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Background. Analysis of 𝛾-H2AX foci is a promising approach to evaluate exercise-induced DNA damage. However, baseline levels
and day-to-day variability of 𝛾-H2AX foci have not been investigated in healthy subjects at rest. Methods. Blood was taken from
eightmoderately trained healthymales (29 ± 3 yrs, 1.84 ± 0.03m, and 85 ± 6 kg) at two separate days (M1/M2) after 24-hour exercise
cessation. Number of 𝛾-H2AX foci per 100 lymphocytes (N), number of foci per affected lymphocyte (NAL), percentage of affected
lymphocytes (PAL), and diameter (D) of 𝛾-H2AX foci were analyzed (mean ± SD). Differences between M1 and M2 were analyzed
using paired 𝑡-tests (𝛼 = 0.05). Day-to-day variability was evaluated by calculating the coefficients of variation (CV%), bias, and
limits of agreement (LoA). Results. There were no statistically significant differences between M1 (N: 7.6 ± 4.4, NAL: 1.2 ± 0.2, PAL:
5.9 ± 2.6%, and D: 0.63 ± 0.07) and M2 (N: 8.4 ± 4.6, NAL: 1.3 ± 0.1, PAL: 6.9 ± 4.2%, and D: 0.66 ± 0.06). CV was calculated to
be 98.5% (N), 88.9% (PAL), 11.3% (NAL), and 8.0% (D). Bias (LoA) was 0.75 (−15.2/13.7), −0.02 (−0.36/0.33), −1.0 (−11.9/9.9), and
−0.04 (−0.16/0.09), respectively. Conclusions. Background level in healthy subjects is approximately 0.07 to 0.09 𝛾-H2AX foci/cell.
NAL and D are reliable measures.

1. Introduction

Exercise has been shown to induce an increased formation of
reactive oxygen species (ROS) such as superoxide, hydroxyl
radicals, or hydrogen peroxide [1, 2]. Sources of exercise-
induced ROS production are the mitochondrial electron
transport chain [3–5], the xanthine oxidase pathway [6],
activated neutrophiles [6], and membrane-bound NAD(P)H
oxidases of the skeletal muscle [7, 8]. Excess ROS generation
may damage cell components such as lipids, proteins, and
nucleic acids [9]. Exercise-induced DNA damage has been
observed following acute bouts of exhaustive, prolonged, or
eccentric exercises in humans [10–12]. Here, DNA double-
strand breaks are the most harmful lesions and may occur
due to different treatments [13].

Although acute bouts of unaccustomed exercises may
induce DNA damage, chronic exercises as well as adequate
antioxidant intake may alleviate oxidative damage [14–16].
For example, Miyazaki et al. have shown that twelve weeks
of high-intensity endurance training in previously untrained
men alleviates oxidative stress induced by an acute session of
exercise [15].

Regarding antioxidant intake, Harms-Ringdahl et al.
have shown that exercise-induced increase of 8-oxodG, as a
marker of oxidative stress, is reduced after five weeks of daily
tomato juice consumption containing approximately 15mg
lycopene per serving [17]. A daily intake of 1200mg vitamin
E for 14 days was capable of reducing exercise-induced
DNA strand breakage in white blood cells of moderately
trained subjects [18]. Following an acute ultraendurance
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event, a significant inverse correlation between oxygen rad-
ical absorbance capacity (ORAC) of the blood and indices of
oxidative DNA damage was found. In the same study, a signi-
ficant increase in blood antioxidants immediately after the
race was observed [19].

Thus, methods that reliably measure DNA damage,
despite the noise of day-to-day variability in antioxidant
intake and exercise intensity, kind, and duration, are required
to assess the effects of acute bouts of exercises in trained sub-
jects.

The analysis of 𝛾-H2AX foci is a promising marker of
DNA double-strand breaks in vitro and in vivo [20]. The his-
tone protein H2AX serves as key factor in the repair process
of DNA damage, which targets damaged DNA and recruits
other proteins of the DNA repair machinery [21]. As an
exception among H2A proteins H2AX is phosphorylated on
the serine 139 residue in the presence of damaged DNA. The
phosphorylated H2AX (𝛾-H2AX) may be visualized using
fluorescence labeled antibodies. This allows the counting of
cells with damaged DNA, to calculate the number of foci
per 100 cells, and to measure the diameter of 𝛾-H2AX foci.
Analysis of 𝛾-H2AX foci has been shown to accurately mea-
sure DNA double-strand breaks [22]. Visual interpretation
of fluorescent foci patterns and counting 𝛾-H2AX foci with
the naked eye is time consuming and has some limitations,
such as investigator-related artefacts [23]. Recently, a fully
automated device has been developed and has been shown
to highly correlate with visually analyzed foci counts [23].

As the analysis of 𝛾-H2AX foci is a sensitive marker of
DNA damage and has been proven to detect DNA double-
strand breaks at low levels of DNA damage [24], it promises
to be a valuable tool to evaluate exercise-induced DNA
damage. For well-trained athletes, however, regular exercise
training seems to evoke adaptative responses capable of
reducing oxidative damage [3, 25–27]. Therefore, the day-
to-day variability of 𝛾-H2AX foci in trained subjects under
resting conditions needs to be investigated before assessing
the effects of a given exercise bout in athletes.

Therefore, the purpose of this study was to analyze the
reliability of 𝛾-H2AX foci in lymphocytes of moderately
trained subjects under resting conditions.

2. Methods

2.1. Participants. Twelve moderately trained healthy males
were recruited to participate in the study. Inclusion criteria
comprised an age between 25 and 40 years and a body mass
index between 18 and 25 kg/m2. Participants weremoderately
active with one to three exercise sessions per week. Females,
smokers, and volunteers with acute or chronic diseases were
excluded from the study. Changes of dietary behaviour or
of exercise loads, alcohol intake, supplement use, or any
medication during the study period served as exclusion
criteria. Subjects who performed exercise training within
24 hours before the measurements were excluded from the
analysis (𝑁 = 4).

Finally, eight subjects were included into the study and
the data analysis (29.3 ± 3.2 yrs, 184 ± 3 cm, and 84.7 ±
6.1 kg). All subjects gave written informed consent before

participating in the study. The study was approved by the
institutional scientific examination board.

2.2. Study Design. The study was conducted in a test-retest
design, repeating the same measurements of day 1 (M1)
after seven days (M2) under standardized conditions. Before
the first measurement, participants underwent a clinical
examination, where inclusion and exclusion criteria were
verified bymeans of a checklist. After refraining from exercise
training for 24 hours, venous blood samples were taken.
During the whole duration of the study, participants were
asked to avoid strenuous physical activity. A physical activity
record that included duration, kind, and ratings of perceived
exertion of exercise was handed out to verify that subjects
followed the instructions on physical activity.

2.3. Blood Analysis. Venous blood samples at M1 and M2
were taken from the brachial vein between 7 and 9 a.m.
to minimize the effect of physical activity before the blood
sample collection. Commercial tubes coated with EDTA to
prevent blood clotting were used to collect 2 × 2.7mL of
whole blood. Immediately after blood draw, samples were
stored at 4∘C. One blood sample was used to analyze blood
parameters (hematocrit [%], haemoglobin [g/dL], amount of
lymphocytes [%], and number of red blood cells [106/mm3])
and concentration of creatine kinase [U/L].

The other blood sample was used to assess double-strand
breaks (DSB) in lymphocytes. In the first step, isolated cells
were fixed in a neutral buffered 4% formaldehyde solution
(Merck, Darmstadt, Germany) for 15 minutes at room tem-
perature. Afterwards, the samples were washed three times
with PBS (Merck, Darmstadt, Germany). Cell membranes of
the fixed cells were incubated for five minutes with Triton
X100 (Merck, Darmstadt, Germany; 0.1% in PBS v/v), fol-
lowed by other three washings with PBS. Afterwards, unspe-
cific bindingwas blocked using a BSA/PBS buffer. In the third
step, a primary antibody targeting 𝛾-H2AX was added which
was then bound to a secondary antibody conjugated with
Alexa Fluor 488 (Invitrogen, Karlsruhe, Germany). To detect
antibody-bound 𝛾-H2AX, a fluorescent mounting medium
(Dako Deutschland, Hamburg, Germany) was added. 4,6-
Diamidino-2-phenylindole (DAPI, Sigma-Aldrich) was used
to dye all cells’ nuclei.

To analyse 𝛾-H2AX foci in lymphocytes and to count
the cells an automated indirect immune fluorescence device
was adopted (AKLIDES NukHuman Lymphocyte Complete,
Medipan, Dahlewitz, Germany). A pattern recognition algo-
rithm of the automated fluorescence interpretation system
AKLIDES (Medipan, Dahlewitz, Germany) was used for
evaluation of 𝛾-H2AX foci as described elsewhere [28, 29].
For determination of 𝛾-H2AX foci a 60x magnification of the
microscope objective was used.

The following parameters were assessed: (1) number of 𝛾-
H2AX foci per 100 cells, (2) number of cells with 𝛾-H2AX foci
per 100 cells, (3) mean number of 𝛾-H2AX foci per cell with
𝛾-H2AX foci, and (4) the mean diameter of 𝛾-H2AX foci.

2.4. Standardization of Diet and Physical Activity. To alleviate
the acute effects of diet and physical activity, both exercise
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training and antioxidant intake were standardized before
blood sample collection. A standardized dietary protocol
was used to record the nutritional intake 24 hours prior to
both measurements. Written and oral instructions on how to
record the diet were given. Descriptions of portion sizes and
standard householdmeasures were provided. Dietary records
from the first measurement were handed out before the sec-
ond measurement, and participants were asked to follow the
same diet in the 24 hours beforeM2.Nutrient and antioxidant
intake were analyzed using nutrition analysis software based
on the German food database (Prodi NutriScience 5.7 expert,
Hausach, Germany). All nutritional analyses were performed
by the same experienced examiner (JH).

To avoid artefacts due to exercise, subjects were requested
to refrain from any exercises and strenuous physical activity
for at least 24 hours before the measurements. This request
was given as oral and written instructions to the participants.
To verify the subjects’ compliance to physical activity instruc-
tions, participants were requested to record their exercise
training as well as physical activity for transportation (i.e.,
bicycling to work) during the whole study period. Borg’s
scale was used to evaluate subjective ratings of perceived
exertion (RPE) [30]. To confirm resting conditions and the
absence of muscle cell damage, blood samples were analysed
for creatine kinase (CK) concentration, which serves as a
marker of muscle cell damage [31].

2.5. Statistical Analysis. All data are given inmean± standard
deviation (mean ± SD) and 95% confidence intervals where
appropriate. Shapiro-Wilk test was used to test for normal
data distribution. Paired t-tests were performed to assess
differences in nutrient intake, physical activity, and blood
parameters between M1 and M2 (𝛼 = 0.05). The Bland-
Altman procedure was performed to assess reliability of the
measurement procedure by calculating the bias (mean differ-
ence between M1 and M2) and the 95% limits of agreement
[32, 33]. In addition, the coefficient of variation (CV%) was
calculated with log-transformed data for the parameters of
foci analysis. Statistical calculations were performed using
JMP, Version 9 (SAS Institute Inc., Cary, NC).

3. Results

3.1. Physical Activity. Throughout the entire study period,
subjects reported 24.2 ± 9.9min of vigorous physical activity
or exercise training per day with a subjective exertion of
13.4 ± 1.7RPE. Subjects were compliant with the instruction
to refrain from exercise the day before the measurements.
There was no difference between M1 and M2 in exercise
duration (M1: 1.3 ± 3.5min/d; M2: 0 ± 0min/d; 𝑃 = 0.35)
or perceived exertion (M1: 1.4 ± 3.9RPE; M2: 0 ± 0RPE;
𝑃 = 0.33) during the 24 hours before the measurements.
Blood concentration of creatine kinase did not differ between
M1 (160.4 ± 85.7U/L) and M2 (133.3 ± 73.5U/L; 𝑃 = 0.32).

3.2. Diet and Antioxidant Intake. There was no difference in
energy intake 24 h before M1 (2407 ± 625 kcal/d) and M2
(2376 ± 517 kcal/d; 𝑃 = 0.89). Recommendations for the
daily intake of vitamins C and E and retinol equivalents were

reached by all participants with no differences between M1
and M2. Mean intake of vitamin C was 137 ± 66mg/d before
M1 and 147 ± 54mg/d before M2 (𝑃 = 0.68) and intake of
vitamin E 16 ± 5mg/d before M1 and 15 ± 7mg/d before
M2 (𝑃 = 0.57). For retinol equivalents, a mean intake of
3.2 ± 2.7mg/d before M1 and 1.7 ± 1.0mg/d before M2 (𝑃 =
0.78) was observed.

3.3. Analysis of 𝛾-H2AX Foci. The total number of 𝛾-H2AX
foci detected per 100 lymphocytes was 7.6 ± 4.4 in M1 and
8.4 ± 4.6 in M2 (𝑃 = 0.79). The number of cells from 100
lymphocytes in which 𝛾-H2AX foci were observed did not
differ between M1 (5.9 ± 2.7) and M2 (6.9 ± 4.2; 𝑃 = 0.58). In
affected cells, a mean number of 1.2 ± 0.2 (M1) and 1.3 ± 0.1
(M2) 𝛾-H2AX fociwere found (𝑃 = 0.80).Themeandiameter
of 𝛾-H2AX foci did not differ between the twomeasurements
(M1: 0.63 ± 0.07 𝜇g, M2: 0.66 ± 0.06 𝜇g; 𝑃 = 0.31). In
Table 1 a detailed list of individual outcome measures for 𝛾-
H2AX foci is shown.

3.4. Reliability of the Outcome Measures. No measures of the
𝛾-H2AX foci were significantly different betweenM1 andM2
(𝑃 > 0.05). The coefficient of variation (CV%), the bias, and
the limits of agreement (LoA) for the four outcome variables
are given in Table 2. CV of the particular outcome measures
varied between 8.0% and 98.5%. The bias was generally close
to zero except for the number of affected cells, where bias
was −1.0. The 95% limits of agreement were narrow for
the 𝛾-H2AX foci diameter and the number of 𝛾-H2AX foci
per affected cell. However, wide limits of agreement were
observed for the number of 𝛾-H2AX foci per 100 lymphocytes
and the percentage of affected cells.

4. Discussion

The analysis of 𝛾-H2AX foci has been shown to accurately
measure DNA double-strand breaks and to be sensitive
even at low levels of DNA damage [22, 24]. As strenuous
exercise is capable of inducing oxidative stress and DNA
damage [12], the fully automated detection of 𝛾-H2AX foci
in human lymphocytes is a promising approach to evaluate
exercise-induced DNA damage in athletes. However, until
now, the day-to-day variation of this approach has not been
investigated in healthy moderately active subjects.

The data of the current study suggest that the reliability
of the analysis of 𝛾-H2AX foci varies between the outcome
measures. In general, there were no significant differences
in the test-retest values of the four outcome parameters.
However, the coefficient of variation was high for the total
number of foci per 100 cells and the percentage of affected
cells. For these two parameters, the bias was in an acceptable
range and between zero and one, which is about 15% or less of
the grand mean of the two repeatedly measured parameters.
It remains unknown whether the variation between the
test-retest situations is a methodological issue or reflects
a real biological variation. For the COMET assay—a well-
establishedmethod to quantify DNA damage in leucocytes—
a high variation of values of DNA damage in healthy humans
is known [34]. Additionally, Ismail et al. reported a high
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Table 2: Data of the four parameters of the 𝛾-H2AX foci analysis in human lymphocytes and their test-retest reliability (bias: mean difference
between the two measurements; LoA: 95% limits of agreement; CV: coefficient of variation).

𝛾-H2AX foci parameter M1
(mean ± SD)

M2
(mean ± SD) Bias LoA

(lower/upper) CV (%) 𝑃 value

Number of 𝛾-H2AX foci per 100 lymphocytes (𝑁) 7.6 ± 4.4 8.4 ± 4.6 0.75 −15.2/13.7 98.5 0.792
Number of 𝛾-H2AX foci per affected cell (𝑁) 1.2 ± 0.2 1.3 ± 0.1 −0.02 −0.36/0.33 11.3 0.800
Percentage of affected cells (%) 5.9 ± 2.6 6.9 ± 4.2 −1.0 −11.9/9.9 88.9 0.579
Diameter of 𝛾-H2AX foci (𝜇m) 0.63 ± 0.07 0.66 ± 0.06 −0.04 −0.16/0.09 8.0 0.334

interindividual variability of 𝛾-H2AX foci in human white
blood cells in response to ionizing radiation, indicating
that the number 𝛾-H2AX produced during the early repair
process of DNA double-strand breaks is different between
subjects [22]. However, others have shown that the total
number of 𝛾-H2AX foci significantly correlates with the
number of double-strand breaks [35].

In the present study large inter- and intraindividual
differences in outcome values have been observed. For total
number of foci per 100 cells individual values ranged from 2
to 15, whereas the range for percentage of affected cells was
2–14%, for number of foci per affected cell 1.0–1.6, and for
diameter 0.53–0.76 𝜇m, respectively.

Little data are available about the total number of 𝛾-H2AX
foci in untreated human cells of healthy subjects. In vitro,
Rothkamm and Löbrich found a mean of 0.05 foci per cell
in a cell culture of human fibroblasts that was not treated
with irradiation [36]. Approximately five 𝛾-H2AX foci per 100
cells were regarded as the background level of 𝛾-H2AX foci
in untreated cells by the authors [36]. In vivo, under normal
conditions,𝛾-H2AX foci values less than one focus per cell are
reported [37–39]. Unfortunately,most of the studies assessing
𝛾-H2AX foci in lymphocytes are dealing with patients and/or
older subjects of a mixed population with unequal gender.
It remains unclear whether the observed background levels
of 𝛾-H2AX foci (0.07 to 0.08 𝛾-H2AX foci per cell) in
moderately trained males are physiological. Rothkamm and
Löbrich determined the variation in the levels of spontaneous
𝛾-H2AX focus formation and found a mean of 0.04 and 0.06
foci per cell in different in vitro experiments [36]. Thus, the
day-to-day variability of the number of 𝛾-H2AX foci found
by the authors in human cell lines is slightly lower but similar
to the total number of foci found in the present study of
human lymphocytes in healthy subjects under resting condi-
tions.

Regarding reliability, a low systematic error with a bias
very close to zero (−0.02 and −0.04) was found for both
the number of 𝛾-H2AX foci per affected cell and the mean
diameter of the foci. Here, the coefficients of variation were
within a typical range observed for day-to-day variability of
biological outcome measures and below 12CV%. However, it
remains unknown whether the number of foci per affected
cell or the diameter of the foci changes due to strenuous
exercise.

Limitations of the study are the low number of sub-
jects in the test-retest design and the missed opportunity
to distinguish between biological variation and technical
measurement error. Here, at each measurement, a second

blood sample should have been collected immediately after
the first blood sample to analyse the technical error.

The background level of 0.07 to 0.08 𝛾-H2AX foci per
cell in the present study is comparable to values reported
elsewhere and varies inter- and intraindividually under rest-
ing conditions. Future studies should be conducted, which
include more subjects, to determine the resting level of 𝛾-
H2AX foci and accompanied parameters.

In conclusion, the analysis of the 𝛾-H2AX focus diameter
and the number of 𝛾-H2AX foci per affected cell are reliable
measures in healthy moderately active subjects. To analyse
the effect of exercise on DNA damage the high day-to-
day variability of total number of 𝛾-H2AX foci needs to be
considered. Whether exercise affects the prevalence of 𝛾-
H2AX in lymphocytes of healthy trained subjects needs to be
investigated.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors thank all volunteers who participated in this
study. They also thank Professor Dirk Roggenbuck (PhD),
Peter Bauer (PhD), and Caroline Eberle for their skilled
technical support in analysing the 𝛾-H2AX foci.

References

[1] D. M. Bailey, I. S. Young, J. McEneny et al., “Regulation of
free radical outflow from an isolated muscle bed in exercising
humans,”American Journal of Physiology: Heart and Circulatory
Physiology, vol. 287, no. 4, pp. H1689–H1699, 2004.

[2] C. K. Sen, “Oxidants and antioxidants in exercise,” Journal of
Applied Physiology, vol. 79, no. 3, pp. 675–686, 1995.

[3] A. K. Banerjee, A. Mandal, D. Chanda, and S. Chakraborti,
“Oxidant, antioxidant and physical exercise,” Molecular and
Cellular Biochemistry, vol. 253, no. 1-2, pp. 307–312, 2003.

[4] T. L. Clanton, L. Zuo, and P. Klawitter, “Oxidants and skeletal
muscle function: physiologic and pathophysiologic implica-
tions,” Proceedings of the Society for Experimental Biology and
Medicine, vol. 222, no. 3, pp. 253–262, 1999.

[5] P.M. Clarkson andH. S.Thompson, “Antioxidants: what role do
they play in physical activity and health?”TheAmerican Journal
of Clinical Nutrition, vol. 72, no. 2, pp. 637S–646S, 2000.



6 Journal of Nutrition and Metabolism

[6] Y. Hellsten, U. Frandsen, N. Ørthenblad, B. Sjødin, and E. A.
Richter, “Xanthine oxidase in human skeletal muscle following
eccentric exercise: a role in inflammation,” Journal of Physiology,
vol. 498, no. 1, pp. 239–248, 1997.

[7] D. Javesghani, S. A. Magder, E. Barreiro, M. T. Quinn, and S.
N. A. Hussain, “Molecular characterization of a superoxide-
generatingNAD(P)Hoxidase in the ventilatorymuscles,”Amer-
ican Journal of Respiratory and Critical Care Medicine, vol. 165,
no. 3, pp. 412–418, 2002.

[8] U.Kerkweg, F. Petrat,H.G.Korth, andH. deGroot, “Disruption
of skeletalmyocytes initiates superoxide release: contribution of
NAD(P)H oxidase,” Shock, vol. 27, no. 5, pp. 552–558, 2007.

[9] H.M.Alessio, “Exercise-induced oxidative stress,”Medicine and
Science in Sports and Exercise, vol. 25, no. 2, pp. 218–224, 1993.

[10] K. Briviba, B. Watzl, K. Nickel et al., “A half-marathon and a
marathon run induce oxidative DNA damage, reduce antiox-
idant capacity to protect DNA against damage and modify
immune function in hobby runners,” Redox Report, vol. 10, no.
6, pp. 325–331, 2005.

[11] A.Mastaloudis, T. Yu, R. P. O’Donnell, B. Frei, R. H. Dashwood,
and M. G. Traber, “Endurance exercise results in DNA damage
as detected by the comet assay,” Free Radical Biology and
Medicine, vol. 36, no. 8, pp. 966–975, 2004.

[12] A. M. Niess, M. Baumann, K. Roecker, T. Horstmann, F. Mayer,
and H.-H. Dickhuth, “Effects of intensive endurance exercise
on DNA damage in leucocytes,” Journal of Sports Medicine and
Physical Fitness, vol. 38, no. 2, pp. 111–115, 1998.

[13] D. V. Firsanov, L. V. Solovjeva, andM. P. Svetlova, “H2AX phos-
phorylation at the sites of DNA double-strand breaks in culti-
vated mammalian cells and tissues,” Clinical Epigenetics, vol. 2,
no. 2, pp. 283–297, 2011.

[14] C. Di Giacomo, R. Acquaviva, V. Sorrenti et al., “Oxidative and
antioxidant status in plasma of runners: effect of oral supple-
mentationwith natural antioxidants,” Journal ofMedicinal Food,
vol. 12, no. 1, pp. 145–150, 2009.

[15] H. Miyazaki, S. Oh-ishi, T. Ookawara et al., “Strenuous
endurance training in humans reduces oxidative stress follow-
ing exhausting exercise,” European Journal of Applied Physiol-
ogy, vol. 84, no. 1-2, pp. 1–6, 2001.

[16] S. Sachdev and K. J. A. Davies, “Production, detection, and
adaptive responses to free radicals in exercise,” Free Radical
Biology and Medicine, vol. 44, no. 2, pp. 215–223, 2008.

[17] M. Harms-Ringdahl, D. Jenssen, and S. Haghdoost, “Tomato
juice intake suppressed serum concentration of 8-oxodG after
extensive physical activity,” Nutrition Journal, vol. 11, no. 1,
article 29, 2012.

[18] A. Hartmann, A. M. Niess, M. Grunert-Fuchs, B. Poch, and
G. Speit, “Vitamin E prevents exercise-induced DNA damage,”
Mutation Research, vol. 346, no. 4, pp. 195–202, 1995.

[19] O. Neubauer, S. Reichhold, L. Nics et al., “Antioxidant responses
to an acute ultra-endurance exercise: impact on DNA stability
and indications for an increased need for nutritive antioxidants
in the early recovery phase,”TheBritish Journal of Nutrition, vol.
104, no. 8, pp. 1129–1138, 2010.

[20] E. P. Rogakou, W. Nieves-Neira, C. Boon, Y. Pommier, and W.
M. Bonner, “Initiation of DNA fragmentation during apoptosis
induces phosphorylation ofH2AXhistone at serine 139,” Journal
of Biological Chemistry, vol. 275, no. 13, pp. 9390–9395, 2000.

[21] J. Kobayashi, “Molecular mechanism of the recruitment
of NBS1/hMRE11/hRAD50 complex to DNA double-strand
breaks: NBS1 binds to 𝛾-H2AX through FHA/BRCT domain,”
Journal of Radiation Research, vol. 45, no. 4, pp. 473–478, 2004.

[22] I. H. Ismail, T. I. Wadhra, and O. Hammarsten, “An optimized
method for detecting gamma-H2AX in blood cells reveals
a significant interindividual variation in the gamma-H2AX
response among humans,” Nucleic Acids Research, vol. 35, no.
5, article e36, 2007.

[23] R. Runge, R. Hiemann, M. Wendisch et al., “Fully automated
interpretation of ionizing radiation-induced 𝛾H2AX foci by
the novel pattern recognition system AKLIDES,” International
Journal of Radiation Biology, vol. 88, no. 5, pp. 439–447, 2012.
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