increases
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in ORAC and protein carbonyl levels in response to acute exercise only in healthy

control  athletes  and  not  in  OT.  Although  ORAC  values  for  the  OT  group  prior  to

diagnosis of overtraining are not available, overtraining may have impaired total

antioxidant capacity in OT (Margonis et al., 2007). This attenuated resting

antioxidant capacity combined with lower exercise-induced oxidative stress in OT

athletes may explain an abolished activation of antioxidant capacity in OT during

exercise. An alternative explanation for impaired antioxidant responses to acute

exercise-induced stress is that overtraining is a maladaptation state (Ogonovszky et

al., 2005; Radak et al., 2007) and an organism’s ability to cope with different tasks

seems to be weakened (Barron, 1985; Urhausen et al., 1998; Meeusen et al., 2004;

Hynynen et al., 2006, , 2008). However, a recovery period did not reverse this type

of response, which could be a consequence of detraining (Fatouros et al., 2004).

Training during the six-month recovery period was evaluated by interviews and

training diaries. During that time, OT participants were not able to train in their usual

manner (i.e. before overtraining syndrome) because of severe fatigue and symptoms

of overtraining. After the six-month period, Pmax and EXtime decreased and HRmax

tended to decrease in OT compared to baseline values. These results could be a

consequence of detraining rather than progressive overreach training, where a short-

term disturbance of homeostasis occurs so that further training adaptations can be

attained (Hynynen et al., 2008). In addition, the higher nitrotyrosine levels at the end

of exercise in OT after six-months compared with baseline can be explained by the

detraining effect (Fatouros et al., 2004). In the only previous study where

nitrotyrosine levels have been tracked during training and detraining in humans,

training elicited a reduction in nitrotyrosine concentration after acute maximal
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exercise but not at rest (Fatouros et al., 2004). In that study, nitrotyrosine levels

returned to pre-training levels after four months of detraining, and changes in

nitrotyrosine after exercise seemed to be more sensitive to training and detraining

effects than resting nitrotyrosine levels (Fatouros et al., 2004). The mechanism

underlying the present findings that after six months of recovery, changes in

nitrotyrosine occur only after exercise and not at rest, is still not fully understood.

In conclusion, antioxidant protection against exercise-induced acute stress was

impaired and resting oxidative stress increased in OT athletes. In this study, protein

carbonyls, malondialdehyde and nitrotyrosine concentrations were used as oxidative

stress markers, among which protein carbonyls seem to be a promising diagnostic

tool for early detection of overtraining. Our results suggest that increased oxidative

stress plays a role in the pathophysiology of overtraining syndrome. Thus,

monitoring physiological responses to acute exercise, including oxidative stress and

antioxidant measures, could be useful additional tools to determine the need for

adequate recovery in athletes. Further investigation of the pathophysiology of

overtraining is still warranted to find better ways to detect overtraining syndrome in

athletes.
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Figure Legends

FIGURE 1. Protein oxidation measured as protein carbonyl levels before and

immediately after an exercise test to volitional exhaustion at baseline and after the 6-

month recovery period in overtrained and control athletes. ## Difference between

controls and overtrained athletes (P=0.003). * Significant increase due to exercise

(P=0.017).

FIGURE 2. ORAC before and immediately after an exercise test to volitional

exhaustion at baseline and after the 6-month recovery period in overtrained and

control athletes.

** Significant increase due to exercise (P<0.01). There was a significant main effect

of exercise (P=0.006) and group x exercise interaction (P=0.037).
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TABLE 1. Baseline characteristics of controls (n=10) and overtrained athletes

(n=7).

Controls Overtrained

Mean ± SD Range Mean ± SD Range

Age (yr) 27±6 20-39 26±8 16-39

Body mass (kg) 65±7 51-78 72±10 # 56-86

Stature (cm) 171±7 155-178 176±9 162-190

BMI (kg·m-2) 22.1±1.6  20.5-25.2 22.8±1.6 20.6-24.7

Training (yr) 8±5 3-17 9±5 2-14

VO2max (l·min-1) 3.7±0.7 2.9-4.6 3.8±0.8 2.6-5.1

VO2max (ml·kg-1·min-1) 57±8 44-69 53±8 45-64

Values are means ± SD.  Difference between controls and overtrained: # P=0.037
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TABLE 2. Cycle-ergometer test results at baseline and after six months of recovery in controls

and overtrained athletes. Pmax: maximal power output during exercise; EXtime: time to

exhaustion; HRmax: maximum heart rate

Controls Overtrained

Baseline 6-month Baseline 6-month

Pmax (W) 288 ± 63 288 ± 65 323 ± 66 303 ± 56#

EXtime (min:sec)a 14:42 ± 3:10 14:57 ± 3:02 16:25 ± 3:14 15:25 ± 3:53¤

HRmax (bpm) 192 ± 6 192 ± 8 190 ± 11 185 ± 15

RPE 19.8 ± 0.4 19.8 ± 0.3 20.0 ± 0.0 20.0 ± 0.0

Values are means ± SD. Different from baseline; # P=0.019, ¤ P=0.028. a Interaction, group x

time, P=0.021.
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TABLE 3. Plasma nitrotyrosine and malondialdehyde at baseline and after the 6-month recovery

before and immediately after an exercise test to volitional exhaustion in controls and overtrained

athletes.

Controls Overtrained

Baseline 6-month Baseline 6-month

Before After Before After Before After Before After

Nitrotyrosine

(µmol) 1729 1842* 1664 1775 799 823# 789 911 ¤

± SD 1665 1718 1657 1666 1105 1112 978 1186

Malondialdehyde

(nmol·ml-1)aaa, a 1.10 1.35*** 0.93 1.33*** 1.29 1.45 1.10 1.17

± SD 0.50 0.57 0.24 0.53 0.47 0.39 0.25 0.42

Values are means ± SD. Different from before: *** P<0.001, * P=0.022, # P=0.046. Different from

baseline; ¤ P=0.046. aaa Main effect of exercise, P=0.0001. a Interaction, group x exercise, P=0.024.
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TABLE 4. Correlation coefficients between oxidative stress markers and ORAC at baseline in

controls and overtrained athletes.

CONTROL OVERTRAINED

ORAC ORAC

Before After Before After

Protein carbonyls (nmol·mg-1) Before -0.35 0.16 -0.32 0.01

After -0.21 0.10 -0.98*** -0.16

Nitrotyrosine (µmol) Before -0.18 0.25 0.14 -0.04

After -0.18 0.13 0.29 -0.16

Malondialdehyde (nmol·ml-1) Before -0.17 -0.34 -0.27 0.23

After -0.25 -0.18 -0.16 0.07

Before = before an exercise test to volitional exhaustion. After = immediately after an exercise test

to volitional exhaustion.  *** P=0.0001.
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