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Featured Application

The integrated analysis of gene expression and cytokine concentrations, specifically TNF-
α and IL-4, offers a dual-layer approach to monitoring training status. Practically, the
observed rapid resolution of TNF-α protein and stable IL-4 expression 48 h post-exercise
in athletes could serve as a “recovery benchmark.” Monitoring these markers during
micro-cycles could help identify individuals with “delayed inflammatory resolution,”
indicating a risk of cumulative fatigue or overreaching. Furthermore, the multi-point
correlation between leukocyte indices and IL-4/TNF-α in trained individuals suggests that
routine, low-cost hematological tests could be calibrated against molecular signatures to
provide a more accessible, daily monitoring tool for assessing “immune readiness” and
individualizing training loads in professional soccer.

Abstract

Background: Acute exercise induces measurable inflammatory and hematological re-
sponses, which may differ according to training status. Methods: Trained soccer players
and sedentary controls completed a progressive exercise test until exhaustion. Blood
samples were collected at six time points (up to 48 h post-exercise). Gene expression
was assessed using real-time PCR, protein concentration via ELISA, and leukocyte, lym-
phocyte and neutrophil counts through routine hematology. Analyses included between-
group comparisons, within-group time effects, and gene–protein correlations. Results:
Sedentary individuals showed delayed increases in TNF-α mRNA (p < 0.05), whereas
athletes maintained stable levels. Athletes exhibited consistently higher TNFR-1 expression
(p < 0.05), while TNFR-2 showed no differences between groups. IL-4 expression was
higher in athletes 30 min (p = 0.038) and 24 h after test (p = 0.002), whereas IL-4 protein
decreased in sedentary subjects after 6 h (p = 0.009) and 24 h (p = 0.019). IL-4Rα was tran-
siently elevated post-exercise in sedentary individuals and briefly suppressed in athletes
(p = 0.041). Hematological responses showed stronger leukocytosis and neutrophilia in
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sedentary individuals. Conclusions: The temporal inflammatory patterns differed substan-
tially between groups, indicating more efficient resolution dynamics in trained individuals.
These findings highlight practical value for monitoring adaptation and recovery.

Keywords: TNF-α; IL-4; inflammation; cytokine expression; exercise; training adaptation

1. Introduction
As physical exercise gains popularity, the need for reliable biomarkers to evaluate

the effectiveness of training programs becomes increasingly important. Biomarkers are
measurable indicators of biological processes that offer valuable insights into the body’s
response to exercise [1]. They are critical for designing training programs tailored to
individuals or specific groups. By assessing biomarkers before and after exercise, it is
possible to identify which types of activity are most effective in achieving targeted health
outcomes. Furthermore, biomarkers enable individuals to track their progress over time,
providing concrete evidence of the benefits derived from their efforts.

A range of biomarkers is currently used to measure the impact of exercise, including
physiological markers such as heart rate, blood pressure, and VO2max, as well as biochem-
ical markers like cytokines, hormones, and metabolic indicators [2–4]. While these markers
provide valuable information, there is a need for more accurate and specific tools to better
understand exercise-induced changes in the body. Cytokines, in particular, have emerged as
a promising option for assessing training effectiveness [4]. These signaling molecules play
a key role in immune and inflammatory responses and are integral to the body’s adaptation
to physical activity [5]. By measuring cytokine levels pre- and post-exercise, researchers can
evaluate how different types of exercise influence immune and inflammatory responses,
offering deeper insights into the effectiveness of various training regimens.

Cytokines are a diverse group of signaling molecules essential for regulating immune
and inflammatory responses, as well as cellular growth and differentiation. This broad
category includes various types, each with specific functions and effects on the body, such
as interleukins (ILs), tumor necrosis factor (TNF), interferons (IFNs), chemokines, colony-
stimulating factors (CSFs), and growth factors. The distinct roles of these cytokines are
vital for maintaining homeostasis, but their dysregulation can contribute to the onset and
progression of numerous diseases [6].

Recent research has increasingly explored the connection between cytokines and
physical activity, as exercise has been shown to influence their expression and secretion in
multiple tissues and organs. These findings highlight the potential of cytokines not only as
biomarkers for exercise effectiveness but also as mediators of the health benefits associated
with regular physical activity.

Interleukins (ILs) are a group of proteins that facilitate communication with leukocytes
by binding to specific receptors. They are primarily produced by monocytes, macrophages,
CD4+ helper T cells, and endothelial cells [6]. The IL-1 family, a subgroup of pro-
inflammatory cytokines, consists of 11 members and plays a pivotal role in innate immune
system activation and the enhancement of T lymphocyte function [7].

Interleukin 4 (IL-4) is a cytokine mainly secreted by Th2 lymphocytes, as well as mast
cells, eosinophils, and basophils [6]. Functioning as an anti-inflammatory and regulatory
mediator within the type I cytokine family, IL-4 plays a central role in adaptive immunity by
driving Th2 cell differentiation and inducing IgE production by B cells [8]. It contributes to
immune modulation by suppressing classical (M1) macrophage activation and promoting
alternative (M2) polarization, thereby facilitating tissue remodeling and repair.
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During physical exertion, IL-4 exhibits a different response profile than acute-phase
cytokines such as IL-6 or IL-1ra. Its concentration typically remains unchanged imme-
diately following exercise, pointing to its limited role in acute inflammatory response.
Studies involving endurance athletes—including distance runners and rowers—have con-
sistently reported stable IL-4 levels both at the protein and mRNA level after intense activity.
However, the cytokine’s response appears to be influenced by exercise duration and total
workload. While shorter events like a 40 km cycling race produce no measurable change
in IL-4 levels, longer endurance challenges (e.g., 171 km) have been associated with sig-
nificant post-exercise increases in this level [9]. This suggests that IL-4 may become active
during the recovery phase, contributing to resolution of inflammation and immune system
recalibration with a potential role in the later phases of immune recovery or secondary
inflammation resolution.

Rather than mediating immediate immune defense, IL-4 likely acts as a modulator of
longer-term responses, particularly by favoring Th2 dominance and, thus, antagonizing
Th1-associated pro-inflammatory pathways. This may help prevent excessive inflammation
and support immune homeostasis during repeated or prolonged physical stress. Subtle
or delayed changes in IL-4 may, therefore, reflect its primarily regulatory function during
post-exercise recovery, rather than a direct pro- or anti-inflammatory role in the acute phase.

Tumor necrosis factor alpha (TNF-α), also known as TNF superfamily member 2
(TNFSF2), is a versatile cytokine implicated in various metabolic disorders, including
insulin resistance and type 2 diabetes [10]. Predominantly produced by macrophages and
adipocytes, TNF-α serves as a key mediator of acute inflammatory responses. Together
with IL-6 and IL-1, it plays a critical role in local inflammatory processes [11].

The primary physiological function of TNF-α is to activate leukocytes, directing
them to sites of inflammation to eliminate microorganisms and promote the resolution of
inflammation [12]. TNF-α signaling operates through two receptors: TNFR-1 and TNFR-2.
TNFR-1, which is broadly expressed across most cell types, is primarily associated with pro-
inflammatory and apoptotic signaling. In contrast, TNFR-2, found mainly on endothelial
cells, epithelial cells, and specific immune cell subsets, is involved in anti-inflammatory
signaling and supports cell proliferation [13,14].

The response of TNF-α to exercise varies depending on the intensity of physical
activity. Research indicates that regular exercise suppresses TNF-α expression, largely due
to the action of IL-6, which promotes the release of anti-inflammatory cytokines such as
IL-1ra and IL-10 [15]. This highlights the modulatory effect of exercise on inflammatory
pathways, underscoring its role in maintaining immune and metabolic health.

Endurance training modulates the inflammatory response at both transcriptional
and protein levels, supporting more efficient immune regulation in active individuals.
Regular exercise leads to adaptations that limit excessive inflammation by promoting
controlled, transient immune activation following physiological stress. At the gene expres-
sion level, trained individuals often show a reduced TNF-α transcriptional response and
enhanced IL-4 expression after exertion, reflecting a shift toward an anti-inflammatory
profile [16,17]. Protein-level adaptations include lower resting concentrations of pro-
inflammatory cytokines and faster post-exercise recovery [18,19]. Additionally, endurance
training may regulate cytokine receptor expression, such as TNFR-1 and IL-4Rα, refining
immune cell responsiveness [20,21]. These changes underpin the “exercise-induced anti-
inflammatory effect,” which facilitates quicker resolution of inflammation and may reduce
the risk of chronic inflammatory conditions [18,22].

The primary aim of this study was to investigate the dynamics of the inflammatory
response to a single bout of acute physical exertion, with particular focus given to the
temporal changes in gene expression and circulating protein levels of key cytokines and
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their receptors. Importantly, this research sought not only to track the immunological
fluctuations occurring at multiple time points post-exercise, but also to compare these
responses between trained athletes and sedentary individuals. In doing so, this study
aimed to elucidate how long-term physical training modulates both the magnitude and
pattern of immune activation and regulation following exercise-induced physiological
stress. This dual approach enabled a comprehensive evaluation of both the short-term
kinetics of inflammation and the long-term adaptations associated with training status,
contributing to a better understanding of immune system plasticity in response to repeated
exercise stimuli.

2. Materials and Methods
2.1. Participants

This study received ethical approval from the Bioethics Committee of the University
of Szczecin (approval no. US.003.5.2024, 22 May 2024). All participants were informed
in writing about the study’s objectives, procedures, risks, and benefits. Informed consent
was obtained after confirming participants’ full understanding. Anonymity and data
confidentiality were ensured.

Two groups of healthy males aged 20–25 participated in the study. The trained group
included 15 football players with over 10 years of systematic training (approx. 12 h/week)
and no history of injuries, chronic diseases, or medication/supplement use. Participants
were recruited through a targeted screening process designed to ensure homogeneity
within each group and full compliance with the study’s inclusion criteria. All individuals
who met the criteria and provided informed consent were enrolled and completed the
entire study protocol, including the exercise test and all six blood sampling time points.
No participant withdrew or was lost to follow-up, and no attrition occurred during data
collection. The untrained group comprised 15 physically inactive individuals matched
for age and body composition, as verified by the Global Physical Activity Questionnaire
(GPAQ). Both groups met strict exclusion criteria, including absence of cardiovascular,
neurological, or psychiatric conditions.

2.2. Intervention

Each participant completed an individualized treadmill test until voluntary exhaustion,
aimed at eliciting maximal metabolic and cardiovascular effort. The protocol began with a
3 min warm-up, followed by incremental increases in speed and/or incline every 2 min until
the subject could no longer continue despite encouragement. Exhaustion was confirmed
by physical signs of fatigue and an inability to maintain pace. The test was tailored to an
individual’s fitness level to standardize physiological strain across groups.

Although the treadmill running speed was individualized, the exercise intensity was
standardized across groups by referencing each participant’s physiological profile obtained
during the VO2max test. Running intensity was set at the speed corresponding to the indi-
vidually determined anaerobic threshold, ensuring comparable relative strain (%VO2max).
Heart rate was recorded continuously, and both groups reached similar percentages of
HRmax during the protocol. Capillary lactate concentrations measured immediately post-
exercise further confirmed that participants exercised within the same metabolic intensity
domain. This approach ensured that physiological strain was standardized despite differ-
ences in absolute running speeds.

To minimize confounding factors, several pre-testing standardization procedures were
implemented. Participants refrained from vigorous physical activity for 48 h and from
alcohol and caffeine for 24 h prior to each laboratory visit. All tests were performed in
the morning (8:00–10:00 a.m.) to control for circadian variation. Participants arrived after
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an overnight fast of at least 10 h and were asked to maintain a consistent dietary pattern
on the day preceding each trial. Sleep duration was self-reported, and participants were
instructed to obtain ≥7 h of sleep before each measurement session. No deviations from
these procedures were recorded.

2.3. Samples Collection

Venous blood samples were collected from study participants before (pre-test), im-
mediately after the exercise (0 h), and 30 min (0.5 h), 6 h (6 h), 24 h (24 h), and 48 h (48 h)
after the test into tubes with a stabilizer (RNAlater, Thermo Fisher Scientific, Waltham, MA,
USA). In addition, blood plasma was collected for evaluation of protein levels using the
enzyme-linked immunosorbent assay (ELISA).

2.4. Isolation of the RNA and cDNA Synthesis

Total RNA was extracted from blood samples using the GeneMATRIX Universal RNA
Purification Kit (EurX, Gdańsk, Poland), designed for RNA isolation, according to the
manufacturer’s protocol. The resulting isolates tested spectrophotometrically for RNA
quantity and quality were reverse-transcribed (RT) using the smART First Strand cDNA
Synthesis kit (EurX, Gdańsk, Poland) via the polymerase chain reaction (RT-PCR) technique,
and the resulting cDNA samples were stored at −20 ◦C for further molecular analysis.

2.5. Real-Time PCR

Gene expression analysis of TNF-α, TNFR-1, TNFR-2, IL-4 and IL-4Rα (Table 1) was
performed using quantitative real-time PCR (RT-qPCR). Reactions were run in duplicate
on a CFX96 Real-Time System thermal cycler (Bio-Rad, Hercules, CA, USA) in 96-well low-
skirted plates (Bio-Rad, Hercules, CA, USA), using SsoAdvanced Universal SYBR Green
SuperMix (Bio-Rad, Hercules, CA, USA), and following the manufacturer’s instructions.
Thermal cycling conditions included an initial denaturation at 95 ◦C for 30 s, followed
by 40 cycles of 95 ◦C for 10 s and 60 ◦C for 30 s, with fluorescence recorded after each
cycle. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) and BMG (β2-microglobulin)
served as the internal controls for normalization.

Table 1. Primer sequences used in this study.

Gene Name Forward Reverse

hGAPDH glyceraldehyde 3-phosphate
dehydrogenase TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG

hBMG β2-microglobulin CCACTGAAAAAGATGAGTATGCCT CCAATCCAAATGCGGCATCTTCA

hTNF-α tumor necrosis factor α CTCTTCTGCCTGCTGCACTTTG ATGGGCTACAGGCTTGTCACTC

hTNFR-1 TNF receptor 1 CCGCTTCAGAAAACCACCTCAG ATGCCGGTACTGGTTCTTCCTG

hTNFR-2 TNF receptor 2 CGTTCTCCAACACGACTTCATCC ACGTGCAGACTGCATCCATGCT

hIL-4 interleukin 4 CCAACTGCTTCCCCCTCTG TCTGTTACGGTCAACTCGGTG

hIL-4Rα interleukin 4 receptor α TGCGAGTGGAAGATGAATG CTCCGTTGTTCTCAGGGATAC

Reference gene stability was validated using the ∆Ct approach by comparing Ct
differences between GAPDH and BMG across time points and groups. The absence of
significant fluctuation confirmed their stability, allowing geometric averaging of both genes
for normalization.

2.6. ELISA

Plasma samples were collected at designated time points, and concentrations of TNF-α
(cat. no. 950.090.192) and IL-4 (cat. no. 950.020.192) were measured using Diaclone’s ELISA
kits (Medix Biochemica, Espoo, Finland) in accordance with the manufacturer’s protocols.
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2.7. Statistical Analysis

No formal a priori power analysis was performed. The sample size was determined
based on feasibility and in accordance with similar experimental designs in exercise im-
munology. To evaluate whether the study was sufficiently powered, a post hoc sensitivity
analysis was conducted using GPower 3.1. For a Mann–Whitney U test with α = 0.05 and
N = 30, the power achieved was 0.80 for detecting effect sizes of d ≥ 0.78, indicating
adequate power to detect medium-to-large effects.

Gene expression was quantified using the 2−(∆Ct) method and subjected to appropriate
statistical analysis. Normality was assessed using the Shapiro–Wilk test, revealing non-
normal distributions for most variables. Consequently, non-parametric tests were applied.
Statistical analyses included both between-group and within-group comparisons. Between-
group differences at each time point were assessed using the Mann–Whitney U test. To
evaluate temporal changes within each group, Wilcoxon signed-rank tests were performed
by comparing post-exercise measurements to baseline values for all six sampling points.
This approach allowed us to assess both group-specific longitudinal dynamics and group-
to-group contrasts. Analyses were conducted using Statistica 13 software (TIBCO Software
Inc., USA, Palo Alto, CA, USA), with p < 0.05 considered statistically significant. Data were
presented as medians due to distribution characteristics.

3. Results
3.1. Blood Tests

There were no significant statistical differences between trained and untrained indi-
viduals in terms of leukocyte (WBC), neutrophil (NEU), and lymphocyte (LYM) counts,
although the trends indicated temporary fluctuations depending on the time after exercise.

Table 2 presents a summary of blood test results obtained from participants in the
trained and untrained groups at six time points: before the exercise test, immediately after
its completion, and then after 30 min, 6 h, 24 h, and 48 h. The results are presented as
medians with statistical significance (p < 0.05), which was the result of comparing the
results obtained at individual time points to the resting value (before the test).

Table 2. Blood test results of participants from the trained (T) and untrained (UT) group
(median ± interquartile range, and significance level p < 0.05).

Parameter Group Pre-Test After Test 30 min After Test 6 h After Test 24 h After Test 48 h After Test

WBC
[tys/µL]

T 6.20 ± 2.32 9.80 ± 4.61 6.54 ± 3.70 9.08 ± 2.59 5.30 ± 2.38 5.60 ± 1.60
UT 6.40 ± 2.09 9.59 ± 2.77 6.20 ± 1.53 8.20 ±1.82 6.14 ± 1.11 6.25 ± 1.20

NEU
[tys/µL]

T 3.17 ± 1.67 4.41 ± 1.61 4.16 ± 2.70 6.43 ± 1.92 2.84 ± 0.76 2.80 ± 0.91
UT 3.36 ± 0.43 4.44 ± 0.48 3.40 ± 0.55 6.27 ± 2.27 3.06 ± 0.31 3.00 ± 0.58

LYM
[tys/µL]

T 2.28 ± 0.68 3.61 ± 1.45 1.47 ± 0.76 2.10 ± 0.98 2.20 ± 1.00 2.00 ± 1.26
UT 2.10 ± 1.18 3.52 ± 0.77 1.60 ± 0.50 1.76 ± 0.46 1.76 ± 0.25 1.81 ± 0.50

UT—untrained group; T—trained group; significance level p < 0.05 in bold.

In terms of blood count parameters, significant changes in the number of leukocytes
were observed. Compared to the resting value, their number increased significantly imme-
diately after exercise (p = 0.001) and 6 h after exercise (p = 0.001) in both groups. However,
after 48 h, a statistically significant decrease in WBC count was observed compared to the
baseline value (p = 0.006) in the trained group.

With regard to leukocyte distribution, significant changes were observed in both
neutrophil and lymphocyte populations. The number of neutrophils in both groups in-
creased immediately after exercise (p = 0.001), peaked 6 h after the test (p = 0.001), and
then decreased significantly 48 h after the test, reaching values lower than the baseline
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(p = 0.005). In the trained group, a significant increase was also observed 30 min after the test
(p = 0.002). The number of lymphocytes also increased significantly immediately after the
test (p = 0.001), then dropped sharply 30 min after the test (p = 0.001) in both groups. Sub-
sequently, the number of lymphocytes in the trained group stabilized, fluctuating around
values close to the baseline. In the untrained group, 6 and 24 h after the test, the values
were still significantly lower (p = 0.001), and the results returned to resting values only after
48 h.

3.2. Comparison of Gene Expression Between Groups

Several genes demonstrated statistically significant differences in expression between
trained and untrained individuals. The most consistent divergence was observed in TNFR-
1, the expression of which remained significantly lower in the untrained group across
nearly all time points—including baseline (p = 0.009), 30 min (p = 0.017), 6 (p = 0.034), 24
(p = 0.021), and 48 h post-exercise (p = 0.032). The greatest contrast occurred before the
physical effort (p = 0.009, Figure 1). These findings are summarized in Table 3.

Figure 1. Median 2−(∆Ct) values of TNFR-1 expression over time between trained and untrained
groups. * Indicates statistically significant differences (p < 0.05).

Table 3. Differences in TNF-α, TNFR-1, TNFR-2, IL-4 and IL-4Rα gene expression between trained (T)
and untrained (UT) groups across six time points.

Gen Statistic Pre-Test After Test 30 min After
Test 6 h After Test 24 h After

Test
48 h After

Test

TNF-α
Z, p Z = −1.750,

p = 0.080
Z = −0.576,

p = 0.565
Z = −1.474,

p = 0.140
Z = −0.645,

p = 0.519
Z = −1.382,

p = 0.166
Z = −1.382,

p = 0.167
Direction UT < T UT < T UT < T UT < T UT < T UT < T

TNFR-1
Z, p Z = −2.00,

p = 0.010
Z = −1.797,

p = 0.072
Z = −2.395,

p = 0.017
Z = −2.119,

p = 0.034
Z = −2.303,

p = 0.021
Z = −2.142,

p = 0.032
Direction UT < T UT < T UT < T UT < T UT < T UT < T

TNFR-2
Z, p Z = −0.921,

p = 0.357
Z = −1.059,

p = 0.289
Z = −1.175,

p = 0.240
Z = 0.276,
p = 0.782

Z = 0.023,
p = 0.982

Z = −1.221,
p = 0.222

Direction UT < T UT < T UT < T UT > T UT > T UT < T
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Table 3. Cont.

Gen Statistic Pre-Test After Test 30 min After
Test 6 h After Test 24 h After

Test
48 h After

Test

IL-4
Z, p Z = −1.543,

p = 0.123
Z = −1.843,

p = 0.065
Z = −2.073,

p = 0.038
Z = −1.428,

p = 0.153
Z = −3.086,

p = 0.002
Z = −1.290,

p = 0.197
Direction UT < T UT < T UT < T UT < T UT < T UT < T

IL-4Rα
Z, p Z = 0.645,

p = 0.519
Z = 2.211,
p = 0.027

Z = 1.290,
p = 0.197

Z = 1.842,
p = 0.065

Z = 1.129,
p = 0.259

Z = 0.345,
p = 0.730

Direction UT > T UT > T UT > T UT > T UT > T UT > T

UT—untrained group; T—trained group; Z—difference in test results for two independent groups; significance
level p < 0.05 in bold.

In contrast, TNF-α and TNFR-2 did not differ significantly between groups at any
measured time point (p > 0.05), although minor fluctuations were noted.

As for anti-inflammatory markers, IL-4 expression was significantly elevated in trained
individuals compared to their untrained counterparts at two post-exercise time points:
30 min (p = 0.038) and 24 h (p = 0.002). The most notable difference was seen at 24 h
(Figure 2A).

Figure 2. Median 2−(∆Ct) values of IL-4 (A) and IL-4Rα (B) expression over time between trained and
untrained groups. * Indicates statistically significant differences (p < 0.05).

Conversely, IL-4Rα showed a distinct pattern: its expression immediately after exercise
was significantly higher in the untrained group (p = 0.027), while no other time points
revealed intergroup differences (Figure 2B).

Timeline changes in the expressions of TNF-α, TNFR-1, TNFR-2, IL-4 and IL-4Rα

genes relative to baseline levels were also determined. In the athlete group, no statistically
significant changes were observed for any of the analyzed genes besides IL-4Rα, with
expression levels remaining stable throughout the entire observation period (p > 0.05 for
all comparisons).

The temporal analysis of gene expression in the untrained group revealed a delayed
pro-inflammatory response to the exhaustive exercise protocol. Specifically, TNF-α mRNA
levels showed a gradual increase, reaching statistical significance at 6 h (p = 0.023) and
24 h post-exercise (p = 0.046) compared to the baseline (Figure 3A). This transcriptional
activation was closely followed by a significant elevation in TNFR-1 expression at the 6 h
mark (p = 0.023; Figure 3B), suggesting a synchronized up-regulation of both the cytokine
and its primary receptor in individuals unaccustomed to high-intensity physical stress.
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By 48 h, these expression levels began to subside, returning toward baseline values. No
statistically significant changes in TNFR-2 expression were detected at any time point.

Figure 3. Changes in median TNF-α (A) and TNFR-1 (B) expression in the untrained group compared
to the baseline. * Indicates statistically significant differences (p < 0.05).

In contrast, the trained group exhibited a highly specific and transient response in the
IL-4Rα gene. Unlike the stable expression observed in the untrained group, athletes showed
a sharp, statistically significant reduction in IL-4Rα mRNA levels immediately after the
exercise test (p = 0.041; Figure 4). This rapid suppression was short-lived, with expression
levels fully recovering to baseline values by the 30 min post-exercise measurement and
remaining stable thereafter. This unique “dip” in receptor expression in athletes, occurring
in the absence of significant TNF-α fluctuations, highlights a distinct regulatory pattern of
the anti-inflammatory pathway associated with long-term training adaptation.

Figure 4. Changes in median IL-4Rα expression in trained group compared to baseline. * Indicates
statistically significant differences (p < 0.05).

3.3. Protein Expression

Between-group analysis using the Mann–Whitney U test revealed statistically sig-
nificant differences in protein concentrations; however, these differences were specific
to certain cytokines and time points, rather than universal across all measurements. For
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TNF-α, a significant difference between groups was observed only at the first measurement,
prior to the exercise test. Baseline TNF-α levels were significantly higher (p = 0.043) in the
athlete group compared to the non-athlete group (p < 0.05; Figure 5). Although higher
TNF-α concentrations were observed in the non-athlete group immediately and 30 min
after the test, and in the athlete group at 6, 24, and 48 h post-test, these differences were not
statistically significant (p > 0.05).

Figure 5. Visualization of TNF-α protein concentration showing significant differences between the
trained and untrained groups across all time points. * Statistically significant differences (p < 0.05).

In contrast, IL-4 levels did not differ significantly between the athlete and non-athlete
groups at any measured time point (p > 0.05).

This study also analyzed within-group differences in protein expression across time
points separately for athletes and non-athletes.

The TNF-α results revealed a statistically significant decrease in concentration 48 h
after the exercise test compared to the baseline in the athlete group (p = 0.027; Figure 6A).
No significant changes in TNF-α expression were observed in the athlete group at any other
time point—immediately, 30 min, 6 h, or 24 h post-exercise—compared to the baseline
(p > 0.05; Figure 6A). Similarly, no significant differences relative to the baseline were found
in the non-athlete group.

Figure 6. Visualization of TNF-α (A) protein concentration in the trained group and IL-4 (B) in the
untrained group, showing significant changes between the baseline and the five post-exercise time
points. * Statistically significant difference from baseline (p < 0.05).

Analysis of IL-4 concentrations demonstrated a significant decrease at both 6 h (p = 0.009)
and 24 h (p = 0.019) post-exercise in the non-athlete group, compared to the baseline (Figure 6B).
No statistically significant changes were observed at any other time points—immediately,
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30 min, or 48 h after exercise—in the non-athlete group (p > 0.05; Figure 6B). In the athlete
group, IL-4 protein levels remained unchanged, with no statistically significant differences at
any time point compared to the baseline.

3.4. Correlation Analysis

An analysis was also conducted to assess the relationship between the expression
levels of selected genes (encoding TNF-α and IL-4) and the concentrations of their corre-
sponding protein products at each of the six time points: before the exercise test, imme-
diately after its completion, and 30 min, 6 h, 24 h, and 48 h post-exercise. Calculations
were performed separately for the athlete and non-athlete groups using Spearman’s rank
correlation coefficient.

In the analyzed cohort, no statistically significant correlations were observed between
gene expression and the corresponding protein concentrations (all p > 0.05), either in the
non-athlete group or among athletes (Table 4).

Table 4. Spearman’s rank correlation coefficients between mRNA expression and corresponding
plasma protein concentrations for TNF-α and IL-4 across six time points.

Gen/Protein Pair Group Pre-Test After Test 30 min After
Test 6 h After Test 24 h After

Test
48 h After

Test

TNF-α/TNF-α
T R = −0.314

p = 0.255
R = 0.175
p = 0.533

R = −0.207
p = 0.458

R = −0.004
p = 0.990

R = −0.229
p = 0.412

R = −0.248
p = 0.372

UT R = 0.113
p = 0.713

R = 0.424
p = 0.149

R = −0.028
p = 0.929

R = 0.127
p = 0.679

R = 0.282
p = 0.350

R = −0.162
p = 0.596

IL-4/IL-4
T R = 0.122

p = 0.666
R = 0.214
p = 0.443

R = 0.190
p = 0.499

R = 0.134
p = 0.634

R = 0.215
p = 0.442

R = 0.104
p = 0.713

UT R = 0.129
p = 0.674

R = −0.039
p = 0.901

R = 0.022
p = 0.943

R = −0.085
p = 0.782

R = 0.075
p = 0.808

R = 0.039
p = 0.901

UT—untrained group; T—trained group.

In most cases, the correlation coefficients were low or close to zero, indicating a lack
of strong association between transcript levels and protein concentrations in the samples
analyzed.

An analysis was also conducted of the relationship between leukocyte indices and
plasma protein concentrations (TNF-α and IL-4) at specific measurement points: before the
exercise test, immediately after its completion, and 30 min, 6 h, 24 h, and 48 h after the end
of exercise (Table 5).

Table 5. Spearman’s rank correlation coefficients between leukocyte indices and plasma cytokine
concentrations (TNF-α and IL-4).

Parameter
Pair Group Pre-Test After Test 30 min After

Test 6 h After Test 24 h After
Test

48 h After
Test

WBC/TNF-α
T R = 0.350

p = 0.201
R = 0.556
p = 0.031

R = 0.221
p = 0.428

R = 0.433
p = 0.107

R = 0.377
p = 0.166

R = 0.521
p = 0.046

UT R = −0.496
p = 0.085

R = −0.432
p = 0.141

R = −0.243
p = 0.424

R = −0.464
p = 0.110

R = −0.343
p = 0.252

R = −0.517
p = 0.070

NEU/TNF-α
T R = 0.181

p = 0.518
R = 0.363
p = 0.184

R = 0.171
p = 0.541

R = 0.429
p = 0.111

R = 0.311
p = 0.259

R = 0.245
p = 0.379

UT R = −0.321
p = 0.284

R = 0.232
p = 0.445

R = −0.157
p = 0.609

R = −0.439
p = 0.134

R = 0.011
p = 0.971

R = −0.072
p = 0.816
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Table 5. Cont.

Parameter
Pair Group Pre-Test After Test 30 min After

Test 6 h After Test 24 h After
Test

48 h After
Test

LYM/TNF-α
T R = 0.361

p = 0.186
R = 0.415
p = 0.140

R = 0.306
p = 0.268

R = 0.471
p = 0.076

R = 0.270
p = 0.330

R = 0.396
p = 0.143

UT R = −0.601
p = 0.030

R = −0.017
p = 0.956

R = 0.128
p = 0.677

R = 0.059
p = 0.849

R = −0.415
p = 0.159

R = −0.457
p = 0.116

WBC/IL-4
T R = 0.236

p = 0.398
R = 0.279
p = 0.314

R = 0.036
p = 0.899

R = 0.444
p = 0.098

R = 0.555
p = 0.032

R = 0.746
p = 0.001

UT R = −0.495
p = 0.086

R = −0.401
p = 0.174

R = −0.484
p = 0.094

R = −0.358
p = 0.230

R = −0.116
p = 0.705

R = −0.061
p = 0.844

NEU/IL-4
T R = 0.029

p = 0.919
R = 0.211
p = 0.451

R = 0.018
p = 0.950

R = 0.408
p = 0.132

R = 0.338
p = 0.218

R = 0.558
p = 0.031

UT R = −0.326
p = 0.277

R = 0.028
p = 0.927

R = −0.435
p = 0.138

R = −0.299
p = 0.321

R = 0.167
p = 0.585

R = 0.204
p = 0.505

LYM/IL-4
T R = 0.513

p = 0.051
R = 0.442
p = 0.114

R = 0.373
p = 0.171

R = 0.406
p = 0.133

R = 0.535
p = 0.040

R = 0.489
p = 0.064

UT R = −0.127
p = 0.679

R = −0.006
p = 0.985

R = 0.185
p = 0.544

R = 0.432
p = 0.141

R = −0.189
p = 0.535

R = −0.144
p = 0.639

UT—untrained group; T—trained group; significance level p < 0.05 in bold.

4. Discussion
This study provided an in-depth examination of molecular responses triggered by

acute physical exertion in two physiologically distinct groups—trained athletes and seden-
tary individuals. The investigation encompassed gene expression profiling of key cytokines
(TNF-α and IL-4) and their receptors (TNFR-1, TNFR-2, and IL-4Rα), and quantification of
serum protein levels of these molecules. These combined approaches offer new perspec-
tives on how regular training modulates inflammatory and metabolic responses to acute
exercise stress.

A critical comparative analysis of gene expression profiles underscored how training
status influences the magnitude and timing of transcriptional responses to intense effort.
While group comparisons revealed meaningful effect patterns, the differences should
not be overinterpreted. The study provides preliminary evidence for training-associated
tendencies rather than definitive mechanistic distinctions.

The results showed no significant intergroup differences in the expressions of the
genes encoding TNF-α and TNFR-2 at any of the analyzed time points. At the same time,
significantly higher TNFR-1 expression was found in the group of athletes compared to
non-exercisers, both at rest and at each stage of the post-workout response, with the largest
difference observed in the pre-exercise measurement. These results may indicate the ex-
istence of a different, permanent status of immune regulation in people who regularly
engage in physical activity, regardless of its intensity. When comparing gene expressions
after exercise to resting values, it was noted that TNF-α, TNFR-1, and TNFR-2 did not un-
dergo significant changes in athletes, suggesting more effective control of the inflammatory
response after exercise in this group.

The lack of differences in TNF-α expression between the groups in the presented study
may indicate that the level of training does not affect TNF-α gene expression, and that the
key stimulating factor is the length and intensity of training. In non-exercisers, however,
TNF-α expression significantly increased 6 and 24 h post-exercise, reflecting the increased
inflammation typical of individuals who are not adapted to regular physical activity [23].

A key observation in our study is that trained individuals exhibited significantly higher
baseline TNF-α protein concentrations compared to sedentary controls (p = 0.043). While
chronic exercise is generally associated with an anti-inflammatory systemic profile, this
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elevated baseline may reflect several physiological factors. First, it could be a consequence
of the high cumulative training load in elite soccer players (over 10 h/week), leading to
a state of chronic, low-grade metabolic and immune activation required for adaptation.
Second, this elevated TNF-α “tone” might indicate ongoing subclinical muscle remodeling
and satellite cell activation, where TNF-α serves as a crucial signaling molecule for tissue
repair and myogenesis following repetitive mechanical stress [17,24].

Furthermore, seasonal variations in training intensity and the proximity of the last
intensive training session (despite the 48 h rest period) might influence resting cytokine
levels. In this context, higher baseline TNF-α in athletes should not be interpreted as
maladaptive inflammation, but rather as a state of “immune readiness” or a physiological
adaptation to maintain homeostatic balance under conditions of frequent strenuous exertion.
This is further supported by the significant decrease in TNF-α observed in the athlete group
48 h post-exercise (p = 0.027), suggesting a highly efficient and well-coordinated resolution
of the inflammatory response that is absent in untrained individuals [25].

In turn, a significant decrease in TNF-α concentration after 48 h in the group of athletes
may indicate an effective mechanism of extinguishing the inflammatory response after
intense exercise.

An interesting result of this study is the significantly higher expression of TNFR-1
in athletes compared to non-exercising individuals, which persisted at all time points
analyzed. TNFR-1 is the main mediator of the biological effects of TNF-α, responsible for
both pro-inflammatory and pro-apoptotic signaling [14], and is rapidly mobilized during
acute immune activation [26]. It has consistently higher expression in trained individuals.
Its higher expression in athletes may reflect a more efficient early-response system, allowing
for rapid initiation and resolution of exercise-induced immune stress, and is suggestive
of the potential for higher capacity in active regeneration through apoptosis of damaged
muscle cells. In contrast, the lack of differences in TNFR-2 expression may indicate its
lesser role in long-term adaptation to regular physical activity, which is consistent with
previous reports. TNFR-2 is mainly expressed on T lymphocytes and endothelial cells,
and its activation is typically associated with immunoregulatory and reparative processes,
including support for Treg function, tissue remodeling, and maintenance of homeostasis
following inflammatory insults [27]. It is, therefore, possible that TNFR-2 plays a more
contextual and dynamic role, manifesting itself in specific pathological conditions or during
prolonged immune stress. Although TNFR-2 was not directly quantified in this study, the
divergent signaling pathways of the two receptors provide an interpretive framework for
understanding why trained individuals exhibit faster stabilization of pro-inflammatory
markers. The predominance of TNFR-1-driven early signaling followed by subsequent
activation of TNFR-2-associated repair pathways may represent a characteristic adaptive
response to repeated exercise stimuli.

IL-4 expression was significantly higher in athletes compared to non-exercisers at two
time points—30 min and 24 h after the exercise test. IL-4 is an anti-inflammatory cytokine
that plays an important role in regulating the humoral immune response, particularly by
inducing Th2 lymphocyte differentiation and promoting the production of IgE and IgG1
antibodies [8]. In the context of the physiological response to physical exercise, IL-4 is
considered one of the mediators of the anti-inflammatory response, counterbalancing the
action of pro-inflammatory cytokines such as IL-1β [28]. The observation of the greatest
difference between groups 24 h after exercise may suggest prolonged activation of pathways
associated with regeneration and suppression of the inflammatory response in people
who exercise regularly. Increased IL-4 expression in athletes can be interpreted as the
result of training and prior immune adaptations, leading to a more effective reduction
in potentially harmful inflammatory responses after exercise. In trained individuals, the
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immune system seems to switch more quickly from the inflammatory response phase to the
regenerative phase, which may explain the difference seen after 24 h. A slightly different
result was obtained for the IL-4 receptor (IL-4R), the expression of which was higher
immediately after exercise in non-exercising individuals. This observation might point
towards a compensatory mechanism in a population unaccustomed to exercise, in which
the activation of the inflammatory response is more intense, and the increased sensitivity
of cells to IL-4 may be an attempt to limit an excessive immune response. However, it is
worth noting that cytokine receptor expression is often subject to dynamic and short-term
regulation [24], which may explain the lack of persistent differences at other time points.
When comparing time points for IL-4 and its receptor IL-4R, only a single change was
observed—a decrease in IL-4R expression immediately after exercise in athletes, which
may indicate a rapid, transient mechanism of anti-inflammatory response control in this
group. The lack of clear changes in IL-4 expression suggests that it plays a more stable,
constitutive role in regulating the immune environment after exercise. In the case of serum
IL-4, significant decreases in concentration were observed only in the non-exercising group
after 6 and 24 h. This observation may suggest that individuals who are not adapted to
exercise show a weakened anti-inflammatory response after exercise. The lack of significant
changes in IL-4 expression in both groups indicates that the level of this protein may also
be regulated mainly at the translational level.

The observed lack of direct gene–protein correlations for TNF-α and IL-4 suggests
that systemic cytokine output is governed by complex regulatory layers beyond mRNA
abundance. For instance, TNF-α expression is known to be tightly controlled by post-
transcriptional mechanisms, including microRNA-mediated interference and mRNA sta-
bility modulation via AU-rich elements. Furthermore, these molecules have divergent
half-lives as the circulating TNF-α protein is rapidly cleared and its receptors (e.g., TNFR-1)
exhibit various levels of stability—likely contributing to the lack of temporal synchroniza-
tion between transcripts and proteins. The kinetics of protein secretion and cellular source
variability (shifts in leukocyte and lymphocyte counts observed in our results) further
complicate this relationship. These findings align with the recent literature [29], indicat-
ing that mRNA levels alone often do not serve as a reliable proxy for functional protein
concentrations in response to exercise stress.

Analysis of the relationship between leukocyte parameters and TNF-α and IL-4 pro-
tein concentrations revealed clear differences in immune response between trained and
untrained individuals. The most consistent and multi-point patterns were observed in the
group of athletes, confirming that regular training modifies the way immune cells respond
to endocrine and myokinetic signals associated with physical exercise [30]. In untrained
individuals, correlations were rare, irregular, and did not follow any consistent pattern,
suggesting a more chaotic, less synchronized immune response to physical stress.

In the case of leukocyte count, significant correlations occurred almost exclusively in
athletes, especially immediately after exercise and in the late phase (24–48 h). Immediately
after the test, a positive correlation was found between leukocyte count and TNF-α, which
may indicate that in trained individuals, leukocyte mobilization occurs in parallel with
increased expression of pro-inflammatory cytokines. TNF-α, although classified as a pro-
inflammatory cytokine, also functions in signal-regulating leukocyte mobilization during
the course of the early phase of regeneration in response to exercise [19]. These exclusive
relationships in the trained group could reflect a more coordinated coupling between
cellular and molecular responses during acute exercise stress. It is worth noting that
correlations between leukocytes and IL-4 and TNF-α after 24 and 48 h were also present
only in athletes, suggesting that the late phases of recovery in trained individuals are
associated with the activation of both pro-inflammatory (TNF-α) and anti-inflammatory
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(IL-4) mechanisms. This phenomenon is consistent with the model in which chronic training
leads to the alternation of pro- and anti-inflammatory pathways, which are key to adaptive
processes [31]. The absence of such relationships in non-exercisers indicates that their
regeneration process is less orderly and less dependent on cytokine signals.

The results for neutrophils highlight the differences between the groups even more
clearly. In practice, all significant correlations concerned athletes. The appearance of a
significant correlation between neutrophils and IL-4 after 48 h suggests a transition to
the anti-inflammatory phase, in accordance with the mechanism of shifting the immune
balance towards recovery and regeneration processes in the later post-exercise period [31].

In the case of lymphocytes, there were single significant correlations, but their pattern
was different from that of neutrophils. Importantly, in contrast to the trends observed
for leukocytes and neutrophils, the early phases of the lymphocyte response were more
pronounced in untrained individuals. In untrained individuals, a strong negative correla-
tion between lymphocytes and TNF-α was found before exercise, which may reflect the
increased pro-inflammatory “tone” at rest characteristic of individuals with lower levels of
physical activity [19]. In athletes, however, a significant lymphocyte correlation appeared
only after 24 h and concerned IL-4. This indicates that in trained individuals, lymphocyte
populations may play a role mainly in the later phase of anti-inflammatory regeneration,
when pathways associated with tissue repair and balancing the earlier inflammatory re-
sponse are activated. This is consistent with the concept that chronic training shifts the
immune profile towards a more subdued and anti-inflammatory response [14].

4.1. Limitations

Despite providing novel insights into the temporal inflammatory response to exhaus-
tive exercise, this study has several limitations that warrant consideration. First, the sample
size (n = 15 per group) was relatively small, which may limit the statistical power to detect
subtle effect sizes, particularly given the inter-individual variability inherent in immune
signaling. Second, the exclusion of female participants and the focus on a specific age
range (20–25 years) limit the generalizability of our findings to broader populations. Third,
our analysis was restricted to peripheral blood, which may not fully reflect the localized
inflammatory dynamics occurring within skeletal muscle or other tissues.

Furthermore, it should be noted that we did not apply formal adjustments for multiple
comparisons (e.g., Bonferroni or FDR corrections). Given the exploratory nature of this
study, we prioritized the identification of potential biological trends over the strict control
of type I errors, though this means our results should be interpreted with caution. Finally,
the observed lack of direct gene–protein correlations for TNF-α and IL-4 suggests that
additional regulatory layers—such as post-transcriptional modifications, protein half-
lives, and secretion kinetics—remain unaddressed in the current design. Future research
involving larger, more diverse cohorts and multi-compartment sampling is necessary to
validate and extend these preliminary findings.

Despite these limitations, this study provides valuable insight into training-dependent
differences in acute inflammatory responses and highlights potential biomarkers relevant for
evaluating adaptation and recovery processes in physically active and sedentary individuals.

4.2. Practical Implications

This research is of significant importance and provides data that can be used in
practice to identify biomarkers of fatigue, adaptation, and risk of overtraining [32]. From a
practical standpoint, the integration of these biomarkers into sports monitoring protocols
could follow a stratified approach [33]. For instance, baseline TNF-α levels could be
assessed during pre-season to establish an individual’s “immune set-point.” Subsequently,
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significant deviations from the 48 h recovery profile (e.g., a failure of TNF-α to decrease or
a lack of IL-4 stability) could trigger a reduction in training volume for specific players. By
combining high-sensitivity molecular data with routine hematology, coaching staff could
move beyond subjective fatigue scales toward an objective, biologically driven model of
recovery and performance optimization.

From an applied perspective, the cytokine and receptor dynamics identified in this
study offer several meaningful insights for real-world training and performance environ-
ments. Faster normalization of TNF-α and TNFR-1 in trained individuals suggests a more
efficient inflammatory resolution profile, which, in practical terms, may translate into
greater tolerance for repeated high-intensity sessions, reduced cumulative fatigue, and
shorter recovery windows. Conversely, the prolonged or more pronounced responses in
untrained participants may indicate higher susceptibility to delayed onset fatigue, impaired
session quality, or maladaptive load accumulation. IL-4 and IL-4Rα patterns further high-
light individual variability in post-exercise immune modulation, with potential relevance
for identifying athletes who may benefit from additional recovery strategies (e.g., adjusted
micro-cycles, modified intensities, and nutritional support). Overall, these biomarker tra-
jectories may complement subjective and performance-based monitoring tools and help
practitioners differentiate between an adequately adapting athlete and one exhibiting early
signs of excessive physiological strain.

5. Conclusions
This study offers a comprehensive insight into physiological, biochemical, and molec-

ular responses to acute exercise in both trained athletes and sedentary individuals. By
analyzing the expressions of genes (TNF-α, TNFR-1, TNFR-2, IL-4, and IL-4Rα), correspond-
ing protein concentrations, and various blood parameters, distinct adaptation patterns
associated with training status were identified.

A significant increase in TNF-α and TNFR-1 gene expressions and no significant
differences in IL-4 and IL-4R expressions in the non-exercising group indicate stimulation
of the TNF-α pathway and a predominance of pro-inflammatory responses in physically
inactive individuals. The lack of significant differences in the expressions of TNF-α, TNFR-1,
TNFR-2, IL-4, and IL-4R in athletes indicates that regular physical training suppresses the
inflammatory response.

The significantly higher resting concentration of TNF-α in athletes may indicate that
regular physical activity is associated with maintaining a slightly elevated level of selected
pro-inflammatory cytokines as part of the body’s constant adaptation to repetitive training
load. A significant decrease in TNF-α concentration after 48 h was observed in athletes,
suggesting efficient activation of mechanisms that suppress the inflammatory response
after exercise, which reflects the higher efficiency of regenerative processes in this group.

The significant decrease in serum IL-4 levels in the non-exercising group at 6 and 24 h
after exercise may indicate that, in individuals without training adaptation, the mechanisms
regulating the anti-inflammatory response are less stable and are significantly disrupted
after physical exertion. At the same time, no correlation was found between mRNA levels
and protein concentration, suggesting that the protein response occurs independently of
transcriptional changes in blood cells.

The present study suggests that training status may influence the magnitude and
temporal characteristics of the inflammatory response to acute exercise. Although several
statistically significant differences were observed between trained and untrained individu-
als, these effects should be interpreted with caution due to the exploratory nature of the
study and limited sample size. The observed patterns indicate potential training-related
trends rather than definitive group-specific responses. Further research involving larger co-
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horts and complementary methodological approaches is warranted to confirm and extend
these findings.
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