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Abstract

During exercise, increased oxygen consumption results in elevated production of reactive
oxygen species (ROS). If the antioxidant system is unable to counteract this surge in ROS,
oxidative stress occurs. Physical activity modulates both the generation and clearance of
ROS through dynamic interactions between metabolic and antioxidant systems, and also
influences the oxidative burst activity of phagocytes, a key component of the innate immune
response. To investigate the acute physiological responses to high-intensity interval training
(HIIT), we assessed the effects of a single HIIT session on oxidative stress markers and
the oxidative burst activity of phagocytes in young professional athletes and non-athlete
individuals. Blood samples were collected before and after a HIIT session from eleven male
athletes (mean age: 22.1 & 4.5 years) and ten male non-athlete university students (mean
age: 21.6 £ 2.3 years). Participants performed a single treadmill HIIT session of ten 45-s
intervals at 75-85% of heart rate reserve, separated by 45-s low-intensity recovery periods,
with target intensities individualized using the Karvonen formula. Total antioxidant
capacity, activities of catalase, superoxide dismutase and glutathione peroxidase enzymes,
total serum nitrite/nitrate levels, lipid peroxidation products, and oxidative burst activity
of phagocytes were evaluated before and after exercise. In athletes, a significant increase
was observed in the activity of superoxide dismutase (from a median of 2.09 to 2.21 U/mL;
p = 0.037) and catalase (from a median of 32.94 to 45.45 nmol/min/mL; p = 0.034) after
exercise, whereas no significant changes were found in the control group. Total serum
nitrite/nitrate levels significantly increased in both groups after exercise (athletes: from
a median of 8.70 to 9.95 uM; p = 0.029; controls: from a median of 10.20 to 11.50 uM;
p = 0.016). Oxidative burst capacity of peripheral blood phagocytes was significantly higher
in athletes both before (median: 10,422 vs. 6766; p = 0.029) and after (median: 9365 vs.
7370; p = 0.047) the HIIT session compared to controls. Our findings demonstrate that
training status markedly influences oxidative stress responses, with athletes exhibiting
more effective long-term antioxidant adaptations. These results emphasize the necessity of
tailoring exercise regimens to baseline fitness levels in order to optimize oxidative stress
management across different populations.
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1. Introduction

Exercise is a form of physical activity that is planned, structured, repetitive, and
purposefully focused on improving or maintaining one or more components of physical
fitness [1]. Endurance training enhances resistance to fatigue and improves metabolic
efficiency, while strength training primarily induces muscle hypertrophy and increased
muscle strength. In recent decades, several new training methods have emerged, each
influencing the human body in distinct ways [2]. Interval training alternates periods of
intense effort with rest in a structured manner. Properly designed workouts can optimize
health outcomes, including improvements in strength, endurance, and overall physiological
adaptations [3]. High-intensity interval training (HIIT) is characterized by repeated bouts
of exercise performed at 80-100% of maximum heart rate (HRmax), with intervals typically
lasting from 6 s to 4 min, followed by short periods of reduced metabolic demand [4]. HIIT
protocols can be individualized based on clinical status and physical capacity, making them
suitable even for patients with coronary heart disease or chronic heart failure [5]. Since
regular HIIT induces classical physiological adaptations, such as mitochondrial biogenesis
and improvements in aerobic capacity (VO,max), it is considered one of the most effective
methods for improving cardiorespiratory and metabolic functions [3,6,7].

Nevertheless, as an acute effect of exercise, increased oxygen consumption and muscle
contraction can lead to the generation of reactive oxygen species (ROS). Exercise induces
the activation of enzymes, such as NADPH oxidase, xanthine oxidase and phospholipase
A2, which are known sources of ROS within the muscle. Additionally, muscle contraction
leads to increased electron leakage from the mitochondrial electron transport chain, which
subsequently results in increased superoxide formation [8]. Furthermore, oxidative burst
activation of neutrophils and monocytes/macrophages provides another important source
of ROS both in muscle tissue and in peripheral blood [9,10]. During intensive physical
exercise, the production of free radicals may exceed the antioxidant capacity, which leads
to the oxidation of biomolecules, such as proteins, lipids and nucleic acids [11]. In vivo
oxidation of biomolecules has both detrimental and adaptive consequences. On one hand,
it damages the biomolecules, causing their loss of function and degradation [12]. The
antioxidant defense system can limit these undesirable consequences by enzymatic and
non-enzymatic factors. The main antioxidant enzymes are catalase (CAT), superoxide
dismutase (SOD) and glutathione peroxidase (GPx), while non-enzymatic antioxidants are
glutathione, uric acid, bilirubin, ubiquinone and dietary antioxidants, including vitamin
C, vitamin E and carotenoids [13]. On the other hand, oxidation is an important part of
the physiological signaling process leading to beneficial adaptations, such as increased
antioxidant enzyme expression, mitochondrial biogenesis, support of anabolic pathways,
which contributes to increased fitness level [14-16].

However, exercise is a complex biological process that affects not only ROS produc-
tion but also its elimination. The intensity and duration of exercise and the individual’s
fitness level determine its effects on oxidative-antioxidant balance as well as oxidative
burst activity of neutrophils and monocytes [10,17]. Nevertheless, the effects of HIIT on
oxidative stress regulation are not yet fully elucidated; whereas certain studies demonstrate
favorable antioxidant adaptations, others suggest the potential for enhanced pro-oxidant
activity [18-20]. Considering these aspects, it is important to address how acute HIIT
affects the dynamic balance between oxidants and antioxidant defense system, as well as
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the oxidative burst activity of neutrophils and monocytes, key components of the innate
immune system, across different fitness levels. Therefore, this study aimed to investigate
the acute effects of a single HIIT session on oxidative stress markers, antioxidant responses,
and phagocyte oxidative burst activity in young professional athletes and non-athlete uni-
versity students. In order to comprehensively assess the redox status and innate immune
response, we selected a panel of physiologically relevant biomarkers, including SOD, CAT,
and GPx, which are key markers of enzymatic antioxidant defenses. Total antioxidant
capacity provided an integrated measure of non-enzymatic antioxidants, thiobarbituric
acid reactive substances (TBARS) served as an indicator of lipid peroxidation and oxida-
tive damage, while serum nitrite/nitrate levels were included as markers of nitric oxide
metabolism. We also evaluated the ROS production capacity of peripheral blood phago-
cytes. These biomarkers served for a multidimensional characterization of oxidative stress
and antioxidant responses to acute high-intensity exercise.

2. Materials and Methods
2.1. Participants

Eleven Hungarian male professional football players (mean age: 22.1 & 4.5 years, mean
BMI: 22.96 + 2.46) and ten male untrained university students (mean age: 21.6 £ 2.3 years;
mean BMI: 23.28 + 4.12) as control subjects were enrolled in this study. Based on the training
classification system developed by McKay et al. [21], the professional football players were
categorized as Tier 3 (highly trained individuals), participating in regular training sessions
(6 x 90 min per week) and weekly competitive matches. In contrast, the university students
were classified as Tier 1 (recreationally active individuals), engaging in approximately
2 x 90 min of exercise per week. Participants were instructed to avoid strenuous physical
activity for the previous 24 h and special diets or antioxidant supplementation for at least six
weeks prior to the study. Moreover, exclusion criteria for participation included smoking,
alcohol or drug addiction, ongoing viral or bacterial infection or chronic disease treated
with continuous drug therapy. These criteria were evaluated through a structured medical
interview conducted by a physician prior to the study.

2.2. Exercise Protocol

Resting heart rate (HRrest) was determined using a Polar Wrist Heart Rate Monitor
(POLAR RS 300X, Polar Electro, Kempele, Finland) following a 10-min supine relaxation.
HRmax was determined using the 220-age equation. Although the 220-age formula has
known limitations, it was used here for consistency and feasibility across participants.
Training heart rate zones corresponding to 60%, 70%, 80%, and 85% of heart rate reserve
were calculated using the Karvonen formula: Target Heart Rate (THR) = ((HRmax —
HRrest) x %Intensity) + HRrest. All HIIT sessions were conducted between 8:00 and
10:00 a.m., with each participant completing a single session for study purposes. After a
standardized 10-min warm-up, participants completed a high-intensity interval training
routine on Polar-compatible treadmills (STAR TRAC S-TRC, Star Trac, Irvine, CA, USA).
The exercise routine included ten cycles of 45-s exercise sessions and 45-s active recovery
periods. Target intensities gradually increased from 75 percent to 85 percent of maximal
effort. The treadmill speed was manually adjusted to achieve the prescribed heart rate
zones. Active recovery periods were performed as treadmill walking at a low intensity
with treadmill speed set to 4 km/h (0% incline).

Table 1 demonstrates the resting heart rates and the target heart rates of training zones
in the studied groups.
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Table 1. Resting and target heart rates of training zones.

Professional Athletes (n =11) Control Subjects (n = 10) p Value
Resting heart rate

(mean + SD) 574+ 7.04 68 + 6.22 0.003
Target heart rate for 60% intensity 1421 + 3.41 454+ 214 0008

(mean + SD) : . . ) )
Target heart rate for 70% intensity

(mean + SD) 156.2 + 3.21 158.3 + 1.60 0.119
Target heart rate for 80% intensity 170.3 4 3.9 1712 + 104 0,498

(mean £ SD) : : . . .
Target heart rate for 85% intensity 1774 + 3.31 1777 4+ 120 0,840

(mean £ SD) : : . . .

2.3. Blood Sampling and Analysis of Blood Cell Counts

In order to minimize both time-of-day variability and acute dietary influences on the
investigated markers, all exercise sessions and blood sample collections were performed
between 8:00 and 10:00 a.m., under standardized fasting conditions after an overnight fast.
Blood samples were obtained from a forearm vein in a seated position before and imme-
diately after the HIIT exercise (within 1-3 min) into VACUETTE® CAT Serum Separator
Tubes, VACUETTE® EDTA Tubes and VACUETTE® NH Sodium Heparin Tubes (Greiner
Bio-One, Kremsmiinster, Austria). Whole blood was centrifuged at 1000x g for 10 min, and
the resulting samples were stored at —80 °C until analysis. Blood cell counts, including
total neutrophil granulocyte counts, were analyzed from blood samples anticoagulated
with ethylenediamine tetra-acetic acid (EDTA) with Sysmex XN-2000 Hematology Analyzer
(Sysmex Europe GmbH, Norderstedt, Germany).

2.4. Quantification of the Oxidative Stress Biomarkers

The following oxidative stress biomarkers were evaluated: total antioxidant capacity,
TBARS, total nitrite /nitrate levels, as well as the enzymatic activities of CAT, SOD and GPx.
CAT and SOD activities, along with total antioxidant capacity, TBARS, and nitrite /nitrate
levels, were measured from serum samples, while GPx activity was assessed from plasma.
CAT activity was assessed using the Catalase Assay Kit (Cat. No. 707002) by quantifying
formaldehyde production following hydrogen peroxide decomposition, using a colori-
metric reaction with purpald. SOD activity was assessed with the Superoxide Dismutase
Assay Kit (Cat. No. 706002), based on the enzyme’s capacity to neutralize superoxide
radicals generated by xanthine oxidase. GPx activity was measured using the Glutathione
Peroxidase Assay Kit (Cat. No. 703102), which indirectly quantifies enzyme activity by
monitoring the consumption of NADPH in a glutathione reductase-catalyzed reaction.
Total nitrite/nitrate concentrations were measured using the Nitrate/Nitrite Colorimetric
Assay Kit (Cat. No. 780001). In this assay, serum nitrate is enzymatically converted to
nitrite, which then reacts with Griess reagents to form a chromophore complex detectable
by spectrophotometry. Total antioxidant capacity was assessed using the Antioxidant Assay
Kit (Cat. No. 709001), which measures both enzymatic and non-enzymatic antioxidant
components of the serum and expresses results in Trolox equivalents. Lipid peroxidation
was quantified using the TBARS (TCA Method) Assay Kit (Cat. No. 700870), based on the
formation of a colored complex between malondialdehyde (MDA) and thiobarbituric acid
under acidic conditions. The kits were purchased from Cayman chemicals (Ann Arbor, MI,
USA) and the assays were performed according to the instructions of the manufacturer
using Labsystems Multiskan MS Type 352 microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA).
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2.5. Measuring Oxidative Burst Activity of Phagocytes

Oxidative burst activity of the phagocytes was measured by Berthold Automat Plus BL
953 (Berthold, Bad Wildbad, Germany) luminometer based on the method previously de-
scribed [22]. Oxidative burst was induced by zymosan particles (Merck KGaA, Darmstadt,
Germany). Phosphate buffered saline (Merck KGaA, Darmstadt, Germany) was applied
as negative control and phorbol 12-myristate 13-acetate (PMA, Merck KGaA, Darmstadyt,
Germany) as positive control. The oxidation of the luminol dye was followed for an hour
by detecting the emitted photons (360-630 nm) at room temperature in every 5 min for
60 min. The chemiluminescence data were expressed in “Relative Light Units” (RLU). The
oxidative burst activity was interpreted by comparing the area under the curve (AUC)
values of the kinetic curves normalized to 1000 neutrophil cells in each sample.

2.6. Statistical Analysis

Statistical analyses were carried out with GraphPad Prism version 7.0 software (Graph-
Pad Software, San Diego, CA, USA). Descriptive data were presented as box plots indicating
the interquartile range (IQR), with the central line representing the median. Shapiro-Wilk
normality tests were used to assess the distribution of the data. Differences between the
parameters of professional athletes and control individuals were determined by unpaired
two-sample ¢-test in case of normal distribution, while if the data set differed from normal
distribution, Mann-Whitney test was used. For within-group comparisons of pre- and post-
exercise values, paired t-test was applied under normal distribution, whereas Wilcoxon test
was used for non-normally distributed data. Effect sizes were expressed as Cohen’s d, and
differences were considered statistically significant at p < 0.05. Based on post hoc power
analysis conducted in G*Power 3.1.9.7 (Heinrich-Heine-Universitédt Diisseldorf, Germany;
o = 0.05, two-tailed, assumed large effect size d/dz = 0.80; paired tests: N = 21; unpaired
tests: n; = 10, ny = 11), the paired t-test achieved a power of 0.94, the unpaired ¢-test a
power of 0.41, the Wilcoxon test a power of 0.92, and the Mann-Whitney test a power
of 0.40.

3. Results
3.1. Enzymatic Antioxidant Activities

No significant differences were observed in baseline values between professional
athletes and control participants. The antioxidant enzyme activities in the control
group did not show any changes following the HIIT session. In contrast, the activ-
ity of SOD enzyme in professional athletes increased significantly following acute ex-
ercise, from a median of 2.09 U/mL (interquartile range [IQR]: 1.91-2.26 U/mL) to
221 U/mL (IQR: 2.06-2.36 U/mL; respectively, p = 0.037, d = 0.664). Similarly, CAT
activity showed a significant post-exercise increase, from a median of 32.94 nmol/min/mL
(IQR: 23.52-50.48 nmol/min/mL) to 45.45 nmol/min/mL (IQR: 31.09-57.55 nmol /min/mL;
respectively, p = 0.034, d = 0.563) in professional athletes, while the activity of GPx did not
change significantly (Figure 1la—c).

3.2. Nitrite and Nitrate Levels

Total nitrite/nitrate levels increased significantly in both groups. In athletes, levels
rose from a median of 8.70 uM (IQR: 7.70-12.30 uM) to 9.95 uM (IQR: 8.80-12.30 uM,;
respectively, p = 0.029, d = 0.177). In the control group, levels increased from a median of
10.20 uM (IQR: 8.70-13.10 uM) to 11.50 uM (IQR: 10.20-16.10 uM; respectively, p = 0.016,
d = 0.124) (Figure 1d).
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Figure 1. Antioxidant and oxidative stress markers in the peripheral blood of professional athletes
(n = 11) and control subjects (n = 10) before and after an acute HIIT session. Panels (a-f) show
SOD, CAT, GPx, nitrite/nitrate, total antioxidant capacity and TBARS levels respectively. Boxes
represent interquartile ranges, horizontal lines show median values, and whiskers show minimum
and maximum values. Statistically significant differences are indicated by * p < 0.05.

3.3. Total Antioxidant Capacity and Thiobarbituric Acid Reactive Substances

Total antioxidant capacity and TBARS levels did not change significantly in either
group following the HIIT session (Figure 1e,f).

https:/ /doi.org/10.3390/1ife16010084


https://doi.org/10.3390/life16010084

Life 2026, 16, 84 70f13

3.4. Oxidative Burst Activity of Phagocytes

In response to the HIIT session, we detected an increased neutrophil granulocyte
cell count in the peripheral blood samples of both professional athletes (pre-HIIT median:
3.45 G/L; [IQR: 2.65-3.69 G/L] vs. post-HIIT median: 3.42 G/L; [IQR: 2.93-4.29 G/L];
respectively, p = 0.037, d = 0.420) and control subjects (pre-HIIT median: 2.70 G/L; [IQR:
2.52-3.43 G/L] vs. post-HIIT median: 3.31 G/L; [IQR: 3.08-3.79 G/L]; respectively,
p = 0.0003, d = 0.993) (Figure 2a). The number of other leukocyte subsets showed no
differences between the two groups and did not exhibit significant changes following the
HIIT session.

a Neutrophil granulocytes b Oxidative burst capacity
- * 15,000+ *
£z ks
—_ ek = ”
:l P—— g_
2% £ 10,0004
|5 z
3 o
= 3
%1 S 5000
© O
-
<
0 L) Ll Ll Ll 0 Ll | Ll Ll
Pre Post Pre Post Pre Post Pre Post
Professional athletes Control subjects Professional athletes Control subjects

Figure 2. Neutrophil granulocyte counts (a) and zymosan-induced oxidative burst response (b) in
professional athletes (n = 11) and control subjects (n = 10) before and after an acute HIIT session. Boxes
represent interquartile ranges, horizontal lines show median values, and whiskers show minimum
and maximum values. Statistically significant differences are indicated by * p < 0.05; *** p < 0.001.

When comparing the oxidative burst capacity of peripheral phagocytes, professional ath-
letes exhibited significantly higher capacity both before (median: 10,422; [IQR: 6975-11,202])
and after (median: 9365; [IQR: 7582-11,686]) the HIIT session, compared to control subjects
(pre-HIIT median: 6766; [IQR: 4896-8661]; respectively, p = 0.029, d = 1.229 and post-HIIT
median: 7370; [IQR: 5310-8470]; respectively, p = 0.047, d = 1.094). However, the oxidative
burst capacity did not change significantly when comparing pre- and post-HIIT values
within either group (Figure 2b).

4. Discussion

Among contemporary training methods, HIIT has received particular attention in
recent years due to its time efficiency and physiological effectiveness. Growing evidence
suggests that HIIT has beneficial effects on various health parameters, including cardio-
vascular functions, low-grade inflammation and quality of life [23-26]. Despite requiring
less total time, HIIT has been reported to elicit comparable or even greater improvements
in cardiometabolic parameters relative to moderate-intensity continuous aerobic training.
Furthermore, evidence supports its safety and feasibility across diverse patient popu-
lations [4,27]. Beyond the well-documented improvements in cardiorespiratory fitness,
novel studies indicate that exercise-induced adaptation of the antioxidant defense system
constitutes a central mechanism underlying enhanced cardiometabolic health [28].

High-intensity phases of HIIT acutely enhance ROS generation, promoting a tran-
sient state of oxidative stress. Notably, this rise reflects a normal physiological reaction
to heightened metabolic demands and mitochondrial activity, alongside increased activ-
ity of ROS-producing enzymes, including nicotinamide adenine dinucleotide phosphate
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(NADPH) oxidase (NOX) and uncoupled nitric oxide synthase [19]. During intense exercise,
multiple tissues, particularly skeletal muscle and the vascular endothelium experience
elevated oxygen flux, resulting in increased electron leakage from the mitochondrial elec-
tron transport chain and consequent amplification of superoxide production [29]. This
acute surge in ROS is not inherently pathological; rather, it functions as a physiological
signal. This process, commonly referred to as “oxidative eustress”, triggers various signal-
ing pathways, including the NF-«B and nuclear factor erythroid 2-related factor 2 (Nrf2)
transcription factors, which in turn upregulate the synthesis of endogenous antioxidants,
such as SOD, CAT, and GPx [19]. The extent of this acute oxidative response is largely
determined by the intensity and duration of the exercise, as higher intensities and longer
training sessions can amplify oxidative stress, potentially exceeding the capacity of endoge-
nous antioxidant systems [30]. By design, HIIT comprises brief bouts of vigorous exercise,
typically performed at 85-95% of HRmax. Such intensities can induce substantial acute
oxidative stress; however, the relatively low total exercise volume in short HIIT protocols
may restrict the period of oxidative stress, thereby reducing the risk of substantial oxidative
damage relative to longer-duration endurance training. Importantly, these mechanisms
can also be modulated by an individual’s training status and overall health. In sedentary
populations, even moderate-to-vigorous exercise may trigger a relatively greater increase
in oxidative stress markers, likely reflecting their lower baseline antioxidant capacity. By
contrast, individuals with a high level of training can more effectively buffer the same
oxidative challenge through prior upregulation of enzymatic and non-enzymatic antiox-
idant defenses [30]. Previous studies have demonstrated that regular exercise enhances
both the activity and production of major antioxidant enzymes, including SOD, CAT, and
GPx [31-33]. Such adaptations contribute to improved redox homeostasis and attenu-
ated basal oxidative damage. Bogdanis et al. reported that following a short-term HIIT
program, there was an increase in CAT activity in skeletal muscle in healthy men after
only 3 weeks [34]. Costa et al. likewise reported that a 4-week progressive HIIT protocol
significantly increased plasma total antioxidant capacity and erythrocyte CAT activity in
healthy young men, reflecting improved systemic redox homeostasis [35]. In contrast, we
observed no significant differences in baseline antioxidant parameters including SOD, CAT,
GPx and total antioxidant capacity between young professional athletes and non-athlete
university students in our study. However, we found that SOD and CAT activities were
significantly elevated in professional athletes following HIIT, whereas university students
did not exhibit comparable increases. Thereby, our findings still support the notion that
regular training plays a pivotal role in the adaptation of antioxidant responses.

We also investigated the changes in total nitrite and nitrate levels after the HIIT
session, which reflects the extent of nitric oxide (NO) production, a potent vasodilator
and signaling molecule, during exercise [36]. NO plays a key role in exercise physiology
by regulating vascular tone, muscle blood flow, and oxygen delivery, and also supports
mitochondrial biogenesis and efficiency. Exercise promotes NO synthesis through enhanced
endothelial nitric oxide synthase (eNOS) expression and phosphorylation, and increases
NO bioavailability by reducing its deactivation, collectively leading to elevated plasma
nitrite/nitrate levels, which is generally considered beneficial for vascular function and
exercise performance [37]. Previous studies in older populations suggested that training
status may positively influence basal nitrite levels, possibly compensating for the age-
related decline in NO bioavailability [38,39]. However, we did not observe such differences
in healthy young adults, as baseline values did not differ between athletes and controls. On
the other hand, we observed that a single HIIT session acutely increased total nitrite /nitrate
levels in both athletes and controls. Although this rise in total nitrite/nitrate levels is
consistent with exercise-induced NO production, habitual dietary nitrate intake may also
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influence its resting levels. This factor may partially explain the lack of baseline differences
between groups, despite their divergent training status. Regarding the extent of lipid
peroxidation, no differences were observed between the two groups, and HIIT did not
elicit any significant changes. A recent systematic review indicates that total antioxidant
capacity and TBARS levels can change significantly immediately after exercise. Therefore,
our findings may suggest that the antioxidant response to HIIT functioned appropriately
in both professional athletes and healthy non-athlete controls; however, a delayed peak
response—reported in other studies—cannot be ruled out [18]. Alternatively, it is also
possible that the level of exercise-induced oxidative stress in our protocol did not exceed
the threshold required to elicit a measurable increase in these biomarkers among the
young participants.

We observed a significant elevation in neutrophil granulocyte cell count in both profes-
sional athletes and control subjects following a HIIT session, with the increase being more
pronounced in the control group. This may be attributed to the athletes’ regular exposure to
high-frequency training sessions, resulting in a reduced neutrophil mobilization response
due to prior physiological adaptation from regular high-frequency training. Nevertheless,
the HIIT protocol effectively promoted phagocyte mobilization from peripheral pools in
both groups, potentially enhancing immunosurveillance and host defense mechanisms [40].
Since phagocytes are key components of the innate immune system and comprise the first
line of defense against foreign pathogens, their bactericidal functions are crucial in effective
immune responses. Exercise exerts systemic effects on immune function and inflamma-
tion. While some anti-inflammatory benefits of exercise may be mediated by changes in
adipose tissue, cellular immune function also appears to be directly modulated [41,42]. A
number of studies reported enhanced activity and phagocytosis of neutrophil granulocytes
in the peripheral blood in relation to regular exercise [43,44], indicating enhanced ROS
production capacity, which may translate to superior antimicrobial defense. In our study,
although systemic oxidative stress and antioxidant markers showed no baseline differences
between athletes and non-athletes, baseline oxidative burst capacity of phagocytes was
substantially higher in athletes. This distinction highlights that innate immune cell func-
tion adapts to chronic training independently of systemic redox status, likely reflecting
sport-related enhancement of NADPH oxidase-mediated ROS generation and immuno-
logical readiness [45-47]. Although high-intensity training has been reported to blunt
phagocyte oxidative burst capacity and contribute to neutrophil exhaustion—potentially
increasing infection susceptibility in professional athletes [48,49]—our findings indicate
that the HIIT session applied in this study did not alter oxidative burst capacity within the
immediate post-exercise window (1-3 min after exercise) in either group. Therefore, our
conclusion that HIIT does not impair phagocytic oxidative function applies specifically to
this acute time frame; delayed post-exercise effects cannot be assessed based on the current
sampling protocol.

Finally, it is necessary to consider some limitations in this study. One important limita-
tion is the single time-point assessment of antioxidant capacity parameters, which does not
provide information about the dynamic changes of the measured parameters. However,
strong evidence from a recent systematic review indicates that acute oxidative stress occurs
upon cessation of high-intensity exercise, and measurable changes in oxidative markers
typically occur immediately following exercise [18]. Although the exact kinetics of individ-
ual oxidative stress markers may vary depending on the population, exercise modality, and
methodology, immediate post-exercise sampling is widely considered an appropriate and
sensitive window for detecting rapid redox perturbations and initial antioxidant responses.
Therefore, we selected this time point to capture the earliest measurable systemic changes
induced by HIIT, in alignment with the main objectives of our study. Another main limita-
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tion is the modest sample size, which naturally reduces the statistical power for detecting
smaller effect sizes and limits the generalizability of the findings. Nevertheless, the consis-
tent response patterns observed across participants support the physiological relevance
of the results, and the homogeneous characteristics of both groups strengthen the internal
validity of the study. On the other hand, the study also has notable strengths, including
the individualized and carefully controlled exercise protocol, as well as the comprehensive
evaluation of a broad spectrum of antioxidant markers. Furthermore, by including only
male participants, we were able to eliminate potential confounding effects associated with
hormonal fluctuations across the menstrual cycle; however, this approach also limits the
generalizability of our findings to female athletes and non-athletes. Finally, in our study, the
relative intensity of the HIIT protocol was individualized using heart rate reserve, ensuring
a physiologically comparable stimulus across participants. Nevertheless, future studies
incorporating CPET [50] could provide additional insight into how precise aerobic fitness
interacts with redox and immune responses, further refining our understanding of the
relationship between chronic training status and acute physiological adaptations.

5. Conclusions

One single bout of HIIT induced clear antioxidant responses in trained athletes but not
in untrained young adults, underscoring the role of regular physical activity in enhancing
enzymatic antioxidant capacity. In contrast, nitrite/nitrate levels increased similarly in
both groups, suggesting that this acute response is independent of training status. Athletes
also exhibited consistently higher phagocyte oxidative burst capacity, indicating enhanced
innate immune function associated with chronic training. Overall, our findings high-
light that training status markedly shapes redox and immune responses to acute high-
intensity exercise.
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