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Abstract: MMP-9 and S100B, the proteins involved in blood-brain barrier integrity, are
widely studied as biomarkers in many diseases, including epilepsy. They are elevated in
epilepsy patients both interictally and following motor seizures. To determine whether
motor activity influences their serum concentrations, we investigated the effects of brief,
seizure-like physical exercise on serum MMP-9 and S100B levels in healthy individuals.
Participants performed two different 5-min exercise protocols mimicking the motor activity
of bilateral tonic–clonic seizures, one of the sets of exercises that contribute to to muscle
failure. Serum samples were collected before exercise, 3 h after exercise, and the next day
(time points 0, 3 h, and 24 h). Our results demonstrated that both sets of motor exercises led
to a similar increase in MMP-9 levels, while neither affected S100B levels. No significant
differences in MMP-9 levels were observed due to muscle failure. We suggest that the
increase in MMP-9 seen after seizures is induced partially by peripheral mechanisms, such
as muscle contraction. S100B appears to be a promising biomarker in epilepsy, as it is
not induced by physical activity but does increase following seizures. Further research
is needed to fully elucidate the mechanisms underlying biomarker release in epilepsy
and to determine the specific contributions of muscle contractions versus other seizure-
related processes.
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1. Introduction
Epilepsy is a common disease that affects people of all ages and genders. Patients

struggling with epilepsy are at risk of seizures, which often occur for no apparent reason.
The cause of epilepsy might be genetic, metabolic (with a genetic basis or acquired deficien-
cies), or as a result of brain disease or damage, such as infections, immune reactions, and
structural abnormalities (stroke, trauma, etc.), however, in about 50% of patients the cause
remains unknown. Epilepsy is manifested by seizures of various motor and non-motor
neurological signs and loss of consciousness [1]. Unfortunately, despite the intensive devel-
opment of pharmacological treatment, many patients fail to completely reduce seizures; it
is estimated that this applies to approximately 30% of patients [2].

There is growing interest in searching for serum biomarkers of epileptic seizures that
could help in the correct diagnosis of seizures (epileptic vs. non-epileptic), assessment
of seizure risk, and prediction of treatment outcome. MMP-9 and S100B, the proteins
involved in blood-brain barrier integrity, are particularly interesting because they are
increased in epilepsy patients in the interictal period [3] and are triggered by the seizures
themselves [4,5].
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Recently, several studies have suggested the involvement of the blood-brain barrier
(BBB) in the pathogenesis of both epilepsy and seizure induction. An increase in the
permeability of the BBB seems to be the cause of increased neuronal excitability. On
the other hand, seizures, and even epileptic discharges, increase BBB permeability and
activation of endothelial cells. This was shown in experimental studies [6] as well as in
brain samples taken from epileptic foci in human [7]. The serum biomarkers of BBB were
shown to be increased in epileptic patients after seizures [8] and in the interictal period
when compared to the age- and sex-matched control group [3]. These observations indicate
chronic BBB disruption in epileptic patients probably due to chronic inflammation, and
BBB involvement in seizures inducement. Additionally, higher levels of MMP-2 and CCL-2
in the interictal period were associated with a lower risk of seizures, whereas a higher level
of MMP-9 was associated with a higher risk of seizures in a 1–6-month period [9].

However, looking for reliable BBB biomarkers has limitations since most of them are
not specific for the brain and might originate from peripheral vasculature and peripheral
tissues. Many of them, for example, MMP-9, P-selectin, and ICAM-1 participate in brain
inflammatory responses and may be involved in many brain pathologies. Muscle con-
tractions during focal motor or tonic–clonic seizures can increase serum biomarkers due
to muscle vessel dilation and injury. For example, MMP-9 concentrations are known to
change after exercise, suggesting that muscle contractions during seizures could partially
contribute to the observed increase in these biomarkers following seizures [10].

MMP-9 is a metalloproteinase highly expressed in the adult brain and has been
shown to increase in many brain pathologies. The serum MMP-9 level depends mainly
on leukocyte and endothelial secretion, and augments significantly in many conditions
(such as trauma or stroke) [11]. MMP-9 contributes to a wide variety of brain disorders,
including epilepsy, schizophrenia, autism spectrum disorders, brain damage, stroke, neu-
rodegeneration, pain, and brain tumors [12]. It activates various cytokines and chemokines,
participates in breaking the blood-brain barrier, and facilitates the passage of leukocytes
across the BBB into the brain parenchyma.

The S100B protein is physiologically produced and released predominantly by astro-
cytes in the central nervous system [13]. It plays a role in many cellular processes, including
cell proliferation, migration, apoptosis, and differentiation. S100B has been shown to
increase in cerebrospinal fluid (CSF) and serum after various neurological diseases (for
example, trauma, stroke, inflammation, bacterial and viral meningitis) and it has been
postulated that S100B could serve as a serum marker for brain damage.

Previous studies have demonstrated that tonic–clonic seizures in individuals with
epilepsy result in elevated serum concentrations of MMP-9 and S100B. Peak levels are typi-
cally observed 3–6 h after seizure onset, with elevations persisting for up to 24 h [3–5,8–10].
To investigate whether muscle contractions contribute to the release of these biomarkers,
we conducted an experiment with healthy participants. Participants performed exercises
designed to mimic the physical exertion of bilateral tonic–clonic seizures. This controlled
exercise paradigm allowed us to examine the impact of muscle contractions on biomarker
levels, independent of seizure activity. The exercise protocol was carefully designed to min-
imize potential biases, and the blood sampling schedule mirrored that used in our previous
studies with epilepsy patients. We observed that two distinct sets of short exercises, one
engaging multiple muscle groups and the other targeting specific muscles, led to increased
serum MMP-9 concentrations. However, the pattern of MMP-9 elevation differed from that
observed following seizures. Notably, the S100B levels remained unchanged after exercise.
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2. Results
Sixteen participants (4 men and 12 women) took part in the study. The mean age was

32.37 ± 9.23 years, and the range of age was from 22 to 55 years old. Both sets of exercises
(E1 and E2) were performed for all the groups of participants approximately 4 months
apart from each other. The basic levels of MMP-9 were 583.45 ± 385.26 ng/mL and
603.33 ± 478 ng/mL before the first and second physical efforts, respectively (no statistical
difference was noted). The basic levels of S100B were 32.28 ± 5.35 and 38.06 ± 9.05 pg/mL
before the second effort (E2) and both values were slightly different (p < 0.025).

The level of MMP-9 increased significantly after the E1 and E2 sets of exercises and
was higher 3 and 24 h after the efforts (Table 1, Figure 1). The S100B levels did not increase
after the efforts regardless of the type of exercise. The levels of MMP-9 during both E1 and
E2 physical efforts did not differ at the same time points—the increases after 3 h and 24 h
following the exercises were comparable for both exercise types (p2 from Table 1 describes
the comparison of E1 and E2 biomarkers levels at the same time points). The levels of
S100B were slightly different only on the basic level (time points—0 h) between E1 and
E2 measurements.

Table 1. The levels of MMP-9 and S100B after the two sets of different efforts in healthy individuals.
p 1 significant differences compared the time point 0 h in the appropriate group (Neuman–Keul test);
p 2 significant difference between E1 and E2 biomarkers levels at the same time points (Student t-test).

Participants No
(Male/Female) Mean SD p 1 p 2

Age 16 (4/12) 32.37 9.23

Physical effort 1

MMP-9 ng/mL 14 (4/10)

0 h 583.45 385.26 - 0.83
3 h 999.84 536.20 0.0021 0.78
24 h 764.85 495.06 0.1070 0.12

S100B pg/mL
0 h 32.28 5.35 - 0.025
3 h 40.86 21.58 0.16 0.78
24 h 35.27 6.87 0.21 0.47

Physical effort 2

MMP-9 ng/mL 16 (4/12)
0 h 603.33 478.07 - 0.83
3 h 900.54 568.75 0.006 0.78
24 h 796.87 639.01 0.031 0.86

S100B pg/mL
0 h 38.06 9.05 - 0.025
3 h 41.80 12.39 0.57 0.78
24 h 37.36 10.59 0.97 0.47

The groups were not numerous, and no correlation of sex or age was noted. The basic
levels of MMP-9 were strongly correlated with a higher level 3 and 24 h after the efforts in
both E1 an E2 exercise sets. The S100B level did not correlate with MMP-9 at any time point.
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although some studies report no or only a slight effect [10,14,15]. Factors such as the type 
and duration of exercise, muscle and tissue damage, and underlying health conditions 
may contribute to these varied outcomes [16,17]. Short-term exercise tends to elevate 
MMP-9 levels, whereas prolonged training may decrease baseline serum MMP-9, as ob-
served in both healthy volunteers and athletes [10,14,15,18]. In individuals with chronic 
conditions associated with elevated MMP-9, regular physical activity may help reduce 
these levels [16,17,19]. Our study included exercises of different characteristics, including 
one predominantly anaerobic, which was unique not only in its metabolic profile but also 
in its ability to mimic tonic–clonic seizures. Short, intense anaerobic exercise, as well as 
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group [3] and increase after tonic–clonic seizures reaching the level by about 2 times 
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Figure 1. The levels of MMP-9 and S100B during both E1 and E2 physical efforts. The boxes show
mean values with standard deviations and median. * p < 0.05 and ** p < 0.005 significant differences
compared the time point 0 h in the appropriate group (Neuman–Keuls test).

3. Discussion
Our study demonstrated that brief but very intense anaerobic exercise increased

serum MMP-9 levels, which persisted for 24 h. In contrast, serum S100B levels remained
unchanged. These findings indicate that serum MMP-9 is sensitive to physical activity,
which should be considered when interpreting MMP-9 levels in pathological conditions,
particularly those associated with exertion, such as motor seizures.

Current evidence suggests that intense exercise can influence serum MMP-9 levels,
although some studies report no or only a slight effect [10,14,15]. Factors such as the type
and duration of exercise, muscle and tissue damage, and underlying health conditions may
contribute to these varied outcomes [16,17]. Short-term exercise tends to elevate MMP-9
levels, whereas prolonged training may decrease baseline serum MMP-9, as observed
in both healthy volunteers and athletes [10,14,15,18]. In individuals with chronic condi-
tions associated with elevated MMP-9, regular physical activity may help reduce these
levels [16,17,19]. Our study included exercises of different characteristics, including one
predominantly anaerobic, which was unique not only in its metabolic profile but also in
its ability to mimic tonic–clonic seizures. Short, intense anaerobic exercise, as well as even
more intense forms of daily physical activity, can influence biomarker levels, which should
be considered when interpreting them in the context of epilepsy. These findings highlight
the importance of accounting for physical exertion when analyzing biomarkers, as even
brief and intense activities can impact their levels.

In epilepsy, MMP-9 levels are higher compared to the age- and sex-matched control
group [3] and increase after tonic–clonic seizures reaching the level by about 2 times higher
than the age-matched control [4,5]. Epileptic seizures are thought to induce inflammation
and blood-brain barrier leakage which may be the cause of the increase in MMP-9 and
S100B, along with other biomarkers in the serum [10]. However, the elevation of some
biomarkers may be caused by muscle contraction, increased blood flow, or increased
adrenergic stimulation during seizures. Our study aimed to develop exercises that mimic
bilateral tonic–clonic seizures and confirm that these exercises are responsible for an increase
in MMP-9, but not in S100B.
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When comparing our results to previous studies on epilepsy, the increases in MMP-9
and S100B levels after seizures appear to be higher and more prolonged. In those studies,
MMP-9 and S100B concentrations remained elevated for at least 24 h after seizures, with
MMP-9 persisting at elevated levels for up to 72 h [4,5,8]. Nass et al. [5] reported a 50%
increase in MMP-9 and an 80% increase in S100B following seizures. Similarly, Cudna
et al. [4,8] found that MMP-9 and S100B concentrations were approximately 100% higher
than control levels three hours post-seizure. However, because baseline biomarker levels
for the epilepsy group were not reported in this study, direct comparisons with our findings
are difficult. In our current study, we observed a 50% increase in MMP-9 concentration
following an exercise session, with no corresponding rise in S100B. Our results suggest
that physical activity induces a smaller and shorter increase in MMP-9 concentrations
compared to seizures and does not elevate S100B levels. Further investigation into non-
motor seizures could help clarify the extent to which serum MMP-9 increases are driven by
muscle activity versus brain epileptic activity. Most studies on MMP-9 and S100B serum
levels focus on generalized tonic–clonic seizures or febrile seizures, with limited data
on non-motor seizures. Recent meta-analyses of serum MMP-9 concentrations have also
reported consistent findings across studies [20].

The mechanism that causes the increase in MMP-9 concentration in serum after exer-
cise could be related to several factors. Matrix metalloproteinase-9 (MMP-9) is an enzyme
involved in the breakdown of extracellular matrix proteins, playing a role in tissue remodel-
ing and repair. Physical exercises, especially intense or prolonged, can induce inflammation
and tissue damage. MMP-9 is produced and released by various cells, including neu-
trophils and macrophages. Physical exercise can stimulate the mobilization and activation
of these cells, leading to increased MMP-9 release. Reihmane et al. [21] showed that a
short 2-min exercise induced leukocytosis and increased IL-6, myeloperoxidase (MPO)
and MMP-9 concentrations. Since increased MPO (marker of neutrophils degranulation)
correlated with an increase in IL-6 and MMP-9 concentrations, neutrophils could be the
main source of these inflammatory proteins during maximal effort exercise. They also
suggested that the increase in MMP-9 was not due to physiological damage to muscle
fibers and connective tissue caused by physical exercise, as creatine kinase levels remained
unchanged. Similarly, our study found no differences in MMP-9 levels based on the type
of exercise or the presence of muscle tissue damage. Both exercise protocols resulted in
comparable increases in MMP-9, despite one (E2) inducing muscle failure while the other
(E1) did not. Other authors have also shown that MMP-9 levels increase after exercise,
independent of the extent of tissue damage and the rate of recovery [22].

On the other hand, various types of systematic training reduce the MMP-9 level. It
is very well known that regular physical exercise contributes to reducing inflammation
through multiple pathways, including the reduction in adipose tissue, improved insulin
sensitivity, increased production of anti-inflammatory cytokines, enhanced immune regula-
tion, reduced oxidative stress, and regulation of stress hormones. This mechanism may
lead to MMP-9 decrease after a long training both in healthy people and in patients with
inflammatory states such as diabetes [16,17] or cancer [19], and may be responsible for the
good effect of training on the outcome of these diseases.

S100B has also been studied as one of the markers during sports activity. The S100B
protein is mainly related to damage to the central nervous system since it is expressed in as-
trocytes and certain neuronal populations (however, it is also expressed in many other cells,
for example, Schwann cells, melanocytes, chondrocytes, adipocytes, skeletal myofibers, and
lymphocytes) [23,24]. The transient increase in S100B was shown after intensive aerobic
efforts such as a long-distance swimming race [25], high-intensity intermittent exercise
or moderate continuous exercise on bicycle ergometer [26] or training on a treadmill [27].
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The mechanism of S100B increase is not known and may include the release of S100B
from cerebral vessels. Additionally, increased adrenergic stimulation during exercise may
stimulate the adipose tissue to lipolysis and the release of S100B [28]. Similarly to MMP-9,
the S100B protein level decreases after a prolonged, systematic training process [24].

In our study, the relatively short and highly anaerobic stimulation with strength-type
exercise did not result in an increase in S100B. The characteristics of the exercise protocol
may explain this result. Cardiorespiratory exercises may induce an increase in S100B, unlike
the strength-based exercises used in our study. Additionally, the timing of blood collection
could be a factor. In the studies mentioned above, blood was collected immediately after
exercise (within minutes), and S100B levels might return to baseline very quickly [26,27].
In one study, blood taken one hour after exercise showed no significant differences [25].

Briefly elevated S100B levels following intense exercise do not indicate pathological
brain damage or blood-brain barrier impairment, but rather a temporary physiological
response to exercise stress. On the other hand, persistently elevated S100B levels may
indicate brain pathology. Numerous studies have shown a correlation between S100B
concentration and various types of concussion [29]. Chronically elevated MMP-9 and S100B
in epilepsy patients above the levels observed in age-matched controls might therefore
indicate neurodegenerative processes (such as in mesial temporal sclerosis) or epileptic
discharge activity [3]. The concentration of certain biomarkers has been suggested as a
potential predictor of epileptic seizures. Serum levels of MMP-2, MMP-9, and CCL-2 have
been found to predict seizure frequency over a 12-month period. These biomarkers may
reflect underlying processes such as blood-brain barrier activation, neuronal excitability,
and inflammation, which are involved in seizure initiation [9].

The main limitation of our study is the relatively small sample size, although we
examined the same group twice, which probably increases the importance of the inves-
tigation. We acknowledge that increasing the number of participants could enhance the
statistical power of our findings. However, this study was conducted in a highly controlled
environment, with healthy participants performing both sets of exercises. All exercise
sessions were carefully supervised and standardized. This rigorous approach allowed us
to explore the potential relationship between exercise and the levels of MMP-9 and S100B
under consistent conditions, yielding valuable insights. Our study is the first to examine
the impact of pure anaerobic exercise on changes in MMP-9 and S100B levels.

4. Materials and Methods
4.1. Participants

The study was approved by the Committee for Ethics in Human Research at the
Institute of Psychiatry and Neurology (Warsaw, Poland, Decision No. 18/2021) and was
performed in the 2nd Department of Neurology, Institute of Psychiatry and Neurology
in Warsaw.

The participants were recruited among healthy volunteers from hospital staff. The
participants were examined to exclude contraindications to intense physical exercise. Be-
fore participating in the study, each subject underwent a detailed medical interview and
health assessment. The interview included questions regarding chronic medication use
and the presence of cardiovascular, respiratory, metabolic, autoimmune, or other systemic
diseases. Particular attention was paid to the level of physical activity—individuals reg-
ularly performing high-intensity resistance-endurance training were excluded from the
study. Additionally, special consideration was given to questions regarding excessive mus-
culoskeletal loading, which could alter biomarker concentrations and potentially interfere
with study outcomes. All included participants reported that their physical activity did
not exceed the level required for daily activities and occasional walks, and none engaged
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in systematic physical training. The study group consisted exclusively of clinical staff
members, including physicians, physiotherapists, neuropsychologists, speech therapists,
and occupational therapists.

The following inclusion criteria were used in the study group: age over 18 and signed
written informed consent.

The exclusion criteria were as follows: obesity and metabolic syndrome, BMI above
29.9, any medication for the last 5 days, active infection, any cardiovascular and neurologi-
cal disorder, immunosuppressive or immunomodulatory treatment in the last six months,
surgery or significant trauma within the last two months, hepatic or renal insufficiency,
pregnancy, clinical and laboratory symptoms of infection, muscle tear in the last four weeks,
bone fractures, severe cardiorespiratory disease, active strength training, active delayed
onset muscle soreness, or a high-intensity training session in the last week.

The first physical effort (E1) consisted of two phases designed to replicate the muscle
contraction patterns observed during tonic–clonic seizures. In the first phase, participants
assumed a classic forearm plank position and maintained it until complete muscular
exhaustion, but for no longer than one minute. This phase aimed to induce global isometric
muscle tension, particularly in the trunk, simulating the tonic phase of a seizure. A proper
technique was required, but the primary focus was on achieving maximal overall isometric
contraction. The second phase involved rapid tapping of the feet against the ground while
maintaining a push-up position on extended arms for five minutes. Participants were
instructed to perform the movement as quickly and as intensely as possible throughout the
duration of the task. Emphasis was placed on tempo and movement intensity rather than
the range of motion of the lower limbs. This phase was intended to model the clonic phase
of a seizure, characterized by rhythmic, forceful contractions of the lower limb muscles. If a
participant was unable to sustain the push-up position for the full five minutes, they were
required to immediately switch to a back support position, with their hands placed behind
them and hips elevated (bridge position), continuing the tapping exercise at the same
intensity, duration, and rhythm as in the original position. The exercise primarily engaged
trunk-stabilizing muscles working isometrically, especially during the plank phase. In the
second phase, additional involvement of the lower limb muscles was observed, including
the erector spinae, gluteus maximus and medius, quadriceps, and pelvic stabilizers. This
effort effectively mirrored the muscle activation patterns seen in tonic–clonic seizures,
combining a phase of increased muscle tone with rapid, rhythmic contractions.

The second effort (E2) was designed to closely replicate the mechanical strain char-
acteristics observed at the muscle tissue level during tonic–clonic seizures. Since not all
participants reported delayed onset muscle soreness (DOMS) after E1, this phase of the
experiment focused on inducing muscle strain conditions that could lead to DOMS, as
observed in patients following seizures. While E1 aimed to globally simulate the whole-
body effort characteristics present in epilepsy, E2 emphasized the generation of intense
mechanical tension and muscle contraction patterns associated with DOMS development.
Participants first performed an isometric “wall sit” position, where their backs were fully
supported against a wall, with the knees and hips bent at a 90-degree angle, and their feet
providing the only point of support. This position imposed high stabilization demands,
engaging both the lower limb and trunk muscles to maintain static balance. The exercise
was continued until voluntary termination due to increasing discomfort and an inability to
sustain the position any longer, but for no less than one minute. The sustained time under
isometric tension progressively increased motor unit recruitment, leading to a more exten-
sive and intense activation of muscle. Participants were verbally encouraged to maintain
the position for as long as possible, closely simulating the intense muscle tension observed
during the tonic phase of a seizure. Immediately after the inability to sustain the wall sit
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position, participants transitioned to performing bodyweight squats for a minimum of
five minutes or until muscular exhaustion. They were instructed to perform squats with
the highest possible intensity and frequency, with particular emphasis placed on tempo,
reflecting the rapid, repetitive lower limb contractions characteristic of the clonic phase of
a seizure. During the squat phase, the tempo of movement slowed towards the end due
to muscle exhaustion. The entire group reported delayed onset muscle soreness (DOMS)
in the following days. During both phases, the effort primarily engaged the lower limb
muscles in an isometric contraction during the wall sit and, in the squat phase, transitioned
to intense eccentric–concentric contractions, further increasing dynamic stimulation and
mechanical strain. The effort in E2 primarily targeted the quadriceps, hamstrings, gluteus
muscles, and the erector spinae group.

Throughout the entire effort, a physiotherapist closely monitored and supervised the
participants, providing verbal cues to maintain high engagement and motivation, enforce
strong mechanical tension and stimulation, and prevent technical errors.

Additionally, each participant was asked to avoid any exercise 24 h before the test and
until the last blood draw.

Both sets of exercises were performed by the same group of participants with a
4-month interval draw.

4.2. Blood Sampling

Venous blood samples were taken from each subject three times: before the activity
on the fasting state in the morning, 3 h and 24 h after the exercises. Venous whole blood
samples (10 mL) were immediately centrifuged, and the serum was collected and frozen at
−80 ◦C. All participants had their blood examined for blood count and CRP with standard
laboratory tests.

4.3. Biomarkers Evaluation

Serum levels of MMP-9 and S100B were measured using sandwich-type ELISA in
accordance with the manufacturer’s instructions. For MMP-9, we used a kit from R&D
Systems (Cat no. DMP900, Minneapolis, MN, USA), and for S100B from Merck Millipore
(Cat. No #EXHS100B-33K, Darmstadt, Germany). The absorbance at 450 nm was measured
using a Multiscan Go spectrophotometer (Thermo Scientific, Waltham, MA, USA). The
protein concentrations were calculated according to the manufacturer’s instructions.

4.4. Statistical Analysis

Statistica for Windows (version 13.3) was used to analyze the data and compare the
groups. Results were considered significant when the p-value was less than 0.05 (p < 0.05).
A one-way analysis of variance for repeated measurements was conducted to evaluate
biomarker concentration levels. The data showed a normal distribution despite the small
sample size. The Newman–Keuls test was employed for individual post hoc comparisons.
The Student’s t-test was used to compare the E1 and E2 groups. The Spearman correlation
test was applied to assess the relationship between age and biomarker levels at different
time points.

5. Conclusions
Our study demonstrates that a single, brief bout of physical exercise, mimicking the

exertion of a motor seizure, increases serum MMP-9 levels but does not affect S100B. We
employed two distinct exercise protocols—one engaging many muscle groups simultane-
ously, and another targeting only selected lower limb muscles—and found similar MMP-9
increases regardless of the protocol. This pattern of MMP-9 elevation, with no accompa-
nying increase in S100B, differs from that observed after bilateral motor seizures [4,5,8],
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suggesting that while physical exertion may contribute to increased MMP-9, additional
mechanisms, such as blood-brain barrier disturbance, likely contribute to the elevation of
both MMP-9 and S100B during seizures.

The absence of an S100B increase following exercise supports its potential as a specific
biomarker for epileptic seizures, differentiating them from events that might mimic them,
such as psychogenic non-epileptic seizures. However, further research is needed to confirm
this specificity.

This study provides evidence that muscle contractions alone can influence serum
MMP-9 levels, but the distinct patterns observed suggest that factors beyond muscle
exertion contribute to the biomarker profile seen after seizures. Further research is needed to
fully elucidate the mechanisms underlying biomarker release in epilepsy and to determine
the specific contributions of muscle contractions versus other seizure-related processes.
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3. Bronisz, E.; Cudna, A.; Wierzbicka, A.; Kurkowska-Jastrzębska, I. Blood-Brain Barrier-Associated Proteins Are Elevated in Serum

of Epilepsy Patients. Cells 2023, 12, 368. [CrossRef] [PubMed]
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high-intensity intermittent and moderate-intensity continuous exercises on neurobiological markers and cognitive performance.
BMC Sports Sci. Med. Rehabil. 2024, 16, 39. [CrossRef] [PubMed]

27. Reichel, T.; Held, S.; Schwarz, A.; Hacker, S.; Wesemann, F.; Donath, L.; Krüger, K. Acute response of biomarkers in plasma from
capillary blood after a strenuous endurance exercise bout. Eur. J. Appl. Physiol. 2023, 123, 179–189. [CrossRef]

28. Gayger-Dias, V.; Vizuete, A.F.; Rodrigues, L.; Wartchow, K.M.; Bobermin, L.; Leite, M.C.; Quincozes-Santos, A.; Kleindienst, A.;
Gonçalves, C.A. How S100B crosses brain barriers and why it is considered a peripheral marker of brain injury. Exp. Biol. Med.
2023, 248, 2109–2119. [CrossRef] [PubMed]

29. Kiechle, K.; Bazarian, J.J.; Merchant-Borna, K.; Stoecklein, V.; Rozen, E.; Blyth, B.; Huang, J.H.; Dayawansa, S.; Kanz, K.; Biberthaler,
P. Subject-specific increases in serum S-100B distinguish sports-related concussion from sports-related exertion. PLoS ONE 2014,
9, e84977. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms232314712
https://doi.org/10.1007/s00421-012-2491-9
https://www.ncbi.nlm.nih.gov/pubmed/22990627
https://doi.org/10.1212/WNL.0000000000004257
https://doi.org/10.1111/jnc.13415
https://doi.org/10.3390/ijms24119605
https://www.ncbi.nlm.nih.gov/pubmed/37298554
https://doi.org/10.1034/j.1600-0838.2001.011001009.x
https://www.ncbi.nlm.nih.gov/pubmed/11169229
https://doi.org/10.1007/s00421-012-2545-z
https://doi.org/10.1016/j.diabres.2011.08.002
https://www.ncbi.nlm.nih.gov/pubmed/21890226
https://doi.org/10.1016/j.diabet.2009.11.004
https://www.ncbi.nlm.nih.gov/pubmed/20149706
https://doi.org/10.1007/s00421-009-1063-0
https://doi.org/10.3892/ol.2016.4887
https://www.ncbi.nlm.nih.gov/pubmed/27602150
https://doi.org/10.3389/fnins.2024.1296876
https://www.ncbi.nlm.nih.gov/pubmed/38449733
https://doi.org/10.1111/j.1365-3083.2012.02720.x
https://www.ncbi.nlm.nih.gov/pubmed/22594650
https://doi.org/10.3390/ijerph17020566
https://doi.org/10.3389/fphys.2018.01367
https://www.ncbi.nlm.nih.gov/pubmed/30323770
https://doi.org/10.1519/JSC.0b013e31828f1ee9
https://doi.org/10.1139/h03-054
https://www.ncbi.nlm.nih.gov/pubmed/14710522
https://doi.org/10.1186/s13102-024-00831-7
https://www.ncbi.nlm.nih.gov/pubmed/38326816
https://doi.org/10.1007/s00421-022-05068-1
https://doi.org/10.1177/15353702231214260
https://www.ncbi.nlm.nih.gov/pubmed/38058025
https://doi.org/10.1371/journal.pone.0084977
https://www.ncbi.nlm.nih.gov/pubmed/24416325

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Participants 
	Blood Sampling 
	Biomarkers Evaluation 
	Statistical Analysis 

	Conclusions 
	References

