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Abstract

Background. Eccentric exercise induces oxidative stress, muscle damage, and decreased neuromuscular performance.
However, the temporal relationship between these responses is not fully understood, particularly in recreationally
active individuals.

Objectives. This study aimed to investigate the time-course changes and phase-dependent relationships between
oxidative stress, muscle damage, and neuromuscular performance following an athletics-based eccentric exercise
protocol.

Materials and Methods. A single-group repeated-measures design was employed involving 46 recreationally active
male students (age: 19.15 + 0.76 years). Participants performed an eccentric exercise protocol consisting of jump-
landing, bounding, sprint deceleration, and slow-tempo squats. Malondialdehyde (MDA), Creatine Kinase (CK), and
Countermovement Jump (CM]J) performance were measured at baseline and at 24, 48, and 72 hours post-exercise.
Data were analyzed using repeated-measures ANOVA with Bonferroni post hoc tests and Pearson correlation analysis.
Results. Significant time effects were observed for all variables (p < 0.001). MDA and CK levels increased at 24 h,
subsequently declining at 48 h and 72 h, yet remaining elevated compared to baseline. CM]J performance decreased at
24 h and showed partial recovery, but did not return to baseline at 72 h. No significant correlation was found between
MDA and CK at 24 h; however, moderate positive correlations were observed at 48 h (r = 0.557, p < 0.001) and 72 h
(r=0.496, p < 0.001). No significant relationships were found between biochemical markers and CMJ.

Conclusions. Eccentric exercise induces oxidative stress and muscle damage alongside decreased neuromuscular
performance. Biochemical markers peak at 24 h and decline thereafter, while neuromuscular recovery remains
incomplete at 72 h. The relationship between oxidative stress and muscle damage is time-dependent, emerging during
the recovery phase rather than the acute phase. These findings indicate distinct temporal patterns, suggesting that
neuromuscular performance is not fully explained by biochemical markers.

Keywords: eccentric exercise, oxidative stress, creatine kinase, malondialdehyde, neuromuscular performance,
recovery.

Introduction decreased neuromuscular performance (Leite et al., 2023;

Li et al,, 2024). Eccentric training is widely implemented

Exercise-induced muscle damage (EIMD) is commonly  in sport and physical education settings to enhance muscle
observed following eccentric exercise and is typically  strength, functional performance, and rehabilitation
characterized by muscle soreness, reduced strength, and  gutcomes (Burgos-Jara et al., 2023; Cvecka et al., 2023;
Maia et al., 2026). Eccentric muscle actions involve active
© Irawan, R, Dewi, R. C,, Bakti, A. P, Rimawati, N., Tualeka, A.-R.,  muscle lengthening under tension, commonly occurring

& Alayyannur, P. A., 2026. during deceleration phases of movement such as jumping
@ PETM and sprinting, and are integral to most sport-specific and
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resistance training activities (Tecchio et al., 2024; Tomalka,
2023). Notably, eccentric contractions can generate greater
force than concentric actions (approximately 20-50%
higher) (Schoenfeld et al., 2017; Tecchio et al., 2024), making
them effective stimuli for physiological responses associated
with training.

However, this superior force-generating capacity is also
associated with increased mechanical stress on muscle tissue,
leading to exercise-induced muscle damage, characterized
by structural disruption of muscle fibers, elevated
oxidative stress, and temporary reductions in performance
(Bontemps et al., 2020; Lepley et al., 2023; J. Peake et al.,
2005). A conceptual contradiction can be identified within
eccentric exercise: the same physiological processes that
are associated with muscle damage and oxidative stress are
also discussed in relation to recovery-related processes. This
creates a challenge in determining whether attenuating these
responses improves or limits functional outcomes.

In practice, attempts to maximize the benefits of
eccentric training often involve increasing mechanical load,
which may further exacerbate muscle damage and prolong
recovery time (Chen et al., 2023; Rosvoglou et al., 2023;
Zhang et al., 2026). Therefore, achieving an appropriate
balance between induced muscle damage and recovery
remains an important consideration in training design. A
clearer understanding of acute physiological and functional
responses to eccentric loading may help inform this balance.

This issue is particularly relevant in physical education
contexts, where recreationally active students are frequently
exposed to eccentric loading during practical sessions
(Krizaj et al., 2022; Maroto-Izquierdo et al., 2023), often
without individualized recovery strategies (Lewis et
al., 2012; Rosvoglou et al., 2023). One of the primary
physiological responses to eccentric exercise is increased
production of reactive oxygen species (ROS), contributing
to oxidative stress, commonly assessed using biomarkers
such as malondialdehyde (MDA) (Canals-Garzén et al.,
2022; Wadley et al., 2019). Concurrently, muscle fiber
disruption results in the release of intracellular enzymes
into circulation, with creatine kinase (CK) widely
recognized as a marker of muscle damage (Stozer et al.,
2020). These physiological changes are often accompanied
by reductions in neuromuscular performance, as assessed
by countermovement jump (CM]J), a practical indicator
reflecting muscle function and movement efficiency (Bishop
etal., 2023; Yoshida et al., 2024). Collectively, these variables
provide complementary indicators for evaluating responses
to eccentric loading.

Previous literature suggests that oxidative stress and
muscle damage are not solely negative responses. Moderate
changes have been associated with physiological processes
related to muscle repair (Di Meo et al., 2019; Wadley et al.,
2019). However, excessive responses may delay recovery and
impair subsequent performance (Senisik et al., 2021). Thus,
understanding the balance between these responses remains
an important issue.

Despite this, these variables are often examined
separately rather than in relation to each other. As a result,
the temporal relationship between oxidative stress, muscle
damage, and functional performance remains unclear,
particularly following a single bout of eccentric exercise.

Therefore, this study aimed to investigate the temporal
relationship between oxidative stress and muscle damage,
in relation to changes in neuromuscular performance
following eccentric exercise, using MDA, CK, and CM] as
respective indicators. It was hypothesized that increases in
oxidative stress and muscle damage would be associated
with reductions in performance, while their relationships
may vary across the recovery period.

Materials and Methods

Study Design

This study employed a single-group experimental
repeated-measures design to examine the temporal
relationship between oxidative stress, muscle damage, and
neuromuscular performance following an athletics-based
eccentric exercise protocol. Measurements were conducted
at baseline (pre-exercise), and at 24, 48, and 72 hours post-
exercise to capture the temporal dynamics of physiological
and neuromuscular performance.

The design was structured to examine changes in
oxidative stress, muscle damage, and neuromuscular
performance across time. This approach allows for the
description of temporal patterns in physiological and
performance responses following eccentric exercise.

By integrating biochemical (malondialdehyde
and creatine kinase) and neuromuscular performance
(countermovement jump) indicators across multiple time
points, the study aimed to describe the temporal relationship
between biochemical responses and neuromuscular
performance following eccentric exercise in recreationally
active individuals.

Participants

Participants were recruited from male undergraduate
students (n = 128) enrolled in an athletics course at the
Department of Sports Science, Universitas Negeri Surabaya.
This group represented the accessible population, consisting
of recreationally active individuals regularly exposed
to athletics-related activities as part of their academic
curriculum.

A total of 46 participants were selected using purposive
sampling based on predefined inclusion and exclusion
criteria. An a priori power analysis conducted using G*Power
(version 3.1) indicated that a minimum sample size of 30-35
participants was required to detect a moderate effect size (f=
0.25) with a significance level of o = 0.05 and statistical power
(1 -B) =0.80. Therefore, the final sample size was considered
sufficient to detect statistically significant changes across
time points within the repeated-measures design.

The inclusion criteria were as follows: (1) male students
aged 18-22 years; (2) engagement in regular physical activity
at least three times per week for the previous two months;
(3) enrollment in an athletics course; and (4) no history of
musculoskeletal injury within the past six months.

Exclusion criteria included: (1) failure to complete
the exercise protocol; (2) absence from any follow-up
measurement session; (3) use of medications or supplements
that could influence oxidative stress or muscle damage
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responses; and (4) any medical condition that could interfere
with study procedures or compromise participant safety.

All participants provided written informed consent
prior to participation. Recruitment was conducted during
scheduled course sessions. All participants completed the
study, and no dropouts were recorded.

Ethical approval was obtained from the Health Research
Ethics Committee of Airlangga University (No. 104/EA/
KEPK/2023) in accordance with the Declaration of Helsinki.

Anthropometric Measurements

Anthropometric measurements were obtained prior
to the experimental protocol. Body height was measured
using a stadiometer to the nearest 0.1 cm, and body mass
was recorded using a digital scale to the nearest 0.1 kg. Body
mass index (BMI) was subsequently calculated as body mass
divided by the square of height (kg/m?).

Eccentric Exercise Protocol

Participants performed an athletics-based eccentric
exercise protocol consisting of jump-landing drills,
bounding, sprint deceleration tasks, and slow-tempo squats.
Prior to the protocol, participants completed a standardized
warm-up consisting of 5 minutes of light jogging followed by
dynamic stretching exercises targeting the lower limbs. All
exercises were performed at a self-selected maximal effort
while maintaining proper technique.

The protocol was specifically designed to be applicable
to recreationally active university students enrolled in an
athletics course, emphasizing movements commonly
practiced in physical education settings. The exercises
were structured to induce substantial eccentric loading on
the lower limb musculature, particularly during phases of
landing, ground contact, and rapid deceleration.

The exercises were performed in the following sequence:
jump-landing, bounding, sprint deceleration, and eccentric
squats. The jump-landing component consisted of 5 sets of
10 repetitions, where participants were instructed to achieve
maximal jump height and perform controlled landings by
flexing the hips, knees, and ankles over approximately 2-3
seconds to absorb impact forces safely.

Table 1. Summary of the Eccentric Exercise Protocol

Bounding was performed over a distance of 20 meters
for 4 sets, emphasizing horizontal propulsion followed by
controlled single-leg landings to increase eccentric demand
during each ground contact.

Sprint deceleration tasks consisted of 6 repetitions of
20-meter sprints followed by an abrupt stop within a 3-meter
deceleration zone, requiring rapid reduction of forward
momentum and generating high eccentric loading in the
quadriceps and hamstring muscle groups.

To further enhance eccentric stimulus, participants
performed slow-tempo bodyweight squats for 4 sets of
12 repetitions, with a controlled eccentric phase lasting
approximately 4 seconds per repetition.

A fixed rest interval of 90 seconds was provided between
sets to maintain high mechanical stress while minimizing
full recovery. The total duration of the protocol was
approximately 45-50 minutes. The protocol was specifically
designed to induce exercise-induced muscle damage
and oxidative stress responses for subsequent analysis. A
summary of the exercise protocol is presented in Table 1.

The progression of participants throughout the study,
covering recruitment, group allocation, follow-up, and data
analysis, is illustrated in Figure 1.

Enroliment

[ Assessed for eligibility (n = 128) l

Excluded (n = 82)

«Not meeting inclusion criteria (n = 26)
Declined to participate / unavailable (n = 16)
Other reason (n=40)

Allocation
« Allocated to eccentric exercise protocol (n = 46)
* Received allocated intervention (n = 46)
 Did not receive intervention (n = 0)

|

Follow-Up (Repeated Measures)

o Completed baseline measurement (pre-exercise) (n = 46)

* Completed 24-hour follow-up (n = 46)
* Completed 48-hour follow-up (n = 46)
* Completed 72-hour follow-up (n = 46)
* Lost to follow-up (n = 0)

* Discontinued intervention (n = 0)

l

Analyzed
« Included in analysis (n = 46)
 Excluded from analysis (n = 0)

Fig. 1. CONSORT Flow Diagram

. q ] Rest s
Component Exercise Structure Intensity / Execution Volume Int:rsval Key Characteristics
Warm-up Light jogging + Low to moderate intensity 5 minutes — Prepare muscles and reduce injury
dynamic stretching risk
(lower limbs)
Jump-Landing  Repeated vertical Maximal effort; 2-3 s 5 sets x 10 90s  Emphasizes impact absorption and
jumps with controlled eccentric landing phase reps eccentric control
landing
Bounding Horizontal bounding ~ Maximal horizontal 4 sets 90s  Increases eccentric load during
over 20 m propulsion with controlled ground contact
single-leg landing
Sprint 20 m sprint + sudden ~ Maximal sprint followed by 6 reps 90s  High eccentric demand on
Deceleration stop within 3 m rapid braking quadriceps and hamstrings
Eccentric Squat Bodyweight squat Controlled 4 s eccentric phase 4 sets x 12 90s  Prolonged time under tension for
reps eccentric loading
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Outcome Measures

The primary outcome measures included oxidative
stress, muscle damage, and neuromuscular performance,
assessed using Malondialdehyde (MDA), Creatine Kinase
(CK), Countermovement Jump (CM]), respectively. All
measurements were conducted at baseline (pre-exercise),
and at 24, 48, and 72 hours following the eccentric
exercise protocol to describe changes in biochemical and
neuromuscular performance variables over time.

Oxidative stress was assessed by measuring plasma
Malondialdehyde (MDA) levels as an indicator of lipid
peroxidation. Venous blood samples were collected under
standardized conditions at each time point. Blood samples
were centrifuged to obtain plasma, which was subsequently
analyzed using a commercially available enzyme-linked
immunosorbent assay (ELISA) kit according to the
manufacturer’s instructions. MDA concentrations were
expressed in nmol/mL.

Muscle damage was evaluated by measuring serum
Creatine Kinase (CK) activity. Blood samples were analyzed
using an automated enzymatic colorimetric method, and CK
activity was expressed in U/L.

Neuromuscular performance was evaluated using the
Countermovement Jump (CM]) test. Participants performed
the test with their hands placed on the hips to minimize
arm swing, starting from an upright standing position
followed by a rapid downward movement and an immediate
maximal vertical jump. Jump height was recorded using a
Jump MD device. Each participant performed three trials at
each time point, and the highest value was used for analysis.
A standardized rest interval of 60 seconds was provided
between trials to minimize fatigue.

Statistical analysis

All data were analyzed using appropriate statistical
software. Descriptive statistics are presented as mean *
standard deviation (SD). The normality of data distribution
was assessed using the Shapiro-Wilk test.

To examine changes in oxidative stress (MDA), muscle
damage (CK), and neuromuscular performance (CMJ)
across time (baseline, 24, 48, and 72 hours post-exercise), a
one-way repeated-measures analysis of variance (ANOVA)
was performed. When a significant main effect of time
was detected, pairwise comparisons were conducted using
Bonferroni post hoc tests.

In addition, Pearson correlation analysis was performed
to evaluate the relationships between MDA, CK, and CM]J
at each time point, to assess the relationships between
physiological responses and neuromuscular performance.

Effect sizes for ANOVA were calculated using partial
eta squared (n’p) and interpreted as small (0.01), medium

(0.06), and large (0.14). Statistical significance was set at p
< 0.05.

Results

Participant Characteristics

A total of 46 participants met all eligibility criteria and
completed all measurement sessions (baseline, 24 h, 48 h,
and 72 h post-exercise), with no loss to follow-up. Therefore,
all analyses were conducted using a complete-case approach.

Participant characteristics are presented in Table 2.
The participants were recreationally active male university
students with a mean age of 19.15 + 0.76 years, height of
167.97 + 5.20 cm, and body mass of 59.10 + 6.00 kg. The
mean body mass index (BMI) was 20.91 + 1.40 kg/m?,
indicating a normal weight range.

Table 2. Participant Characteristics

Variable Mean (+ SD)
Age (years) 19.15+0.76
Height (cm) 167.97 +5.20
Weight (kg) 59.10 + 6.00
BMI (kg/m?) 20.91 + 1.40

Descriptive and Time-Course Changes

Descriptive statistics for MDA, CK, and CM] across all
time points are presented in Table 3.

MDA levels increased from baseline to 24 h post-
exercise, followed by a gradual decline at 48 h and 72 h,
although values remained elevated relative to baseline. A
similar pattern was observed for CK, which peaked at 24 h
and progressively decreased thereafter, but did not fully
return to baseline levels.

In contrast, CMJ performance showed a different
pattern, with a reduction at 24 h, followed by a gradual
recovery at 48 h and 72 h. However, CM] values remained
slightly lower than baseline even at 72 h.

These temporal patterns are illustrated in Figure 2.

These results show different temporal patterns between
biochemical markers and neuromuscular performance, with
peak MDA and CK values observed at 24 h alongside the
lowest CM]J performance.

Repeated-Measures ANOVA

A repeated measures ANOVA revealed a significant
main effect of time for all variables.

MDA levels were significantly affected by time (F(1.203,
54.137) = 1166.676, p < 0.001, n’p = 0.963), with a large
effect size.

Table 3. Changes in MDA, CK, and CM] from baseline to 72 h post-exercise

Variable Baseline 24h 48 h 72h
MDA (nmol/mL) 3.36 £ 0.26° 529 +0.15" 4.87 +0.29¢ 436 +0.20¢
CK (U/L) 110.37 £ 18.03* 259.36 + 19.36" 181.54 + 34.73¢ 158.55 + 25.63¢
CM] (cm) 40.48 + 2.96° 35.34 + 2.59° 36.85 £ 2.47¢ 39.32 +2.68¢

Notes: Values are presented as mean * SD. Different superscripts (a—d) indicate significant differences between time points (p < 0.05,

Bonferroni-adjusted).
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Fig. 2. Time-course changes in oxidative stress (MDA), muscle damage (CK), and neuromuscular performance (CM]J)
following exercise. Notes: A: Malondialdehyde (MDA); B: Creatine Kinase (CK); C: Countermovement Jump (CM]J). Values
are presented as mean + SD. Values are presented as mean + standard deviation

Table 4. Pairwise comparisons of MDA, CK, and CM]J across time points (Bonferroni-adjusted)

Mean

Variable Comparison Difference (I-]) 95% CI p-value
MDA (nmol/mL) Baselinevs 24 h -1.928 -2.025to -1.831 p <0.001
Baseline vs 48 h -1.505 -1.652 to -1.359 p <0.001
Baseline vs 72 h -0.995 -1.118 to -0.871 p <0.001
24hvs48h 0.423 0.353 t0 0.492 p <0.001
24hvs72h 0.933 0.892 to 0.974 p <0.001
48hvs72h 0.510 0.472 to 0.549 p <0.001
CK (U/L) Baseline vs 24 h -148.994 -157.912 to -140.076 p <0.001
Baseline vs 48 h -71.173 -86.761 to -55.584 p <0.001
Baseline vs 72 h -48.184 -60.271 to -36.097 p <0.001
24hvs48h 77.821 63.967 t0 91.675 p <0.001
24hvs72h 100.810 90.106 to 111.513 p <0.001
48hvs72h 22.989 19.167 to 26.811 p <0.001
CMJ (cm) Baseline vs 24 h 5.137 3.648 t0 6.627 p <0.001
Baseline vs 48 h 3.627 2.600 to 4.653 p <0.001
Baseline vs 72 h 1.155 0.294 to 2.016 p=10.003
24hvs48h -1.511 -2.746 to -0.276 p = 0.009
24hvs72h -3.982 -5.029 to -2.936 p <0.001
48hvs72h -2.472 -3.357 to -1.586 p <0.001

Notes: Values represent mean differences (I-]). Confidence intervals (CI) are presented at 95%. P-values
were adjusted using the Bonferroni correction for multiple comparisons. Statistical significance was set at

p < 0.05.

Similarly, CK levels showed a significant effect of time
(F(1465, 65900 = 446.903, p < 0.001, n’, = 0.909), with a large
effect size.

CM] performance also demonstrated a significant effect
of time (Fp,5, 57431 = 66.879, p < 0.001, n?, = 0.598), with
a moderate to large effect size.

Post Hoc Analysis

Bonferroni-adjusted pairwise comparisons are
presented in Table 4.

MDA levels were significantly higher at 24 h, 48 h, and
72 h compared to baseline (p < 0.001 for all comparisons).
Significant differences were also observed between all post-
exercise time points (24 h vs 48 h, 24 h vs 72 h, and 48 h vs
72 h; p < 0.001).

CK levels were significantly higher at 24 h, 48 h, and
72 h compared to baseline (p < 0.001 for all comparisons).
Significant differences were also observed between all post-
exercise time points (p < 0.001).

CM] performance was significantly lower at 24 h, 48 h,
and 72 h compared to baseline (p < 0.01 for all comparisons).
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Significant differences were also found between 24 h and 48
h (p =0.009), 24 h and 72 h (p < 0.001), and 48 h and 72 h
(p < 0.001).

Correlation Analysis

Pearson correlation coeflicients are presented in Table 5.

No significant correlations were observed between
variables at 24 h post-exercise, suggesting that the association
between oxidative stress and muscle damage has not yet fully
developed during the acute phase.

However, significant positive correlations between
MDA and CK emerged at 48 h (r = 0.557, p < 0.001) and
72 h (r = 0.496, p < 0.001), indicating a stronger association
between oxidative stress and muscle damage during the
recovery phase.

No significant relationships were observed between
CMJ and either MDA or CK at any time point.

Table 5. Pearson correlation coeficients between MDA,
CK, and CM]J at 24 h, 48 h, and 72 h post-exercise

Time Variable = MDA CK CM]J

24 h post-exercise =~ MDA 1 0.199  -0.131
CK 0.199 1 0.111
CM]J -0.131 0.111 1

48 h post-exercise =~ MDA 1 0.557**  0.131
CK 0.557* 1 -0.036
CM]J 0.131 -0.036 1

72 h post-exercise =~ MDA 1 0.496** -0.061
CK 0.496* 1 0.024
CMJ -0.061 0.024 1

Notes: Values represent Pearson correlation coefficients (r).
Statistical significance was set at p < 0.05 (2-tailed). **p < 0.01
(2-tailed). MDA = Malondialdehyde; CK = Creatine Kinase; CM]J
= Countermovement Jump.

(A)48 h

r=0.557, p<0.001

CKUL)
g
8

18000

160,00

440 460 480 500 520 540
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Scatter Plot Analysis

The relationships between MDA and CK at 48 h and
72 h are illustrated in Figure 3.

At 48 h, a moderate positive linear relationship was
observed (R* = 0.31), indicating a moderate shared variance
between MDA and CK. A similar, though slightly weaker,
relationship was observed at 72 h.

These findings visually reinforce the correlation analysis,
highlighting that the association between oxidative stress and
muscle damage becomes more pronounced during the recovery
phase rather than the acute phase, suggesting a delayed temporal
association between oxidative stress and muscle damage.

Discussion
Principal Findings

The present study shows that eccentric exercise is
associated with increases in oxidative stress (MDA)
and muscle damage (CK), along with a reduction in
neuromuscular performance (CM]J). MDA and CK peaked
at 24 h post-exercise and remained elevated up to 72 h,
whereas CM] showed a gradual recovery pattern but had
not fully returned to baseline at 72 h.

Correlation analysis showed no significant association
between MDA and CK at 24 h. Moderate positive correlations
were observed at 48 h and 72 h. No significant relationships
were found between biochemical markers (MDA and CK)
and CM]J performance at any time point.

These results indicate that biochemical and
neuromuscular responses may follow different temporal
patterns during recovery. These findings reflect acute
recovery responses following a single bout of eccentric
exercise.

Time-Course of Oxidative Stress and Muscle Damage

The increase in MDA at 24 h reflects elevated lipid
peroxidation, which is commonly used as an indirect
marker of oxidative stress following eccentric exercise.

(B)72h

r=0.496, p < 0.001

22000 |

14000 |

12000

100.00

MDA (nmolimL)

Fig. 3. Relationship between malondialdehyde (MDA) and creatine kinase (CK) at 48 h (A) and 72 h (B) post-exercise. Significant
positive correlations were observed at both time points (48 h: r = 0.557, p < 0.001; 72 h: r = 0.496, p < 0.001)
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Previous studies have suggested that eccentric loading may
increase reactive oxygen species (ROS) production, which is
associated with oxidative stress responses (Blazevich et al.,
2025; Xu & Guo, 2025).

Eccentric exercise has been reported to induce
mechanical strain at the muscle fiber level, which may
contribute to structural disturbances such as Z-disk
disruption and altered calcium regulation (Dowling et al.,
2022; Tomalka, 2023). These processes are often discussed
in the literature as part of muscle damage-related responses
following unaccustomed eccentric loading.

Similarly, CK increased significantly at 24 h, which
is widely considered an indicator of muscle membrane
disruption and leakage of intracellular enzymes into
circulation (Blank et al., 2022; Ying et al., 2024).

Although both MDA and CK peaked at 24 h, the absence
of a significant correlation at this time point suggests that
these markers may reflect partially independent physiological
responses during the early recovery phase. This interpretation
alignswith previousliterature suggesting thatearly post-exercise
responses are influenced by multiple overlapping mechanisms
(J. M. Peake etal., 2017; Proske & Morgan, 2001 )intense exercise
causes an ‘open window” of immunodepression during
recovery after exercise is well accepted. Repeated exercise
bouts or intensified training without sufficient recovery may
increase the risk of illness. However, except for salivary IgA,
clear and consistent markers of this immunodepression
remain elusive. Exercise increases circulating neutrophil and
monocyte counts and reduces circulating lymphocyte count
during recovery. This lymphopenia results from preferential
egress of lymphocyte subtypes with potent effector functions
[e.g., natural killer (NK.

At later time points (48-72 h), a moderate association
between MDA and CK was observed, suggesting a closer
temporal alignment between oxidative stress and muscle
damage during recovery. Nevertheless, this relationship
remains correlational and does not imply causality or a direct
mechanistic link. Accordingly, this interpretation should be
approached with caution, particularly given the inherent
limitations of biochemical markers in reflecting underlying
physiological processes.

Neuromuscular Performance and Recovery Pattern

CM] performance decreased at 24 h following eccentric
exercise, indicating a temporary reduction in neuromuscular
performance. This finding is consistent with previous reports
showing reduced jump performance in the early recovery
phase after eccentric loading (Hemmatinafar et al., 2023).

The decline in performance may be associated with
multiple factors described in the literature, including
altered excitation-contraction coupling, changes in
calcium handling, and transient reductions in neural drive
(Tabuchi et al., 2022). In addition, delayed onset muscle
soreness (DOMS) and protective neural inhibition may also
contribute to reduced performance capacity (Boyd et al.,
2023; Sozlu et al., 2025).

Although CM]J showed gradual improvement at 48 h
and 72 h, it had not fully returned to baseline within the
observation period, suggesting that neuromuscular recovery
may not be fully complete within 72 h under the present
conditions.

Importantly, no significant correlations were found
between CM] and either MDA or CK. This suggests that
neuromuscular performance recovery is likely influenced by
multiple factors beyond biochemical markers alone.

Phase-Dependent Relationship Between
Oxidative Stress and Muscle Damage

The present findings indicate that the relationship
between MDA and CK may vary across time. No significant
association was observed at 24 h, whereas moderate positive
correlations appeared at 48 h and 72 h.

During the early phase (24 h), CK elevation likely
reflects structural muscle perturbation, while oxidative stress
markers may represent a parallel response that is not directly
linked at this stage. This interpretation aligns with previous
studies indicating that early responses to eccentric exercise
involve multiple independent physiological processes (Qian
etal., 2023).

In the later phase (48-72 h), previous studies have
reported increased involvement of inflammatory and
immune-related processes, including ROS production and
tissue remodeling activity (J. M. Peake et al., 2017; Tidball
& Villalta, 2010)intense exercise causes an “open window”
of immunodepression during recovery after exercise is well
accepted. Repeated exercise bouts or intensified training
without sufficient recovery may increase the risk of illness.
However, except for salivary IgA, clear and consistent
markers of this immunodepression remain elusive. Exercise
increases circulating neutrophil and monocyte counts and
reduces circulating lymphocyte count during recovery. This
lymphopenia results from preferential egress of lymphocyte
subtypes with potent effector functions [e.g., natural killer
(NK. These processes may contribute to the observed
association between oxidative stress and muscle damage
markers during recovery.

Overall, the time-dependent pattern observed in this
study suggests a changing relationship between these
variables across the recovery period. However, due to the
observational nature of the data, causal interpretation should
be made cautiously. This pattern may reflect differences
between early and later phases of recovery, with changes in
the relationship between variables over time.

Lack of Association Between Biochemical
Markers and Performance

The absence of significant correlations between CM]J
and biochemical markers suggests that neuromuscular
performance is not directly explained by MDA or CK levels
in this study.

This finding aligns with previous studies suggesting
that recovery of jump performance is influenced by a
combination of peripheral and central factors, including
neuromuscular control, pain perception, and psychological
responses. Therefore, biochemical markers alone may not
fully represent neuromuscular recovery.

Practical Implications

The results indicate that eccentric exercise induces
time-dependent changes in biochemical and neuromuscular
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variables, with the highest levels of oxidative stress and
muscle damage observed at 24 h, and gradual recovery
observed thereafter.

These findings may be useful for informing general
recovery considerations in recreationally active individuals
exposed to eccentric loading, particularly in understanding
the temporal pattern of recovery responses.

However, practical applications should be interpreted
cautiously, as this study did not directly test training
interventions or recovery strategies.

Final Synthesis

In summary, eccentric exercise induces distinct
temporal responses in oxidative stress, muscle damage, and
neuromuscular performance. The relationship between
biochemical markers appears to vary across time, while
neuromuscular recovery seems to involve additional factors
beyond biochemical changes alone.

These findings contribute to a descriptive understanding
of the time-course response following eccentric exercise.
However, further studies with controlled designs and
additional physiological measurements are required to
clarify the underlying mechanisms.

Conclusion

Eccentric exercise is associated with increased oxidative
stress and muscle damage, accompanied by a reduction in
neuromuscular performance. Biochemical markers peaked
at 24 h post-exercise and gradually declined, whereas
neuromuscular recovery remained incomplete at 72 h.

The relationship between oxidative stress and muscle
damage appeared to be time-dependent, with associations
emerging during the recovery phase rather than the acute
phase.

These findings indicate that biochemical and
neuromuscular responses may follow different temporal
patterns following eccentric exercise. Neuromuscular
recovery does not appear to be fully explained by biochemical
markers alone, suggesting the involvement of additional
physiological and neuromuscular factors.

Opverall, the present results provide a descriptive account
of acute recovery dynamics following eccentric loading.
Further research using controlled designs and additional
physiological measures is required to better understand the
underlying processes.

Limitations

This study has several limitations that should be
considered when interpreting the findings. First, the sample
consisted exclusively of young male participants, which
limits the generalizability of the results to other populations,
including females, older individuals, or different training
backgrounds.

Second, only indirect biochemical markers of oxidative
stress and muscle damage were assessed. The absence of
direct measurements of inflammatory and cellular processes
(e.g., cytokines or immune responses) restricts the ability to
comprehensively characterize the underlying physiological
responses.

Third, neuromuscular performance was evaluated
using a single test (CMJ), which may not fully capture the
multidimensional nature of neuromuscular recovery.

Fourth, the single-group design without a control or
comparator group limits the ability to attribute the observed
changes exclusively to the eccentric exercise protocol and
does not account for potential influences such as repeated
testing effects or natural variability over time.

Finally, dietary intake and physical activity outside the
experimental protocol were not strictly controlled, which
may have influenced individual recovery responses.

Taken together, these limitations indicate that the
present findings should be interpreted as descriptive of acute
responses under the specific study conditions, rather than
as evidence of causal mechanisms or generalizable recovery
patterns. Additionally, the observational nature of the study
and the use of correlational analyses preclude any causal
inference regarding the relationship between oxidative
stress, muscle damage, and neuromuscular responses.
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OO6rpyHTyBaHHA. EKClIeHTPpIYHI BIPaBY CHPUYNHAIOTD OKCUJATYBHUI CTPEC, IIOUIKOPKEHHA M A3iB Ta 3HIDKEHH:A HEPBOBO-
M’s130BOI Impare3gaTHocTi. [IpoTe 4acoBuiT B3a€EMO3B sI30K MK MY PeaKIisIMI 3a/IUIIAETHCS HEOCTATHBO 3PO3YMIiNM, 30Kpe-
Ma y Gi3NYHO aKTUBHMX OCi0, AKi 3aiIMaIOTbCA PEKpealiifHIIM CIIOPTOM.
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Merta pgocnimkenns. Lle mocmimykeHHA Maso Ha MeTi BUBYMTM 4acOBY AMHAMIKy 3MiH Ta (basoBo—sanemHi B3a€EMO3B A3KI
MDK OKCMIATUBHUM CTPECOM, MOIIKO/KEHHAM M A3iB i HEPBOBO-M A30BOIO NPale3[jaTHICTIO MiC/IsA BUKOHAHHSA MIPOTOKOIY eKC-
LIEHTPUYHMX BIIPAB Ha OCHOBI JIETKOAT/IETMYHMX €/IEMEHTIB.

Marepianu i MeTogu. 3aCTOCOBAaHO OJHOIPYIIOBUII IU3ai1H JOC/i/I)K€HHA 3 TIOBTOPHUMM BYMipIOBaHHAMM, 10 AKOTO 3aTy4M-
7 46 (biquHo aKTVMBHMX CTYJEHTIB 90/IOBiYO1 CTaTi, IKi 3a/IMAaIOTbCA PEKPealiliHiM CIIOPTOM (Bik: 19,15 + 0,76 pOKy). YyacHuku
BUKOHYBa/IM IPOTOKOJI eKCIIEHTPUYHUX BIIPAB, [0 BK/IIOYAB CTPUOKM 3 MpU3EeMIEHHAM, 0araTOCKOKY, YIIOBIIbHEHH Mif ac
CIIPUHTY Ta IPUCITaHHsA B HOBIIbHOMY TeMIti. PiBHi MaonoBoro gianbaeriny (MIIA), kpearnnkinasu (KK) Ta mokasHuxu cTpu6-
Ka 3 KoHTppyxoM (CKP) BumipioBann Ha BUXiTHOMY piBHI, a Takox depes 24, 48 ta 72 ropunu mics $GisMYHOro HaBaHTAKEHHS.
AHasti3 HaHMX IPOBEEHO 32 JOIIOMOTOI0 [JCIIEPCiIHOrO aHa/li3y 3 OBTOPHMMI BUMIPIOBAaHHAMM i3 3aCTOCYBaHHAM post-hoc
kputepiio bordepponi Ta kopernsriitHoro ananisy Ilipcona.

Pesynprarn. JIn Bcix 3MiHHUX BUAB/IEHO 3HauyLli yacoBi edextn (p < 0,001). PiBri MITA ta KK spocnnu uepes 24 ropun,
ITiC/IA YOT0 3HM3MINCA Yepes 48 i 72 TonayHm, IpoTe 3a/IMIIaINCA MiABUIIeHMY NOpiBHAHO 3 BuxifiHuM piBHeM. [Tokasuuku CKP
SHM3WINCA 4Yepe3 24 TOAVHY J1 IPOJEMOHCTPYBalM YaCTKOBE BifIHOB/IEHHS, ajle He IOBEPHY/INCS [0 BUXiTHOTO piBHA 4epes 72
ropnun. He 6yrmo BusiBieno sHauyioi kopersnii Mixk MJTA ta KK gepes 24 roguau; ofHaK HOMipHI IO3MTUBHI KOpesLil ciocTe-
piranmcs depes 48 roguH (r = 0,557, p < 0,001) ta 72 roguuu (r = 0,496, p < 0,001). 3HaUyLMX B3a€EMO3B A3KiB MK 6i0XiMiYHMMU
Mapkepamy Ta noxkasHukamu CKP He BusABeHo.

BucnHoBku. ExcrieHTpu4Hi BIIpaBM IHAYKYIOTb OKCUIATMBHUII CTPeC i MOLIKO/KEHH M A31B Ha T/Ii 3HIDKEHHS HEePBOBO-
M’s130BOI IIpate3faTHOCTI. BioxiMiuHi MapKepy [OCATAOTh MIKOBMX 3HaYeHb 4Yepe3 24 TOAMHY 3 MOJAIBIIOI TEHJEHIIEN 10
3HVDKEHHS, TOJ SIK HepPBOBO-M s130B€ BiIHOBJICHH: 3a/IMIIAEThCSA He3aBEPIICHVM HaBiTh uepe3 72 rogyHy. BaaeMo3s’ 130k Mix
OKCHUJATVBHUM CTPECOM 1 IOIIKOMKEHHSM M 5I31B € YaCO3a/IeKHIM, IIPOSIB/IAIOYNCD M1iJ| Yac ¢asy BiHOB/IEHHS, a He B TOCTPIil
¢asi. OTpumaHi pe3ynbTaTyt BKa3yloTh Ha BifMIHHOCTI B 4aCOBMX 3aKOHOMIPHOCTSIX i CBiIYaTh PO Te, 1IJO OLiHIOBATU HEPBOBO-
M’5130BY IIpalje3aTHICTh BUK/IIOYHO 3a 610XiMiYHMMM MapKepaMyl € HeOCTATHIM.

KirouoBi cmoBa: eKClieHTpUYHi BIIPaByM, OKCUAATUBHUI CTPeC, KpeaTMHKIHA3a, MaJIOHOBUIL Jjia/Ib/IeTii, HePBOBO-M 30Ba
Npane3faTHiCThb, BiflHOBIEHHA.
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