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Abstract: The aim of this study was to analyze changes in oxidative stress and muscle damage
markers during a 36-h survival training combined with sleep deprivation. The study included
23 male students of physical education (specialty: Physical Education for Uniformed Services),
randomly divided into the survival or control group. The students in the survival group completed
a 36-h survival training with moderate to low physical activity, without the possibility to sleep.
The students in the control group performed only physical activity included in daily routines and
had a normal sleep pattern. No significant changes in measured parameters were seen in the control
group throughout the study period. In the survival group, plasma lipid hydroperoxides (LHs) and
creatine kinase (CK) activity increased at 24 h and remained elevated up to 36 h (main effects for
LHs: time, p = 0.006 and group x time, p = 0.00008; main effects for CK: time, p = 0.000001, group,
p =0.005, and group X time, p = 0.000001). A 12-h recovery was sufficient to normalize both LHs
and CK to the pre-training level; in fact, the post-recovery LHs and CK levels were even lower than
at baseline. Residual total antioxidant capacity (TAC) of plasma (without the major constituents:
uric acid and albumin) was elevated at both 24 h and 36 h of survival training, but not following
a 12-h recovery (main effects: group, p = 0.001 and group x time, p = 0.04). In turn, the activity
of glutathione peroxidase (GPx) in whole blood and superoxide dismutase (SOD) in erythrocytes
decreased between 24 h and 36 h of survival training (main group effect for GPx, p = 0.038 and SOD,
p = 0.045). In conclusion, these findings imply that a 36-h survival training with sleep deprivation
impairs enzymatic antioxidant defense, increases lipid peroxidation, and induces muscle damage.
Our findings also indicate that at least in the case of young physically active men, a 12-h recovery after
the 36-h period of physical activity with sleep deprivation may be sufficient for the normalization of
oxidative and muscle damage markers and restoration of blood prooxidant-antioxidant homeostasis.

Keywords: Keywords: lipid peroxidation; antioxidant capacity; blood prooxidant-antioxidant
homeostasis; creatine kinase activity; students of physical education

1. Introduction

Survival training belong to forms of physical activity that require a considerable amount of
endurance and psychomotor preparation. It is based on long-lasting military training that often lasts
over 24 h and combines ultra-prolonged physical effort with sleep deprivation [1,2].

It has been suggested that sleep deprivation may impair the ability to perform tasks that require
additional energy expenditure [3]. Indeed, 30-h sleep deprivation and the associated muscle glycogen
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reduction and perceptual stress reduced sprint performance and slowed pacing strategies during
an intermittent-sprint exercise in male team-sport athletes [4]. Moreover, a decrease in endurance
performance during tasks with longer duration has been reported after sleep deprivation or recovery
from thereof [5]. Moreover, in a previous study with participants in a survival camp, 36 h of sleep
deprivation combined with 20 h of intermittent exercise resulted in a decrease in shooting performance
and motor coordination [2]. In another experiment, participants exposed to 5-h intermittent moderate
exercise during a 30-h period of sleep deprivation appeared to be more vulnerable in terms of negative
mood disturbances and impaired reaction times to a greater degree than those experiencing sleep
deprivation alone [6]. As pointed by the authors, the reduced capacity to respond quickly might be
associated with a greater risk of accidents [6].

As known, among factors contributing to the deterioration of muscle function may be reactive
oxygen species (ROS) [7]. Itis generally accepted that acute strenuous exercise, but not exercise at low or
moderate intensity [8], may promote the generation of ROS to a degree that cannot be counterbalanced
by antioxidant defense [9]. ROS are highly reactive molecules that may be harmful to all cellular
macromolecules, such as lipids, proteins, and DNA, and may cause, in turn, the release of cytosolic
enzymes and other markers of cell damage [8]. Exercise-induced ROS may also exert detrimental
effects on muscle function, impairing force generation and contributing to muscle fatigue [10] and a
decrease in performance capacity [11].

Erythrocytes are susceptible to oxidative damage through continuous exposure to oxygen due to
their high concentrations of polyunsaturated fatty acids and haem iron [12]. Thus, blood indices of
oxidative stress may find application in sport practice as measures of inadequate recovery that may
lead to overreaching [13].

To the best of our knowledge, none of the previous human studies analyzed the effects of survival
training on oxidative stress markers, where the training was based on long-lasting exercise at low
intensity in combination with sleep deprivation. Thus, the aim of the study was to analyze the effects
of a 36-h survival training combined with sleep deprivation and a subsequent 12-h recovery period
on selected blood parameters of oxidative stress and muscle damage biomarkers in young physically
active men. As mentioned above, it is believed that exercise at low or moderate intensity does not
induce oxidative stress but reinforces the enzymatic antioxidant system [8]. This, however, does not
necessarily concern physical activity lasting over several hours. We hypothesized that the long-lasting
exercise included in the survival training, even at low intensity, combined with sleep deprivation
may disturb prooxidant-antioxidant homeostasis, and as a result induce oxidative stress and muscle
damage. However, these parameters of oxidative stress and muscle damage are expected to improve
after the 12-h recovery period, which includes overnight sleep.

2. Material and Methods

2.1. Participants

The participants in our study were healthy male volunteers recruited among students of the
University of Physical Education (specialty: Physical Education for Uniformed Services). Initially,
32 students volunteered to take part in the study. However, only 23 of them met the participation
criteria prior to enrolment in the study. Exclusion criteria included use of tobacco products, alcohol
consumption, history of a recent surgery or illness, and use of any medications or dietary supplements
during 4 weeks prior to enrolment. All participants (n = 23) completed the study. None of the
study participants practiced high-performance sports at the time of recruitment, and their organized
physical activity was limited to the practical classes included in the study curriculum (8 h a week).
Moreover, none of them had previous experience of sleep deprivation studies or reported abnormal
sleep patterns prior to the study, as confirmed using the Pittsburg Sleep Quality Index (PSQI) to assess
participants” subjective sleep quality [14]. The total PSQI score of all participants was equal to or below
5, which indicates “good sleeper” according to Vardar et al. [14].
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All participants provided their written informed consent to participate in the study. The protocol
of the study was approved by the Local Ethics Committee at the Academy of Physical Education in
Warsaw (Decision No.: SKE 01-16/2014).

2.2. Experimental Procedure

The students were randomly divided into two groups: survival (n = 12) and control (n = 11).
The students in the survival group performed a 36-h survival training with sleep deprivation, followed
by a 12-h recovery period. The students in the control group did not perform running or other rigorous
physical activities apart from those related to their daily routines and had a normal sleep pattern (from
10.00 p.m. to 5.30 a.m.).

The 36-h survival training was conducted in July at the Aquatic Sport Centre of the University of
Physical Education in Rybitwy by Pisz. During the training, the subjects were constantly kept busy,
involved in low physical activity and camp activities. The students needed to complete a 12-km march,
row in a boat for 6 h, and paddle in a kayak for 4 h. Moreover, they were required to run, swim, climb,
solve special tasks, and effectively navigate in a wild terrain, also overnight. The walk/run was held
on a difficult, swampy terrain, and included additional special survival tasks. The overnight activities
included crossing a lake by boat and an orienteering march on a diversified terrain under difficult
conditions (night and day ambient temperature were 8 °C and 30 °C, respectively). The average
heart rate (HR), that was monitored using the Sport-Tester Polar Team System (Polar Electro, Finland),
ranged between 80 and 90 beats /min, representing 40-45% age-predicted HRmax. However, individual
HR values varied according to the type of physical activity, from 70-80 beats/min during the march, to
120-130 beats/min during rowing or kayaking. All activities were supervised by three licensed survival
instructors, who also monitored sleep deprivation by paying close attention to each participant and
preventing napping. The 36-h survival training was followed by a 12-h recovery period, which included
activities related to daily routines and passive rest, with sleep time from 10.00 p.m. to 5.30 a.m.

Throughout the experiment period, all participants received the same meals and had unlimited
access to mineral water. The main meals were consumed at 7.00 a.m., 1.00 p.m., and 7.00 p.m.
at the student canteen. The daily energy intake amounted to 3800 + 120 kcal, with protein, fat,
and carbohydrate contributing 14 + 1, 30 & 4, and 56 + 3% of the dietary energy intake, respectively.

2.3. Blood Sampling and Biochemical Analyses

Blood samples from the ulnar vein were collected at four time points: (1) prior to the survival
training (at 6:00 a.m. on the first day, after an overnight fast; pre-training /baseline); (2) after 24 h
of the survival training (at 6:00 a.m. on the second day, without an overnight rest; 24-h); (3) after
36 h of the training (at 6:00 p.m. on the second day, after a total of 36 h of sleep deprivation; 36-h);
and (4) following a 12-h recovery (at 6:00 a.m. on the third day, after an overnight fast and sleep; 12-h
rest). During the sampling at 24-h and 36-h, the subjects were at least 5-6 h after their last meal. In the
control group, blood samples were collected at the same time points as in survival group.

Venous blood samples were drawn into heparinized test tubes and then centrifuged (for 10 min at
3000 x g at a temperature of 4 °C) to separate erythrocytes and plasma. Subsequently, the erythrocytes
were washed three times with a cold isotonic saline solution. Both erythrocytes and plasma, as well
whole blood, were frozen and stored at —80 °C until analysis.

Measured parameters were activity of superoxide dismutase (SOD) in erythrocytes, activity of
glutathione peroxidase (GPx) in whole blood, total antioxidant capacity (TAC) of plasma, as well as
the concentration of albumin (Alb), uric acid (UA), lipid hydroperoxides (LHs), and creatine kinase
(CK) activity in plasma.

The SOD and GPx activities were determined with commercially available kits (RANSOD Cat.
No. SD 125 and RANSEL Cat. No. RS 505, respectively; Randox, Crumlin, UK). The antioxidant
enzyme activities were measured at 37 °C and expressed in U/g Hb. Hemoglobin was assessed
using a standard cyanmethemoglobin method with a diagnostic kit (HG 1539; Randox, Crumlin, UK).
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The total antioxidant capacity of plasma (TAC) to scavenge ABTS radicals was measured using a
chromogenic method with a commercially available kit (Cat. No. NX 2332, Randox, Crumlin, UK).
The antioxidant capacity of samples was expressed as millimoles per liter of Trolox equivalents
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid). Plasma UA and Alb concentrations were
determined with commercially available kits (Cat. No. K6580-200 and A6502-100, respectively;
Alpha Diagnostics, Poland). Plasma LHs levels were determined as described previously [15]; the assay
is based on the reaction of a chromogenic reagent, N-methyl-2-phenylindole, with malondialdehyde
and 4-hydroxyalkenals at 45 °C. As a result, a stable chromophore is formed with maximum absorbance
at 586 nm. Plasma CK activity was determined with the use of a diagnostic kit (Cat. No. C6512-100,
Alpha Diagnostics, Poland).

2.4. Statistical Analysis

Statistical analysis was performed with Statistica version 12.0 software package (StatSoft, Krakow,
Poland). Biochemical parameters in both groups were analyzed using a two-way ANOVA: 2 (groups:
survival and control) x 4 (time points: pre-, 24-h, 36-h, 12-h rest), with main effects of time, group,
and group x time interaction. The Bonferroni post-hoc test was used for multiple comparisons.
The normal distribution of all variables was confirmed with the Shapiro-Wilk test and visual inspection
(quantile distribution plots). Relationships within pairs of study variables were analyzed on the basis
of Pearson’s coefficients of linear correlation. All values were reported as mean + SD. The level of
statistical significance was set at p < 0.05.

3. Results

No significant differences were found between the two groups in regard to anthropometric
characteristics (survival group: age 21 & 0.7 years, body height 179.5 £ 5.6 cm, body mass 74.6 + 8.0 kg;
control group: age 21 + 0.3 years, body height 180.5 & 5.3 cm, body mass 80.1 &= 5.2 kg; p < 0.05).
Moreover, no changes in measured parameters were observed in the control group throughout the
study period. However, participation in the survival training resulted in an increase in plasma LHs
(Figure 1). Following both 24 h and 36 h of training, plasma LHs were significantly higher than at
baseline (p < 0.05). Moreover, the LHs levels at 24 h were also higher as compared to the control group.
Subsequently, after a 12-h recovery, LHs were significantly lower than at pre-training levels, as well as
at 24 h and 36 h of the training (p < 0.05). Plasma LHs after the 12-h recovery were below the respective
level in the control group (p < 0.05).
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Figure 1. Changes in plasma concentration of lipid hydroperoxides (LHs) (umol/L) in control group
(n = 11) and survival group (n = 12) (i.e., 36-h survival training with subsequent 12-h rest period).
Values are means + SD. Main effects: time (p = 0.006); group x time (p = 0.00008); * significant
difference (p < 0.05) as compared to pre-training (within same group); $ significant difference (p < 0.05)
as compared to pre-training, 24-h, and 36-h (within same group); # significant difference (p < 0.05)
between survival and control groups (at same time point).
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Both at 24 h and 36 h of survival training, as well as following the 12-h recovery, plasma TAC
was significantly higher than at baseline and also in comparison with the control group (p < 0.05;
Figure 2A). In both groups, no significant changes in plasma uric acid or albumin were documented at
any of the analyzed time points (not shown). Moreover, a significant increase in residual TAC (without
uric acid or albumin) was observed at both 24 and 36 h of survival training (p < 0.05; Figure 2B), and a
difference between the two groups was seen at 36 h (p < 0.05; Figure 2B).
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Figure 2. Changes in total antioxidant capacity (TAC) of plasma (A) and antioxidant capacity of plasma
without albumin (Alb) or uric acid (UA) (B) in control group (n = 11) and survival group (n = 12).
Values are means + SD. Main effects for TAC: group (p = 0.00001); group x time (p = 0.005); Main
effects for TAC-Alb-UA: group (p = 0.001); group x time (p = 0.04); * significant difference (p < 0.05) as
compared to pre-training (within same group); * significant difference (p < 0.05) between survival and
control groups (at same time point).

The training-induced increase in plasma LHs was accompanied by an increase in plasma activity
of CK (Figure 3). Plasma activity of CK at both 24 h and 36 h was significantly higher than at
baseline and in the control group (p < 0.05). However, a 12-h recovery seemed to be sufficient for the
normalization of muscle damage markers; plasma CK at this time point was not only significantly
lower than at 24 h and 36 h of the training (p < 0.05), but also dropped off below its baseline level
(p <0.05).
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In the survival group, positive correlations were found between plasma activity of CK and plasma
LHs at 36 h of the training and following the 12-h recovery (v = 0.51, p < 0.05 and r = 0.59, p < 0.05,
respectively; not shown). A significant correlation between plasma CK and LHs was also observed
when the results for all time points were pooled and analyzed together (r = 0.57, p < 0.0001; not shown).
Using the same approach, we also found a weak albeit significant positive correlation between plasma
activity of CK and plasma TAC (r = 0.30, p < 0.05; not shown).
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Figure 3. Changes in plasma activity of creatine kinase (CK) (U/L) in control group (n = 11) and
survival group (n = 12). Values are means £ SD. Main effects: time (p = 0.000001); group (p = 0.005);
group x time (p = 0.000001); * significant difference (p < 0.05) as compared to pre-training (within same
group); § significant difference (p < 0.05) as compared to pre-training, 24-h, and 36-h (within same
group); # significant difference (p < 0.05) between survival and control groups (at same time point).

However, training-induced changes in the enzymatic antioxidant system followed the opposite
pattern to that reported above. Whole blood activity of GPx at 36 h of survival training was significantly
lower than at 24 h (p < 0.05; Figure 4A). Furthermore, SOD activity decreased at 36 h of survival training,
as compared to pre-training activity (p < 0.05; Figure 4B). Moreover, for both GPx and SOD, significant
differences were observed between the survival and control groups at this time point (p < 0.05;
Figure 4A,B).
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Figure 4. Changes in the activity of antioxidant enzymes in control group (n = 11) and survival group
(n =12). (A) Changes in whole blood activity of glutathione peroxidase (GPx) (U/gHb). Values are
means + SD. Main effects: group (p = 0.038); § significant difference (p < 0.05) as compared to 24-h
(within same group); # significant difference (p < 0.05) between survival and control groups (at same
time point); (B) Changes in erythrocyte activity of superoxide dismutase (SOD) (U/gHb). Values
are means + SD. Main effects: group (p = 0.045); * significant difference (p < 0.05) as compared to
pre-training (within same group); * significant difference (p < 0.05) between survival and control groups
(at same time point).

4. Discussion

This study demonstrated that even a short (36-h) survival training requiring low physical activity
and imposing sleep deprivation may induce oxidative stress in young, healthy, and physically-active
men. The presence of oxidative stress manifested as an increase in plasma lipid hydroperoxides,
a marker of lipid peroxidation, observed already after 24 h of survival training.

It is generally accepted that physical stress, such as that related to prolonged and chronic
exercise, promotes the generation of reactive oxygen species, and erythrocytes are subjected to both
mechanical and oxidative stress [10,16]. Reactive oxygen species are released into the circulation by
immune, endothelial, and muscle cells, and interfere with the normal functioning of erythrocytes via
peroxidation of lipid membranes [17].

The enhanced lipid peroxidation observed during the course of the 36-h survival training was
accompanied by an increase in plasma TAC. As widely known, the major constituents of TAC
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are uric acid and albumin [18]. Moreover, physical exercise is postulated to induce catabolism
of purine nucleotides to uric acid, which may be an explanation for exercise-induced changes in
plasma TAC [19]. The exercise-induced increase in plasma albumin may also be a consequence of
dehydration and hemoconcentration [20]. Therefore, we determined the concentrations of uric acid
and albumin to exclude the potential contribution of these molecules to changes in plasma TAC.
However, irrespective of the analyzed time point, we did not observe significant changes in plasma
concentration of either albumin or hemoglobin (data not shown). This implies that no participants
experienced dehydration, suggesting sufficient fluid intake. Moreover, plasma uric acid did not change
throughout the experiment period. This is not surprising if we consider that our survival training
included physical activities at relatively low intensity. It has been suggested that uric acid formation
can arise from purine nucleotide degradation and fast-twitch fiber utilization during conditions of
high energy utilization. Thus, exercise intensity rather than work output is the critical factor mediating
increases in blood uric acid concentration [21]. According to the above, our results indicate that the
increase in plasma TAC reflected changes in other molecules. Indeed, an increase in residual TAC
(without uric acid or albumin) was observed at 24 h and 36 h of survival training. This phenomenon
might result from the mobilization of low-molecular-weight antioxidants (such as reduced glutathione
and vitamin C) from other tissues, and their release into circulation in order to counterbalance the
enhanced synthesis of free radicals [22,23]. In line with these findings, an increase in TAC may be a
simple marker of free radical overproduction [24]. However, the lack of measurement of nonenzymatic
antioxidants such as reduced glutathione, vitamin C, or others in the present study may be considered
a limitation and further research is needed to confirm this hypothesis.

Free radicals may mediate cell damage and vice versa: exercise-induced cell damage may
contribute to enhanced synthesis of ROS. Exercise may promote microvascular dysfunction and
cell damage via mechanical shear forces or through the disturbance of normal cellular metabolism.
As aresult, exercise triggers an inflammatory response, characterized by infiltration of affected areas
by neutrophils and other phagocytic cells, followed by a respiratory burst involving the production of
superoxide, hydrogen peroxide, and other ROS [25]. In our study, elevated levels of lipid peroxidation
markers throughout the 36 h of survival training co-existed with an increase in plasma activity of
CK. This implies that free radicals may play an important role in exercise-induced muscle injury,
as suggested previously by Steinbacher and Eckl [10]. Another argument for the link between free
radicals and muscle injury is the significant positive correlation of plasma CK activity with plasma
LHs. Furthermore, we found a weak albeit significant positive correlation between plasma activity
of CK and plasma TAC. These findings may suggest that free radicals contribute to muscle damage
and stimulate the mobilization of low-molecular-weight antioxidants, probably as an adaptation
mechanism activated in response to enhanced oxidative stress.

Unlike the non-enzymatic antioxidant potential of plasma, the enzymatic antioxidant system of
our study participants seemed to be negatively affected by the 36-h survival training. Erythrocyte
SOD and GPx are quite frequently used as markers of antioxidant status in human studies; however,
the results are inconclusive, since exercise has been shown to cause an increase, decrease, or no
alteration in the activity of these enzymes [16]. Our findings are consistent with the results of
some previous studies that also documented an exercise-induced decrease in antioxidant enzymatic
activity [26,27]. According to some authors, the loss of antioxidant activity after physical exercise may
be explained by an exercise-induced oxidative damage to proteins that modify the catalytic activity of
the enzymes [28,29]. Therefore, in our study, the impairment of the antioxidant system observed in the
group of participants exposed to survival training might be associated with the partial inactivation
of enzymatic proteins, resulting from their allosteric or covalent modifications induced by reactive
oxygen species. The decrease in enzymatic antioxidant potential in our participants was due to the
accumulation of ROS generated in response to exercise, as evidenced by the increase in plasma LHs as
a marker of oxidative damage.
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In our study, the main factor responsible for the above-mentioned shift in the
prooxidative-antioxidative balance towards oxidative stress was probably an increase in oxygen
consumption and aerobic metabolism to cover the increased energy expenditure during the physical
activities involved in the 36-h survival training. We did not measure total energy expenditure, which is
a limitation of this study. However, it should be emphasized that although our participants were
exposed to prolonged exercise lasting 36 h, its intensity was relatively low. The results of several
previous studies imply that the oxidation level during repeated, low-intense physical activity is either
stable or decreased [30,31]. Therefore, the oxidative stress observed in our study participants was
likely to be a consequence of exposure to not only physical but also psychological stressors related to,
inter alia, sleep deprivation. To the best of our knowledge, none of the previous studies analyzed the
combined effects of physical exercise and sleep deprivation on oxidative stress in humans.

Free radicals are postulated to accumulate during awakening, inter alia, due to enhanced metabolic
activity, and are claimed to be responsible for the unfavorable effects of sleep deprivation [32,33].
During sleep deprivation, the ability to perform tasks that require additional energy expenditure
may be impaired [3]. Moreover, evidence from some epidemiological and laboratory studies suggests
that sleep deprivation may decrease tolerance to exercise in extreme weather, i.e., heat or cold [34].
The overnight activities included in the survival training used in this study included crossing a lake
by boat and an orienteering march on a diversified terrain under difficult conditions, with ambient
temperatures ranging between 8 °C during the night and 30 °C during the day. Therefore, despite the
low intensity of the exercise, participants’ tolerance to it might be decreased by other factors, such as
challenging conditions and sleep deprivation; these factors might also modulate the response of
oxidative stress parameters to exercise. This may explain why peak levels of LHs and CK were
observed at 24 h of survival training (i.e., after the overnight activities) and no further increase in
these parameters was noted at 36 h. Moreover, in our study, the ability to differentiate forearm muscle
strength deteriorated after the night activities (i.e., after 24 h of survival training), whereas a slight
improvement in the results was observed in the further (daytime) training, after 36 h of survival
training [35]. On the other hand, it is difficult to unambiguously determine to what extent physical
activity affected the changes in biochemical parameters and to what extent the changes were due to
sleep deprivation. Our study focused on the influence of the overall 36-h survival training on oxidative
stress parameters, where such training involved both physical activities and sleep deprivation. That is
why it would be impossible to analyze each of these components separately. Although our study
did not consider the effect of the 36-h sleep deprivation itself on oxidative stress, another study with
human participants indicated that even a lack of quality sleep may be associated with an increase in
lipid peroxidation, a potential consequence of oxidative stress [36].

It has been postulated that sleep is a dynamic-resting state with antioxidative properties [37].
In line with the abovementioned findings, a 12-h recovery period, which included overnight sleep,
turned out to be long enough to normalize lipid peroxidation and muscle damage markers in our
participants, which even decreased below their pre-training levels. This decrease in oxidative damage
parameters might result from the above-mentioned mobilization of low-molecular-weight antioxidants,
as confirmed by an increase in residual TAC (without uric acid or albumin), which was observed at
24 h and 36 h of survival training. Furthermore, post-recovery activities of SOD and GPx did not differ
significantly from their baseline values, despite the significant decrease in these parameters found at
36 h of the survival training. This may suggest restorative properties of sleep after long-term physical
activity with sleep deprivation.

Our results may have some practical implications. Aside from adventure races and survival,
long-term physical activity with limited opportunity to sleep is also required from providers of
various emergency services, namely firefighters, policemen, soldiers, crisis management specialists,
and individuals who work in pro-active defense organizations and may become potential participants
in joint actions with the military to combat natural disasters. Prolonged physical activity without an
opportunity to sleep may contribute to unfavorable changes in prooxidant-antioxidant homeostasis
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and resultant tissue injury; one potential consequence of these changes is the deterioration of physical
and mental performance. However, our results indicate that a 12-h recovery period may be sufficient
to return blood prooxidant-antioxidant homeostasis.

5. Conclusions

A 36-h survival training with sleep deprivation impairs enzymatic antioxidant defense, increases
lipid peroxidation, and induces muscle damage. Our findings also indicate that at least in the case
of young physically active men, a 12-h recovery after the 36-h period of physical activity with sleep
deprivation may be sufficient for the normalization of oxidative and muscle damage markers and
restoration of blood prooxidant-antioxidant homeostasis.

Author Contributions: Conceptualization, E.J. and A.T.; Methodology, E.J.; Software, E.J.; Validation, A.T.;
Formal Analysis, E.J.; Investigation, E.J. and P.R.; Resources, E.J. and P.R.; Data Curation, E.J.; Writing-Original
Draft Preparation, E.J.; Writing-Review & Editing, P.R. and A.T.; Visualization, E.J.; Supervision, P.R.; Project
Administration, A.T.; Funding Acquisition, PR.

Funding: This study was conducted within the research project No. DS 202 of the Faculty of Physical Education
and Sport in Biata Podlaska, J6zef Pilsudski University of Physical Education in Warsaw, and supported by the
Polish Ministry of Science and Higher Education. The experimental data were obtained in the Laboratory of
Biochemistry in the Regional Centre of Research and Development of Faculty of Physical Education and Sport in
Biata Podlaska, Poland.

Acknowledgments: The authors wish to thank Igor Cieslinski and Jadwiga Kotowska for their contribution in
statistical analyses and technical support, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Tomczak, A. Coordination motor skills of military pilots subjected to survival training. J. Strength Cond. Res.
2015, 29, 9-2464. [CrossRef] [PubMed]

2. Dabrowski, J.; Ziemba, A.; Tomczak, A.; Mikulski, T. Physical performance of healthy men exposed to long
exercise and sleep deprivation. Medicina Sportiva 2012, 16, 6-11.

3.  Engle-Friedman, M. The effects of sleep loss on capacity and effort. Sleep Sci. 2014, 7, 4-224. [CrossRef]
[PubMed]

4. Skein, M.; Duffield, R.; Edge, J.; Short, M.J.; Miindel, T. Intermittent-sprint performance and muscle glycogen
after 30 h of sleep deprivation. Med. Sci. Sports Exerc. 2011, 43, 7-1311. [CrossRef] [PubMed]

5. Thun, E,; Bjorvatn, B.; Flo, E.; Harris, A.; Pallesen, S. Sleep, circadian rhythms, and athletic performance.
Sleep Med. Rev. 2015, 23, 1-9. [CrossRef] [PubMed]

6.  Scot, ].P.; McNaughton, L.R.; Polman, R.C. Effects of sleep deprivation and exercise on cognitive, motor
performance and mood. Physiol. Behav. 2006, 87, 2-408. [CrossRef] [PubMed]

7. Reid, M.B. Free radicals and muscle fatigue: Of ROS, canaries, and the IOC. Free Radic. Biol. Med. 2008,
44,2-179. [CrossRef] [PubMed]

8.  Gomez-Cabrera, M.C.; Domenech, E.; Vifia, ]. Moderate exercise is an antioxidant: Upregulation of
antioxidant genes by training. Free Radic. Biol. Med. 2008, 44, 2-131. [CrossRef] [PubMed]

9.  Ogztasan, N,; Taysi, S.; Gumustekin, K.; Altinkaynak, K.; Aktas, O.; Timur, H.; Siktar, E.; Keles, S.; Akar, S.;
Akcay, F; et al. Endurance training attenuates exercise-induced oxidative stress in erythrocytes in rat. Eur. J.
Appl. Physiol. 2004, 91, 622-627. [CrossRef] [PubMed]

10. Steinbacher, P; Eckl, P. Impact of oxidative stress on exercising skeletal muscle. Biomolecules 2015, 5, 356-377.
[CrossRef] [PubMed]

11. Meeusen, R.; Duclos, M.; Gleeson, M.; Rietjens, G.; Steinacker, J.; Urhausen, A. Prevention, diagnosis and
treatment of the overtraining syndrome. Eur. J. Sport Sci. 2006, 6, 1-14. [CrossRef]

12. Hale, J.P; Winlove, C.P.; Petrov, P.G. Effect of hydroperoxides on red blood cell membrane mechanical
properties. Biophys. J. 2011, 101, 1921-1929. [CrossRef] [PubMed]

13. Tanskanen, M.M.; Uusitalo, A.L.; Kinnunen, H.; Hikkinen, K.; Kyroldinen, H.; Atalay, M. Association of
military training with oxidative stress and overreaching. Med. Sci. Sports Exerc. 2011, 43, 8-1560. [CrossRef]
[PubMed]


http://dx.doi.org/10.1519/JSC.0000000000000910
http://www.ncbi.nlm.nih.gov/pubmed/25719921
http://dx.doi.org/10.1016/j.slsci.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26483932
http://dx.doi.org/10.1249/MSS.0b013e31820abc5a
http://www.ncbi.nlm.nih.gov/pubmed/21200339
http://dx.doi.org/10.1016/j.smrv.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25645125
http://dx.doi.org/10.1016/j.physbeh.2005.11.009
http://www.ncbi.nlm.nih.gov/pubmed/16403541
http://dx.doi.org/10.1016/j.freeradbiomed.2007.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18191753
http://dx.doi.org/10.1016/j.freeradbiomed.2007.02.001
http://www.ncbi.nlm.nih.gov/pubmed/18191748
http://dx.doi.org/10.1007/s00421-003-1029-6
http://www.ncbi.nlm.nih.gov/pubmed/14685869
http://dx.doi.org/10.3390/biom5020356
http://www.ncbi.nlm.nih.gov/pubmed/25866921
http://dx.doi.org/10.1080/17461390600617717
http://dx.doi.org/10.1016/j.bpj.2011.08.053
http://www.ncbi.nlm.nih.gov/pubmed/22004746
http://dx.doi.org/10.1249/MSS.0b013e3182106d81
http://www.ncbi.nlm.nih.gov/pubmed/21266928

Int. J. Environ. Res. Public Health 2018, 15, 2066 11 of 12

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Vardar, S.A.; Ozturk, L.; Kurt, C.; Bulut, E.; Sut, N.; Vardar, E. Sleep deprivation induced anxiety and
anaerobic performance. J. Sports Sci. Med. 2007, 6, 532-537. [PubMed]

Gérard-Monnier, D.; Erdelmeier, I.; Régnard, K.; Moze-Henry, N.; Yadan, J.C.; Chaudieére, J. Reactions
of N-methyl-2-phenylindole with malondialdehyde and 4-hydroxyalkenals. Mechanistic aspects of the
colorimetric assay of lipid peroxidation. Chem. Res. Toxicol. 1998, 11, 10-1194. [CrossRef] [PubMed]
Fisher-Wellman, K.; Bloomer, R.J. Acute exercise and oxidative stress: A 30 year history. Dyn. Med. 2009, 8, 1.
[CrossRef] [PubMed]

Azizbeigi, K.; Azarbayjani, M.A ; Peeri, M.; Agha-alinejad, H.; Stannard, S. The effect of progressive resistance
training on oxidative stress and antioxidant enzyme activity in erythrocytes in untrained men. Int. J. Sport
Nutr. Exerc. Metab. 2013, 23, 3-238. [CrossRef]

Pisoschi, A.M.; Negulescu, G.P. Methods for Total Antioxidant Activity Determination: A Review. Biochem.
Anal. Biochem. 2011, 1, 1. [CrossRef]

Ghiselli, A.; Serafini, M.; Natella, F.; Scaccini, C. Total antioxidant capacity as a tool to assess redox status:
Critical view and experimental data. Free Radic. Biol. Med. 2000, 29, 11-1114. [CrossRef]

Adogu, P.O.U.; Meludu, S.C.; Modebe, L. A.; Ubajaka, C.F. Albumin and lipid profiles following treadmill
exercise among student volunteers of Nnamdi Azikiwe University, Nnewi, Nigeria. Open J. Prev. Med. 2015,
5,227-235.

Ekpenyong, C.; Akpan, E. Abnormal serum uric acid levels in health and disease: A double-edged sword.
Am. ]. Intern. Med. 2014, 2, 113-130. [CrossRef]

Finaud, J.; Lac, G.; Filaire, E. Oxidative stress: Relationship with exercise and training. Sports Med. 2006,
36, 327-358. [CrossRef] [PubMed]

Andersson, H.; Karlsen, A.; Blomhoff, R.; Raastad, T.; Kadi, F. Plasma antioxidant responses and oxidative
stress following a soccer game in elite female players. Scand. ]. Med. Sci. Sports 2010, 20, 4-608. [CrossRef]
[PubMed]

Cipryan, L. The effect of fitness level on cardiac autonomic regulation, IL-6, total antioxidant capacity, and
muscle damage responses to a single bout of high-intensity interval training. J. Sport Health Sci. 2018, in press.
[CrossRef]

Vollaard, N.B.; Shearman, J.P.; Cooper, C. Exercise-induced oxidative stress: Myths, realities and physiological
relevance. Sports Med. 2005, 35, 12-1062. [CrossRef]

Tozzi-Ciancarelli, M.G.; Penco, M.; DiMassimo, C. Influence of acute exercise on human platelet
responsiveness: Possible involvement of exercise-induced oxidative stress. Eur. J. Appl. Physiol. 2002,
86, 266-272. [CrossRef] [PubMed]

Tauler, P.; Aguilo, A.; Cases, N.; Sureda, A.; Gimenez, F; Villa, G.; Cérdova, A.; Biescas, A.P. Acute phase
immune response to exercise coexists with decreased neutrophil antioxidant enzyme defences. Free Radic. Res.
2002, 36, 10-1117. [CrossRef]

Tauler, P; Aguild, A.; Guix, P; Jiménez, F; Villa, G.; Tur, ].A.; Cérdov, A.; Pons, A. Pre-exercise antioxidant
enzyme activities determine the antioxidant enzyme erythrocyte response to exercise. J. Sports Sci. 2005,
23, 1-13. [CrossRef] [PubMed]

Trofin, EP; Ciobica, A.; Cojocaru, D.; Chirazi, M.; Honceriu, C.; Trofin, L.; Serban, D.; Timofte, D.; Cojocaru, S.;
Anton, E. Increased oxidative stress status in rat serum after five minutes treadmill exercise. Cent. Eur. |. Med.
2014, 9, 722-728. [CrossRef]

Kaczor, ].J.; Hall, J.E.; Payne, E.; Tarnopolsky, M.A. Low intensity training decreases markers of oxidative
stress in skeletal muscle of mdx mice. Free Radic. Biol. Med. 2007, 43, 1-154. [CrossRef] [PubMed]
Takahashi, M.; Suzuki, K.; Matoba, H.; Sakamoto, S.; Obara, S. Effects of different intensities of endurance
exercise on oxidative stress and antioxidant capacity. J. Sports Med. Phys. Fit. 2012, 1, 1-189. [CrossRef]
Ozdemir, P.G.; Selvi, Y.; Ozkol, H.; Aydn, A,; Tiiltice, Y.; Boysan, M.; Besiroglu, L. The influence of shift work
on cognitive functions and oxidative stress. Psychiatry Res. 2013, 210, 3-1225. [CrossRef] [PubMed]
Trivedi, M.S.; Holger, D.; Bui, A.T.; Craddock, T.J.A.; Tartar, J.L. Short-term sleep deprivation leads to
decreased systemic redox metabolites and altered epigenetic status. PLoS ONE 2017, 12, e0181978. [CrossRef]
[PubMed]

Chennaoui, M.; Arnal, PJ.; Sauvet, F.; Léger, D. Sleep and exercise: A reciprocal issue? Sleep Med. Rev. 2015,
20,59-72. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/24149488
http://dx.doi.org/10.1021/tx9701790
http://www.ncbi.nlm.nih.gov/pubmed/9778314
http://dx.doi.org/10.1186/1476-5918-8-1
http://www.ncbi.nlm.nih.gov/pubmed/19144121
http://dx.doi.org/10.1123/ijsnem.23.3.230
http://dx.doi.org/10.4172/2161-1009.1000106
http://dx.doi.org/10.1016/S0891-5849(00)00394-4
http://dx.doi.org/10.11648/j.ajim.20140206.15
http://dx.doi.org/10.2165/00007256-200636040-00004
http://www.ncbi.nlm.nih.gov/pubmed/16573358
http://dx.doi.org/10.1111/j.1600-0838.2009.00987.x
http://www.ncbi.nlm.nih.gov/pubmed/19706000
http://dx.doi.org/10.1016/j.jshs.2016.11.001
http://dx.doi.org/10.2165/00007256-200535120-00004
http://dx.doi.org/10.1007/s00421-001-0542-8
http://www.ncbi.nlm.nih.gov/pubmed/11990737
http://dx.doi.org/10.1080/1071576021000028334
http://dx.doi.org/10.1080/02640410410001716724
http://www.ncbi.nlm.nih.gov/pubmed/15841590
http://dx.doi.org/10.2478/s11536-013-0329-4
http://dx.doi.org/10.1016/j.freeradbiomed.2007.04.003
http://www.ncbi.nlm.nih.gov/pubmed/17561103
http://dx.doi.org/10.7600/jpfsm.1.183
http://dx.doi.org/10.1016/j.psychres.2013.09.022
http://www.ncbi.nlm.nih.gov/pubmed/24176594
http://dx.doi.org/10.1371/journal.pone.0181978
http://www.ncbi.nlm.nih.gov/pubmed/28738082
http://dx.doi.org/10.1016/j.smrv.2014.06.008
http://www.ncbi.nlm.nih.gov/pubmed/25127157

Int. J. Environ. Res. Public Health 2018, 15, 2066 12 of 12

35.

36.

37.

Tomczak, A.; Rézanski, P; Jowko, E. Selected coordination motor abilities of students of the university of
physical education during survival training. Pol. J. Sport Tour. 2017, 24, 102-109. [CrossRef]

Gulec, M,; Ozkol, H.; Selvi, Y.; Tuluce, Y.; Aydin, A.; Besiroglu, L.; Ozdemir, P.G. Oxidative stress in patients
with primary insomnia. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2012, 37, 247-251. [CrossRef] [PubMed]
Everson, C.A.; Laatsch, C.D.; Hogg, N. Antioxidant defense responses to sleep loss and sleep recovery. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2005, 288, 2-383. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1515/pjst-2017-0011
http://dx.doi.org/10.1016/j.pnpbp.2012.02.011
http://www.ncbi.nlm.nih.gov/pubmed/22401887
http://dx.doi.org/10.1152/ajpregu.00565.2004
http://www.ncbi.nlm.nih.gov/pubmed/15472007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Participants 
	Experimental Procedure 
	Blood Sampling and Biochemical Analyses 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

