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Featured Application

Monitoring circulating myostatin and related biomarkers may provide coaches and sport
scientists with a practical tool to evaluate physiological adaptation to high-intensity interval
training in combat sport athletes.

Abstract

High-intensity interval training (HIIT) is widely used to enhance aerobic performance
in combat sports, yet the molecular mechanisms underlying training adaptation remain
unclear. This study investigated whether changes in circulating myokine-adipokine pro-
files are associated with aerobic performance adaptation following sport-specific HIIT in
trained combat athletes. Forty elite male kickboxers were randomly assigned to a HIIT
group (n =20) or a control group (n = 20). The HIIT group performed an eight-week
sport-specific HIIT program in addition to regular training, whereas the control group
maintained their usual training routines. Aerobic capacity was assessed using maximal
oxygen uptake (VO,max). Fasting blood samples were collected before and after the inter-
vention to determine circulating apelin, irisin, brain-derived neurotrophic factor (BDNF),
myostatin, fibroblast growth factor-21 (FGF21), and adiponectin concentrations. VO,max
increased significantly in the HIIT group compared with the control group (+2.10 £ 1.10 vs.
+0.35 £+ 0.80 mL-kg’l-min’l, p = 0.001). In addition, apelin, irisin, BDNF, FGF21, and
adiponectin increased, whereas myostatin decreased following the intervention. Changes in
myostatin were negatively correlated with improvements in VO,max (r = —0.55, p = 0.007),
suggesting that reductions in myostatin may serve as a molecular indicator of aerobic
adaptation in combat athletes.

Keywords: high-intensity interval training; myokines; adipokines; myostatin; VO;max;
combat sports; exercise adaptation

1. Introduction

Physical exercise induces a wide range of systemic physiological adaptations that
extend beyond the mechanical effects of muscle contraction. In recent years, increasing
attention has been directed toward exercise-responsive circulating signaling molecules
collectively known as exerkines. These molecules mediate communication between skeletal
muscle and other organs such as adipose tissue, the liver, the brain, and the cardiovascular
system during and after physical activity [1-3]. Through this endocrine-like signaling
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system, exercise regulates metabolic processes, inflammatory responses, mitochondrial re-
modeling, and tissue plasticity, highlighting its role as a systemic regulator of physiological
adaptation [1,4].

Skeletal muscle plays a central role in this communication network through the se-
cretion of contraction-induced signaling molecules known as myokines. Several exercise-
responsive mediators, including apelin, irisin, brain-derived neurotrophic factor (BDNF),
myostatin, fibroblast growth factor-21 (FGF21), and adiponectin, have attracted consid-
erable attention due to their involvement in metabolic regulation and muscle—organ
crosstalk [5]. Apelin has been associated with mitochondrial remodeling, metabolic effi-
ciency, and improved skeletal muscle adaptation to exercise stimuli [6,7]. Irisin, a cleavage
product of the FNDCS5 protein, has been implicated in energy expenditure and metabolic
regulation and is thought to facilitate communication between skeletal muscle and adi-
pose tissue during physical activity [8,9]. In addition, BDNE, traditionally recognized for
its role in neuroplasticity, has also been shown to respond to exercise and contribute to
neuromuscular and metabolic adaptation [10].

In contrast to these adaptive mediators, myostatin functions as a negative regulator of
skeletal muscle growth and metabolic capacity. Elevated myostatin activity is associated
with reduced muscle development, whereas decreases in circulating myostatin are often
interpreted as favorable adaptations to exercise training [11,12]. Other endocrine mediators
such as FGF21 and adiponectin further contribute to this signaling network by regulating
lipid metabolism, insulin sensitivity, and muscle—fat communication [13,14]. Together, these
molecules form an interconnected network that plays an important role in exercise-induced
physiological adaptation.

Despite increasing interest in exercise-induced endocrine signaling, most previous
studies have examined these biomarkers individually rather than exploring their coordi-
nated responses. However, emerging conceptual frameworks suggest that physiological
adaptation to exercise is unlikely to be driven by isolated molecular signals and instead
reflects the integrated activity of multiple signaling pathways [1,3,4]. Investigating these
biomarkers simultaneously may therefore provide a more comprehensive understanding
of training-induced physiological adaptation.

This perspective may be particularly relevant in combat sports. Athletes in sports such
as kickboxing perform repeated high-intensity actions separated by brief recovery intervals,
resulting in substantial metabolic and neuromuscular demands involving both anaerobic
and aerobic energy systems [15,16]. Under these conditions, aerobic capacity plays a critical
role in maintaining performance and facilitating recovery between high-intensity efforts.

High-intensity interval training (HIIT) has therefore become a widely used condition-
ing strategy in combat sports because it closely replicates the intermittent physiological
demands of competition. Previous studies have demonstrated that HIIT can effectively
improve cardiorespiratory fitness, metabolic efficiency, and overall performance capacity
in combat athletes [17,18]. These adaptations are largely attributed to exercise-induced
mitochondrial remodeling, improved oxygen transport capacity, and enhanced metabolic
efficiency during repeated high-intensity efforts [19,20].

Although improvements in aerobic performance following HIIT are well documented,
less is known about the molecular mechanisms that accompany these performance adapta-
tions. Exercise training has been shown to influence the expression of several myokines
and metabolic signaling molecules [21,22], yet relatively few studies have examined these
biomarkers simultaneously within a broader physiological network. Understanding how
coordinated biomarker responses relate to performance outcomes may provide valuable
insight into the mechanisms underlying training adaptation.
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While previous studies have primarily focused on individual myokine or adipokine
responses to exercise, the present study adopts an integrated approach by examining the
coordinated behavior of multiple biomarkers within a myokine-adipokine interaction
framework. Furthermore, this study specifically investigates trained combat athletes
undergoing sport-specific HIIT, providing novel insight into how these molecular responses
relate to aerobic performance adaptation.

Therefore, the aim of the present study was to investigate the effects of an eight-week
sport-specific high-intensity interval training program on circulating apelin, irisin, BDNE,
myostatin, FGF21, and adiponectin responses in trained combat athletes. In addition,
this study aimed to determine whether changes in these biomarkers were associated with
aerobic performance adaptation measured by VO,max. We hypothesized that sport-specific
HIIT would induce coordinated changes in circulating myokine-adipokine profiles and
that reductions in inhibitory regulators of muscle adaptation, particularly myostatin, would
be associated with greater improvements in aerobic capacity.

2. Materials and Methods
2.1. Study Design and Participants

This randomized controlled study investigated the effects of an eight-week sport-
specific high-intensity interval training (HIIT) program on circulating myokine—adipokine
responses and aerobic performance in trained combat athletes.

Forty elite male kickboxers volunteered to participate in the study. All participants
were actively competing at the national level and had a minimum of five years of structured
training experience. Participants were recruited from local kickboxing clubs and national
training centers.

Inclusion criteria were:

e  Male athletes aged between 18 and 25 years;
e  Minimum of five years of competitive kickboxing experience;
e  Regular participation in training at least five days per week.

Exclusion criteria included:

Musculoskeletal injury within the previous six months;
Metabolic or cardiovascular disease;
Use of medications or supplements known to influence metabolic or hormonal responses;

Participation in additional structured conditioning programs during the study period.

Participants were instructed to maintain their habitual diet and training routines
throughout the study, except for the experimental HIIT intervention.

All participants provided written informed consent prior to participation. The study
protocol was approved by the Institutional Ethics Committee and conducted in accordance
with the Declaration of Helsinki.

2.2. Sample Size Calculation

An a priori power analysis was performed using G*Power software (version 3.1,
Heinrich Heine University, Diisseldorf, Germany). Based on previous studies examining
the effects of HIIT on aerobic capacity in trained athletes, a moderate effect size (f = 0.30)
was assumed. With a statistical power of 0.80 and an alpha level of 0.05, the required
sample size was calculated as 34 participants. To account for potential dropouts, a total of
40 athletes were recruited and randomly assigned to either the HIIT group (n = 20) or the
control group (n = 20).
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2.3. Randomization

Participants were randomly allocated to the HIIT or control group using a computer-
generated randomization sequence. Randomization was performed using block random-
ization with a block size of four to ensure balanced group allocation. The randomization
process was conducted by an independent researcher who was not involved in data collec-
tion or analysis.

2.4. Training Intervention

The experimental group performed a sport-specific HIIT program for eight weeks
in addition to their regular technical training, whereas the control group continued their
habitual training routines without additional conditioning.

The HIIT protocol was performed three times per week with at least 48 h between
sessions.

Each session consisted of:

e  Warm-up:
10 min of dynamic mobility exercises and light technical drills.

e  Main HIIT set:

6-8 high-intensity intervals lasting 3 min each, performed at approximately 90-95%
of maximal heart rate (HRmax), reflecting the physiological demands of competitive
kickboxing rounds.

e  Recovery periods:
1 min of active recovery between intervals at approximately 50-60% HRmax.
e Cool-down:

5 min of light aerobic activity and stretching.
Training intensity was monitored using heart rate monitors (Polar Electro, Kempele,
Finland). The total duration of each training session was approximately 30-35 min.

2.5. Aerobic Capacity Assessment

Aerobic capacity was assessed using maximal oxygen uptake (VO,max). VO,max
was measured using a graded exercise test performed on a motorized treadmill (Cosmed,
Rome, Italy).

The protocol began at a running speed of 8 km-h~! with incremental increases of
1 km-h~! every minute until volitional exhaustion. Respiratory gases were continuously
analyzed using a calibrated metabolic cart.

VO;max was defined as the highest 30 s average oxygen uptake value obtained during
the test. Standard criteria for VO,max attainment included:

e Plateau in oxygen uptake despite increasing workload;
e  Respiratory exchange ratio > 1.10;
e  Heart rate within 10 beats of age-predicted maximum.

All tests were conducted at the same time of day to minimize circadian variation.

2.6. Blood Sampling and Biochemical Analysis

Venous blood samples were collected from the antecubital vein in the morning between
08:00 and 10:00 following an overnight fast of at least 10 h.
Blood samples were obtained at two time points:

e  Baseline (pre-intervention);
e  After completion of the eight-week training program (post-intervention).
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Samples were centrifuged at 3000 rpm for 10 min, and serum was separated and stored
at —80 °C until analysis.
Serum concentrations of the following biomarkers were measured:
Apelin;
Irisin;
Brain-derived neurotrophic factor (BDNF);
Myostatin;
Fibroblast growth factor-21 (FGF21);
Adiponectin.

All biomarkers were analyzed using commercially available enzyme-linked im-
munosorbent assay (ELISA) kits according to the manufacturer’s instructions (Elabscience,
Houston, TX, USA).

The intra-assay and inter-assay coefficients of variation for all biomarkers were
below 10%.

2.7. Body Composition Assessment

Body composition was assessed using bioelectrical impedance analysis (InBody 720,
Biospace Co., Incheon, Republic of Korea). Measurements included:

e Body mass;
e  Body fat percentage;
e Lean body mass.

Participants were instructed to avoid strenuous exercise and caffeine intake for at least
24 h before measurement.

2.8. Statistical Analysis

All statistical analyses were performed using SPSS software (version 26.0; IBM Corp.,
Armonk, NY, USA). Data are presented as mean =+ standard deviation.

Normality of data distribution was assessed using the Shapiro-Wilk test. Baseline
differences between groups were evaluated using independent sample t-tests.

Training-induced changes were calculated using change scores (A = post — pre).
Between-group differences in change scores were analyzed using independent sample ¢-tests.

Analysis of covariance (ANCOVA) was conducted to compare post-intervention
VO,max values between groups while controlling for baseline VO;max and body
fat percentage.

Pearson correlation analysis was used to examine associations between changes in
circulating biomarkers and changes in aerobic capacity.

A stepwise multiple linear regression analysis was performed to identify independent
predictors of VO;max adaptation. Multicollinearity was assessed using variance inflation
factor (VIF).

Effect sizes were calculated using Cohen’s d and interpreted as:

e Small (0.2);
e Medium (0.5);
e Large (0.8).

To control for multiple comparisons, a false discovery rate (FDR) correction us-
ing the Benjamini-Hochberg procedure was applied to between-group comparisons of
change scores.

Statistical significance was set at p < 0.05.
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2.9. Ethics Approval

The study protocol was reviewed and approved by the Non-Interventional Clinical
Research Ethics Committee of Adiyaman University (Approval No: 2025/1-19, Approval
Date: 19 January 2025). The study was conducted in accordance with the ethical standards
of the institutional research committee and the principles outlined in the Declaration
of Helsinki.

All participants were informed about the purpose, procedures, and potential risks of
the study prior to participation. Written informed consent was obtained from all partici-
pants before data collection.

2.10. Artificial Intelligence Generated Content (AIGC)

The authors confirm that no generative artificial intelligence tools were used in the
preparation of this manuscript.

3. Results

Baseline demographic, anthropometric, and aerobic characteristics of the participants
are presented in Table 1. No significant differences were observed between the HIIT and
control groups in any baseline variables (all p > 0.05), indicating successful randomization.

Table 1. Baseline demographic, anthropometric, and aerobic characteristics of the participants.

Variable HIIT (n = 20) Control (n = 20) p

Age (years) 22.10 +2.01 21.88 +2.14 0.741
Height (cm) 176.12 + 5.42 175.76 + 5.31 0.831
Body mass (kg) 74.84 + 8.47 74.21 4 8.26 0.806
Body fat (%) 15.84 4 2.36 16.09 4 2.48 0.648
Lean mass (kg) 62.54 + 6.12 62.11 + 6.28 0.781
VO,max (ml-kg~!-min—1) 49.82 +3.18 49.47 + 3.09 0.714

Pre—post changes in aerobic performance are shown in Table 2. Both groups demon-
strated slight improvements over time; however, the increase in VO;max was significantly
greater in the HIIT group than in the control group. Change-score analysis revealed a
significant between-group difference with a large effect size. These changes are visually
presented in Figure 1.

Table 2. Pre-post changes in aerobic performance.

Vari Control p (A B
ariable HIIT Pre HIIT Post Control Pre Post HIIT A Control A Between Cohen’s d
Groups)
VO, max
49.82 +3.18 51.924+3.04 4947 +3.09 4982+3.01 +210+1.10 +0.35+0.80 0.001 1.01

(mL~kg*1~min*1)

The ANCOVA-adjusted post-intervention VO;max values are presented in Table 3.
After controlling for baseline VO,max and body fat percentage, the HIIT group maintained
significantly higher VO,max values compared with the control group, confirming that the
observed improvement in aerobic capacity was attributable to the HIIT intervention.
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Table 3. ANCOVA-adjusted post-intervention VO,max values controlling for baseline VO;max and

body fat percentage.
Group Unadjusted Post VO,max  Adjusted Post VO,max  Adjusted Mean Difference 95% CI p
HIT 51.92 +£3.04 51.86 +£2.97 +1.94 0.73 t0 3.15 0.002
Control 49.82 + 3.01 49.92 +2.95 — — —
Note: “—” indicates not applicable.
Changes in VO.max after intervention
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Figure 1. Changes in aerobic performance parameters following the intervention.

Changes in circulating biomarker concentrations are summarized in Table 4. The HIIT
group exhibited significantly greater changes in apelin, irisin, BDNF, myostatin, FGF21, and
adiponectin compared with the control group. The largest effect sizes were observed for
myostatin, BDNEF, and irisin, indicating a pronounced molecular response to the training
intervention. These biomarker responses are illustrated in Figure 2.

Table 4. Pre-post changes in circulating biomarker concentrations.
Biomarker ~ HITPre  HITPost  Control Pre Control Post  HIIT A ControlA P (ér'f)‘;tl‘;’sﬁen Effect Size
Apelin 1.38 £ 0.22 1.68 +0.24 1.36 + 0.23 1.38 +0.22 +0.30£0.19 +0.02 £0.14 0.006 0.82
Irisin 4.55 £ 0.96 5.15 £ 0.98 449 £1.01 4.61 £1.02 +0.60 £041 +0.12+£0.33 0.004 0.88
BDNF 2310+3.05 25204312 2294+310 2334+£316 +210+£126 +0.40=£0.92 0.003 0.92
Myostatin 441 £0.71 3.96 £ 0.66 4.38 £ 0.69 4.33 £ 0.68 —045+022 —0.05*0.17 0.001 1.05
FGF21 181.6 £342 206.0£36.5 180.1+33.7 1874+349 +2444+150 +73£121 0.005 0.84
Adiponectin 788 £1.18 836 £1.21 7.81+£1.22 795+ 124 +0.48 £031 +0.14 £ 0.26 0.009 0.76

Associations between biomarker changes and VO,max adaptation are presented in
Table 5. Correlation analysis revealed that reductions in myostatin and increases in apelin
and irisin were associated with greater improvements in aerobic capacity. In the stepwise
multiple regression model, changes in myostatin emerged as the strongest independent
predictor of VO,max adaptation, while apelin provided additional explanatory value. The
final model explained 41% of the variance in aerobic performance improvement.

https:/ /doi.org/10.3390/app16073161
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Figure 2. Changes in circulating biomarkers following the intervention.

Table 5. (A) Correlations between biomarker changes and VO;max adaptation. (B) Stepwise multiple
regression predicting AVO,max.

(A)
Variable r p
AApelin 0.32 0.044
Alrisin 0.36 0.022
ABDNF 0.29 0.067
AMyostatin —0.55 0.007
AFGF21 0.21 0.191
AAdiponectin 0.18 0.264

(B)
Predictor B SE Standardized t P
AMyostatin -1.21 0.29 —0.52 —4.17 <0.001
AApelin 1.48 0.68 0.27 2.18 0.036

To control for multiple comparisons, a false discovery rate (FDR) correction using the
Benjamini-Hochberg procedure was applied. As shown in Table 6, significant differences
remained for apelin, irisin, BDNF, myostatin, FGF21, adiponectin, and VO,max (all p < 0.05,
FDR-corrected), indicating that the observed changes were robust after controlling for Type
Ierror.

Graphical representation of pre- to post-intervention changes in VO,max in the HIIT
and control groups. Data are presented as mean £ SD and complement the numerical
results reported in Table 2.

Graphical representation of pre- to post-intervention changes in apelin, irisin, BDNF,
myostatin, FGF21, and adiponectin levels in the HIIT and control groups. Data are pre-
sented as mean + SD. This figure complements the numerical results reported in Table 4.
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Graphical representation of the correlation matrix illustrating the relationships be-
tween circulating biomarkers and performance adaptations is presented in Figure 3.

Table 6. Group differences with FDR correction.

Variable p-Value FDR-Adjusted p-Value
Myostatin 0.001 0.006
Irisin 0.004 0.008
BDNF 0.003 0.008
FGF21 0.005 0.008
Apelin 0.006 0.008
Adiponectin 0.009 0.011
VO;max 0.001 0.006

-100

Adpelin -

-0.75
Alrisin

0.50
ABDNF

AMyostatin 0.25

AFGF21 0.00

Pearson r

AAdiponectin _0.25

AVO:max
-0.50

ASport-specific performance
—0.75

-

DMlLactate

-1.00

AApelin
Alrisin
ABDNF
AMyostatin
AFGF21
DMAdiponectin
AVOzmax
Alactate -

ASport-specific performance

Figure 3. Correlation heatmap of biomarker and performance adaptations.

Figure 4 shows the relationship between changes in circulating myostatin and aerobic
performance adaptation across all participants. Blue and yellow points represent the HIIT
and control groups, respectively. A regression line is included to illustrate the overall
trend. A moderate-to-strong negative association was observed (r = —0.55, p = 0.007),
indicating that greater reductions in myostatin were associated with larger improvements
in VOymax. This represents the most pronounced biomarker—performance relationship
identified in the study and provides visual support for the regression findings, suggesting
that myostatin may serve as a relevant molecular indicator of aerobic adaptation in trained
combat athletes.

Figure 5 illustrates the correlation network between changes in circulating biomarkers
and aerobic performance adaptation following the training intervention. The strongest asso-
ciation was observed between AMyostatin and AVO,manx (r = —0.55), indicating that greater
reductions in myostatin were associated with larger improvements in aerobic capacity. Mod-
erate positive associations were observed for Alrisin (r = 0.36) and AApelin (r = 0.32), while
BDNF demonstrated a weaker relationship with aerobic adaptation (r = 0.29). In contrast,
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FGF21 and adiponectin showed relatively small correlations with changes in VO,max.
Overall, the network analysis suggests that improvements in aerobic performance were
associated with coordinated changes in multiple exercise-responsive biomarkers rather
than a single isolated molecular response.

2.5 r=-0.55 [¢] ® Kickbox
p = 0.007 Control

2.0 4 o
1.5 1

1.0

AVO:2max

0.5 1

0.0 A

—-0.5 1

-0.8 -0.6 -0.4 -0.2 0.0 0.2

Figure 4. Association between changes in myostatin and VO, max adaptation. The blue line represents

the linear regression line (r = —0.55, p = 0.007).

BDNF Irisin

Myostatin Apelin
r=-0.55 r=0.32

.————————

FGF2, Adigonectin

Figure 5. Correlation network between biomarker changes and aerobic performance adaptation.

4. Discussion

The present study investigated the effects of an eight-week sport-specific high-intensity
interval training (HIIT) program on circulating myokine-adipokine responses and their
association with aerobic performance adaptation in trained combat athletes. The main
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findings were that HIIT significantly improved aerobic capacity and induced coordinated
changes in several exercise-responsive biomarkers. Among these responses, reductions in
circulating myostatin showed the strongest association with improvements in VO;max,
suggesting that decreased inhibitory signaling within skeletal muscle may contribute to
enhanced aerobic adaptation.

The improvement in aerobic capacity observed in the present study is consistent
with previous research demonstrating that HIIT is an effective strategy for enhancing
cardiorespiratory fitness in trained athletes [17,18]. Combat sports such as kickboxing
involve repeated high-intensity actions interspersed with short recovery periods, placing
substantial demands on both anaerobic and aerobic energy systems [15,16]. Under these
conditions, well-developed aerobic capacity plays an important role in maintaining perfor-
mance and facilitating recovery between successive high-intensity efforts. HIIT protocols
are particularly effective in this context because they stimulate physiological adaptations
such as increased mitochondrial density, improved oxygen delivery and utilization, and en-
hanced metabolic efficiency during repeated bouts of intense exercise [19,20,23]. Therefore,
the increase in VO,max observed in the present study likely reflects improved oxidative
capacity and cardiovascular efficiency resulting from repeated exposure to high-intensity
training stimuli.

Beyond improvements in aerobic performance, the present study demonstrated that
sport-specific HIIT induced coordinated changes in several circulating biomarkers associ-
ated with exercise adaptation. These findings are consistent with previous metabolomic
research demonstrating that exercise induces systemic metabolic adaptations through coor-
dinated molecular signaling responses across multiple tissues [24]. Increases in apelin and
irisin were observed following the intervention, supporting previous evidence suggesting
that these peptides are responsive to high-intensity exercise stimuli [6-9]. Apelin has been
proposed as an important regulator of skeletal muscle metabolism and mitochondrial
remodeling, potentially enhancing oxidative capacity and energy utilization during ex-
ercise [6,7]. Similarly, irisin has been associated with increased energy expenditure and
improved metabolic regulation through muscle-adipose tissue communication [8,9]. The
simultaneous increase in these biomarkers observed in the present study may therefore
reflect enhanced metabolic signaling between skeletal muscle and other metabolic tissues
following repeated high-intensity exercise exposure.

An increase in circulating BDNF concentrations was also detected after the train-
ing intervention. Although BDNF is traditionally associated with neuroplasticity and
brain function, emerging evidence suggests that exercise-induced BDNF responses may
contribute to both neuromuscular and metabolic adaptations [10,22]. Increased BDNF
availability may facilitate improved neuromuscular coordination and energy metabolism
during exercise, potentially supporting overall training adaptation. In athletes engaged in
technically demanding sports such as kickboxing, these adaptations may also contribute
indirectly to improved performance capacity. These findings further support the concept of
coordinated molecular adaptations induced by exercise.

The interaction between myokines and adipokines can be considered as part of an
integrated endocrine network involving bidirectional communication between skeletal
muscle and adipose tissue [25,26]. This cross-talk may play a critical role in coordinating
metabolic regulation and exercise-induced adaptations.

In contrast to the increases observed in several adaptive biomarkers, circulating myo-
statin concentrations decreased following the HIIT intervention. Myostatin is widely
recognized as a negative regulator of skeletal muscle growth and metabolic capacity, and
reductions in myostatin activity are commonly interpreted as favorable adaptations to
exercise training [11,12]. Importantly, the present study identified a moderate negative
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association between changes in myostatin and improvements in VO,max. This relation-
ship suggests that reductions in inhibitory signaling may facilitate improved oxidative
metabolism and mitochondrial function within skeletal muscle. Previous experimental
research has indicated that suppression of myostatin signaling may promote enhanced
mitochondrial activity and metabolic efficiency, potentially supporting greater endurance
performance [27]. The present findings therefore suggest that decreased myostatin activity
may represent an important molecular component of aerobic training adaptation in trained
combat athletes.

Although the regression model explained a moderate proportion of the variance in
VO,;max adaptation, aerobic performance is known to be influenced by multiple physio-
logical systems. Factors such as cardiovascular function, oxygen delivery and utilization
capacity, neuromuscular adaptations, and individual variability contribute substantially to
VO;max responses to training [28-30]. Therefore, performance improvements observed in
the present study are likely driven by a combination of molecular and systemic adaptations
beyond the biomarkers assessed.

The interaction patterns observed among the biomarkers further support the concept
of an exercise-induced molecular adaptation network. Rather than acting independently,
myokines and adipokines appear to function within coordinated signaling pathways
that regulate systemic responses to physical activity [1,3,4,31]. Through these pathways,
contracting skeletal muscle communicates with metabolic organs such as adipose tissue,
the liver, and the central nervous system, facilitating integrated physiological responses
to exercise. The correlation structure observed in the present study suggests that aero-
bic performance improvements were associated with coordinated biomarker responses
rather than a single isolated molecular change. This network-based perspective is in-
creasingly recognized as an important framework for understanding exercise-induced
physiological adaptation.

The present study should be considered exploratory in nature, aiming to identify
potential relationships between biomarkers and performance outcomes rather than es-
tablishing direct mechanistic causality. These findings may reflect underlying molecular
interactions related to muscle-adipose tissue cross-talk and metabolic regulation, although
further mechanistic studies are required.

Although increases were also observed in circulating FGF21 and adiponectin, these
biomarkers did not demonstrate significant associations with improvements in VO,max.
Both molecules are involved in metabolic regulation and insulin sensitivity and have been
linked to improved metabolic flexibility during exercise [13,14]. Their coordinated increase
in the present study may therefore reflect broader metabolic adaptations to repeated high-
intensity exercise exposure rather than direct determinants of aerobic performance.

Despite these limitations, the present study provides novel insight into the relationship
between circulating biomarker responses and aerobic performance adaptation in trained
combat athletes. By simultaneously examining multiple exercise-responsive biomarkers
and linking these responses to physiological performance outcomes, the study contributes
to the growing body of literature emphasizing the importance of integrated molecular
signaling networks in exercise-induced adaptation.

5. Conclusions

The present study demonstrates that sport-specific high-intensity interval training
(HIIT) induces significant improvements in aerobic capacity alongside coordinated changes
in circulating myokine-adipokine profiles in trained combat athletes. Among the in-
vestigated biomarkers, reductions in myostatin showed the strongest association with
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improvements in VO,max, highlighting its potential role as a molecular indicator of
aerobic adaptation.

Importantly, the findings support the concept that exercise-induced adaptations are
not driven by isolated biomarkers but rather by coordinated interactions within a broader
molecular network. Although the regression model explained a moderate proportion of
the variance in aerobic performance, the results suggest that both molecular and systemic
physiological mechanisms contribute to training adaptations.

Overall, this study provides novel insight into the relationship between myokine—
adipokine responses and aerobic performance adaptation in combat athletes, emphasizing
the importance of integrative approaches in understanding exercise physiology. Future
research incorporating larger sample sizes and multi-time-point biomarker measurements
may further clarify the mechanistic pathways underlying these adaptations.

6. Practical Applications

Sport-specific HIIT appears to be an effective method for improving aerobic capacity
in combat sport athletes. In addition, reductions in circulating myostatin may reflect favor-
able physiological adaptation to high-intensity training. Monitoring selected biomarkers
alongside traditional performance measures may therefore provide additional insight into
athlete adaptation and training responsiveness.

7. Limitations

Several limitations should be acknowledged. First, the sample consisted only of elite
male kickboxers, which may limit the generalizability of the findings to other athletic
populations. Second, biomarkers were measured only under resting conditions before and
after the intervention, and therefore acute or time-dependent responses to exercise were
not captured. Future studies incorporating multiple post-exercise time points may provide
a more comprehensive understanding of biomarker dynamics. Finally, although several
biomarkers were analyzed simultaneously, other molecular pathways involved in exercise
adaptation were not examined.
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Abbreviations

ANCOVA  Analysis of Covariance

BDNF Brain-Derived Neurotrophic Factor
ELISA Enzyme-Linked Immunosorbent Assay
FGF21 Fibroblast Growth Factor-21

HIIT High-Intensity Interval Training
HRmax Maximal Heart Rate

RCT Randomized Controlled Trial

VO,max Maximal Oxygen Uptake

VIF Variance Inflation Factor
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