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Changes of circulating free plasma DNA (cfDNA) are associated with different types of tissue injury, including those

induced by intensive aerobic and anaerobic exercises. Observed changes are dependent from induced inflammation, and

thus it may be a potential marker for athletic overtraining. 
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1. Introduction

High intensity exercises lead to transient muscle fibre damage, performance deterioration, increased inflammation

processes  and oxidative stress induced by the generation of free radicals . All those factors are associated with

muscle injury, and occur during normal competition, especially when the duration or intensity of sport competition is very

high. In a situation in which the accumulation of exercise load is very high, and decreased athletic performance is

induced, the presence of muscle injury and increased inflammation processes are also observed. It is called ‘overtraining’

and may lead to increased immune system activity with elevated secretion of inflammatory factors .

There is rising evidence suggesting that, in addition to its health benefits, intensive exercise may have potential adverse

effects on the immune system . Therefore, clarification on this matter is necessary for training recommendations or

personalized training load adjustment. Preventing injuries during training is critical to optimum performance. While

exercise has both acute and chronic effects on the immune system, most biomarkers are insufficient and show only

modest association with susceptibility to tissue injury. Adaptation mechanisms against soft tissue injuries as well as

accelerating recovery time after different types of exercise are still poorly understood and these biomarkers still need to be

established. In recent years cell-free DNA (cfDNA) has emerged as a potential biomarker of injury level, inflammation,

cellular stress and cell death, generating more and more interest across various biomedical disciplines. Its changes are

correlated with the presence of tissue injury, immune system activation, and even cancer 

Such pathological conditions have already been reported in patients with sepsis, myocardial infarction, cardiovascular

diseases, autoimmune disorders, cancer, or metabolic disorders, but also in patients after trauma .

Circulating cfDNA is defined as double-stranded DNA molecules found in body liquids such as plasma, serum or urine,

resulting from biological fragmentation upon stress induction. cfDNA circulating in the body has several fragment sizes.

Most cfDNA molecules display short fragments (~150–180 bp), which are mainly derived from apoptosis via the activation

of cellular endonucleases leading to the cleavage of chromatin DNA into internucleosomal fragments . Long cfDNA

fragments of >10 kbp are thought to be generated by necrosis. Another source of cfDNA is neutrophil extracellular traps

(NETs), which play an active role in the innate immune system response to both pathogens and physical exercise .

Physiologically, low concentrations of cfDNA (2.5–27.0 ng/mL) circulate in the plasma/serum from healthy individuals

before being cleansed by the liver . Elevated concentration of circulating cfDNA in the bloodstream is considered to be

a novel molecular biomarker, a hallmark manifestation of inflammatory response (not only associated with diseases, but

also physical exhaustion)—whether acute or chronic. This has prompted sports medical researchers to investigate the

role of cDNA as a potential marker of exercise induced-metabolic changes in a healthy human body after—i.e., resistance

training, marathon run, continuous treadmill running, incremental exercise, rowing, soccer, or strength training .

It is already known that high levels of physical activity are associated with metabolic and mechanical muscular damage,

leukocyte inflammatory response and DNA damage caused by oxidative stress, which in turn may induce an increase in

cfDNA concentration . Elevated concentrations of cfDNA have already been observed immediately after acute exercise

and exhibiting a rapid return to baseline levels, whereas typical biomarkers of skeletal muscle injury (C-reactive protein,

uric acid, creatine kinase) display delayed kinetics compared with the cfDNA peak response .

Additionally, exercise parameters such as the duration and intensity of aerobic running have already been positively

correlated with selected markers of muscle damage , which indicates the enormous potential of cfDNA as a biomarker
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for exercise load in the aerobic and the anaerobic state.

Strong data can be found in the literature on the effect of exercise on changes in cfDNA, but little attention has been paid

to the study of internal and extracellular mechanisms resulting from adaptive changes in the body caused by many years

of training, as well as the type of exercise . Therefore, the aim of the research was to assess the changes of

circulating cfDNA in association with intensive aerobic and anaerobic exercises. These changes may be associated with

exercise intensity and may indicate the physical effort exerted during the type of exercise. In conclusion, measurement of

cfDNA may be a good predictor of specific activity preparation; therefore, measurement of its changes may indicate the

precise stage preparation and may be a useful tool in athlete preparation diagnosis.

2. cfDNA Changes in Maximal Exercises as a Sport Adaptation Predictor

The blood count characteristics are presented in Supplementary Table S1. The results of the Student’s t-test showed a

significantly lower level of MPV (4.58%) and higher level of HDL (19.12%) in the athlete group compared to the control

group. There were no significant differences in the rest of the examined blood count parameters (Table S1). All men in

both groups successfully completed two different maximal physical tests. The Student’s t-test analysis showed the

significant differences in MAnE between groups (Table S2). The athlete group had a 7.86% and 6.11% higher relative

mean and peak power in comparison to the control group during the first WAnT, respectively. In the second WAnT, after 30

s of rest, a similar decrease in the relative mean and maximum power was noted in both groups. During MAE, the athlete

group had a 15.24% and 9.07% higher maximum oxygen uptake and a maximum ventilation compared to the control

group, respectively (Table S3).

Serum levels of cfDNA before and after MAnE and MAE are presented in Figure 1. When analysing the time up to 5 min

after MAnE, 88% of the athletes were responders, while in the control group there were only 17% (overall: 56%). In the

case of MAE, 64% of athletes and 56% of the control group were responders (overall: 62%) to the applied effort in terms

of cfDNA increase. The two-way ANOVA revealed a significant effect of group and RM factors in MAnE on serum cfDNA

concentrations (Table S4). For the main group, the factor showed a 32.15% higher concentration of cfDNA in the athlete

group compared to the control group. In turn, a significant influence of the RM factor was shown by the greatest increase

(38.19%) in cfDNA concentration up to 5 min after exercise compared to the baseline values and 60 min after collection

(61.16%). The analysis of variance also showed a significant interaction of the group and RM factor in MAnE. The results

of the post hoc test showed a 102.62% increase in the concentration of cfDNA up to 5 min after MAnE compared to the

baseline values in the athlete group, while in the control group there was a gradual decrease, achieving about 49.79%

lower concentrations of cfDNA 60 min after MAnE in compared to the baseline. As a result of the above changes, 68.47%

higher cfDNA concentrations were also noticed up to 5 min after MAnE in the athlete group compared to the control group.

Figure 1. Concentration of cell-free DNA (cfDNA) after the maximal anaerobic (A) and aerobic effort (B) in training and

control group (means and standard deviations). I, baseline; II, up to 5 min after the effort; III, 30 min after the effort; IV, 60

min after the effort. Significant difference at p < 0.05 vs: * II-Controls; # IV-Control; ## I, IV—Athletes.

Analysis of the variance of cfDNA concentrations before and after the MAE showed a significant influence of the RM factor

and its interaction with the group factor (Table S4). The RM post hoc test results showed a significant increase in cfDNA

concentration up to 5 min after (27.84%) and 30 min after exercise (27.77%) compared to baseline values. In turn the

results of the post hoc test for the interaction of the RM factor and the group showed that while the concentration of cfDNA

decreased by 40.10% in the period from 30 min to 60 min after exercise in the control group, the concentration of cfDNA

in the group of athletes remained at a similar level (Figure 1).

The changes in cfDNA from the baseline visit to up to 5 min after and 30 min and 60 min after maximum exercise are

shown in Figure 2. Analysis of variance showed a significant effect of the group factor on changes in cfDNA concentration

up to 5 min after and 60 min after maximum exercise (Table S5). Regardless of the type of exercise, the difference

between the groups was 49% for the change in cfDNA concentration up to 5 min after exercise. A two-fold difference

between the groups was noted for the change in cfDNA concentration 60 min after exercise (104.34%). The significant
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interaction of the group factor and the type of effort was noted only for the change in cfDNA concentration up to 5 min

after exercise (Figure 2A). The results of the post hoc test showed a 94.03% smaller increase in the control group in

cfDNA concentration immediately after MAnE compared to the athlete group.

Figure 2. Changes in cell-free DNA (cfDNA) from baseline to u to 5 min after (A) and 30 min (B) and 60 min (C) after

maximal anaerobic (MAnE) and aerobic effort (MAE) in the athletes and controls. * significant difference vs. control group

at p < 0.01.

3. Discussion

The main goal of the current study was to define whether cfDNA changes were associated with maximal aerobic and

anaerobic effort, and whether those changes indicate specific sport adaptation and/or physical activity preparation for

different types of activity.

Both analysed groups successfully completed two different maximal physical tests—double repeated WanT and Bruce

protocol. Test analysis showed that the athlete group had a 7.86% and 6.11% higher relative mean and peak power in

comparison to control group during the first WAnT. Similar conclusions were observed in the work of researchers like

Rotstein et al. , Reaburn et al. , and many others. In the second WAnT, after 30 s of rest, a similar decrease in the

relative mean and maximum power was noted in both groups. This is probably due to the fact that the energy expenditure

spent on the implementation of the first task in both populations was analogous. During MAE, the athlete group had a

15.24% higher maximum oxygen uptake and a 9.07% higher maximum ventilation compared to the control group. Such

conclusions are summed up in the meta-analysis , where training experience is directly correlated with maximal oxygen

intake and higher results, which are mostly observed in training individuals.

In conclusion, this is the first report demonstrating that maximal aerobic and anaerobic exercise significantly increases

plasma levels of cfDNA, possibly resulting from early stages of tissue inflammation reaction and as a predictor of further

activity processes and the stimulating effect of physical activity on body metabolism. These observations imply that

formation of cfDNA is associated with occurrences of physical activity but only in maximal physical activity. Plasma cfDNA

measurement similar to exerkine analyses is additionally non-invasive and requires limited time and personnel to receive

specific data. Further investigation of the origin of plasma cfDNA in the blood stream associated with muscle work should

be undertaken.
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