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ABSTRACT

Systemic inflammation represents a defining yet
paradoxical hallmark of athletes participating in contact
sports. Repetitive mechanical trauma, impact-induced
muscle damage, and concussive or sub-concussive head
impacts elicit inflammatory responses that may function
either as adaptive signaling mechanisms or as drivers
of long-term pathology. On one hand, transient and
well-regulated inflammatory cascades support skeletal
muscle repair, metabolic remodeling, angiogenesis, and
neuroplasticity, thereby facilitating training adaptation and
performance enhancement. On the other hand, unresolved
or excessive inflammation promotes cumulative tissue
damage, accelerates musculoskeletal degeneration, disrupts
immune and neuroendocrine homeostasis, and contributes
to neurocognitive decline, ultimately increasing injury risk
and shortening athletic career longevity.

This narrative review synthesizes current experimental,
clinical, and translational evidence examining the
bidirectional role of systemic inflammation in contact sport
athletes. Particular emphasis is placed on the molecular
and cellular mechanisms linking mechanical trauma
to immune activation, including damage-associated
molecular patterns, pattern-recognition receptor signaling,
cytokine cascades, and impaired inflammatory resolution.
Furthermore, the review explores how chronic low-grade
inflammation intersects with overtraining syndrome,

SAZETAK

Sistemska upala predstavlja obiljezje sportasa koji
sudjeluju u kontaktnim sportovima koje je istodobno
definirajuce i paradoksalno. Ponavljana mehanicka trauma,
oste¢enje miSica uzrokovano udarcima te kontuzijski I
subkontuzijski udarci u glavu izazivaju upalne odgovore
koji mogu djelovati ili kao adaptivni signalni mehanizmi
ili kao pokretaci dugorocne patologije. S jedne strane,
prolazni i dobro regulirani upalni procesi podupiru
popravak skeletnih miSi¢a, metabolicko remodeliranje,
angiogenezu i neuroplasti¢nost, cime omogucuju adaptaciju
na trening i poboljSanje sportske izvedbe. S druge strane,
nerazrijeSena ili pretjerana upala potice kumulativno
ostecenje tkiva, ubrzava muskuloskeletnu degeneraciju,
naruSava imunolosku i neuroendokrinu homeostazu te
doprinosi neurokognitivnhom propadanju, povecavajuéi rizik
od ozljeda i skradujuci trajanje sportske karijere.

Ovaj narativni pregled sintetizira postojece
eksperimentalne, klinicke i translacijske dokaze o
dvosmjernoj ulozi sistemske upale u sportasa kontaktnih
sportova. Poseban naglasak stavljen je na molekularne i
stani¢ne mehanizme koji povezuju mehanicku traumu s
imunoloskom aktivacijom, ukljucujudi signalizaciju putem
molekula povezanih s oSteenjem, receptora urodene
imunosti, citokinske kaskade i poremecéenu rezoluciju upale.
Takoder se razmatra povezanost kroni¢ne niskogradijentne
upale s sindromom pretreniranosti, imunosupresijom,
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immune suppression, cardiovascular dysfunction, and
neurodegenerative processes associated with repetitive
head impacts.

Key circulating biomarkers—including interleukin-6,
tumor necrosis factor-o, C-reactive protein, creatine kinase,
and neurofilament light chain—are discussed as practical
tools for distinguishing adaptive inflammatory responses
from maladaptive trajectories. Their interpretation is framed
within the context of training load, recovery intervals,
individual biological variability, and cumulative exposure
to contact-related trauma. Finally, the review highlights
emerging precision-based strategies aimed at modulating
systemic inflammation, integrating longitudinal biomarker
monitoring, genetic and microbiome profiling, and targeted
recovery interventions.

Understanding the dual nature of systemic inflammation
is essential for optimizing athletic performance while
safeguarding long-term health. When appropriately
regulated, inflammation constitutes a cornerstone of
physiological adaptation; when dysregulated, it becomes
a central mediator of injury, disease risk, and premature
performance decline. Future approaches in sports medicine
should therefore focus on individualized strategies to tilt
the inflammatory balance toward adaptation, resilience,
and athlete longevity.

Keywords: Inflammation, Athletes, Sports Injuries,
Contact Sports.

1. INTRODUCTION

Systemic inflammation in athletes engaged in contact
sports arises from repetitive head impacts, exercise-
induced muscle damage, and alterations in peripheral
systems . Concussive and sub-concussive blows trigger
neuroinflammatory cascades involving blood—brain barrier
dysfunction, cerebral edema, and biomarker release (e.g.,
S-100B). Both animal and clinical studies show robust
responses characterized by astrogliosis, microgliosis, and
cytokine shifts, with elevations in TNF-a and IL-6 and
reductions in IL-10 (3660,

Beyond the central nervous system, high-intensity
exercise amplifies systemic inflammation. Microtrauma
in skeletal muscle promotes cytokine release (IL-1[3,
IL-6), further modulated by metabolic hormones such as
leptin, ghrelin, and adiponectin ®+%49, Emerging evidence
highlights gut-brain—-immune interactions, with concussed
athletes showing microbiome alterations, including loss
of anti-inflammatory species like Eubacterium rectale
and Anaerostipes hadrus, suggesting dysbiosis sustains
inflammation (%19,

Chronic exposure to head trauma may establish
persistent low-grade inflammation linked to long-term
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kardiovaskularnom disfunkcijom i neurodegenerativnim
procesima povezanim s ponavljanim udarcima u glavu.

Kljuéni cirkuliraju¢i  biomarkeri, ukljucujuci
interleukin-6, faktor nekroze tumora-a, C-reaktivni protein,
kreatin-kinazu i laki lanac neurofilamenta prikazani su kao
prakti¢nialati zarazlikovanje adaptivnihipatoloskih upalnih
odgovora. Njihova interpretacija razmatra se u kontekstu
optere¢enja treningom, intervala oporavka, individualne
bioloske varijabilnosti i kumulativne izlozenosti kontaktnoj
traumi. U zakljucku se naglasavaju precizne strategije koje
integriraju longitudinalno pracenje biomarkera, genetsko i
mikrobiomsko profiliranje te ciljane intervencije oporavka
s ciljem usmjeravanja upalne ravnoteze prema adaptaciji,
otpornosti i dugovje¢nosti sportasa.

Kljucne rijeci: Upala, sportasi, sportske ozljede,
kontaktni sportovi

sequelae, including chronic traumatic encephalopathy,
autonomic dysfunction, and increased risk of cardiovascular
disease (439, Biomarkers such as S-100B and neurofilament
light chain provide insight into axonal injury, but systemic
characterization remains limited, as most studies focus on
neurological outcomes 149, Inflammatory responses depend
on trauma and exercise parameters, recovery intervals, and
cumulative exposures, which may yield either adaptive or
detrimental effects 7%, Novel approaches, including saliva
microRNAs and multiplex biomarker panels, offer promise
for minimally invasive monitoring ¢ 235143,

In sports medicine, systemic inflammation is
recognized as a dual-edged process (2839 Adaptive
inflammation supports tissue repair and performance, with
muscle micro-damage triggering macrophage infiltration
that shifts from M1 to M2 phenotype, enabling healing
and remodeling ©!519, Neuroendocrine regulation via
the sympathetic nervous system and HPA axis balances
cytokine activity, while muscle-derived IL-6 exerts anti-
inflammatory effects by promoting IL-10 and IL-1 receptor
antagonist, independent of TNF-q 1023,

By contrast, pathological inflammation emerges
when this balance fails, leading to chronic cytokine
elevation, impaired regeneration, insulin resistance,
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and systemic disease risk *37!9, This maladaptive state
involves prolonged immune activation, oxidative stress,
and disrupted tolerance, heightening susceptibility to poor
recovery and chronic disease ¢339,

Thus, systemic inflammation in contact sports
represents both an adaptive mechanism fostering recovery
and a pathological process predisposing athletes to long-
term health risks.

2. MECHANISMS OF SYSTEMIC
INFLAMMATION IN CONTACT SPORTS

Repeated musculoskeletal trauma in contact sports
triggers systemic inflammation through interconnected
molecular and cellular mechanisms driven by mechanical
and biochemical tissue damage. Mechanical overload,
blunt-force impacts, and repetitive joint trauma disrupt
muscle membranes and joint structures, leading to the
release of intracellular components and extracellular
matrix fragments. These damage-associated molecular
patterns (DAMPs), including collagen fragments and matrix
degradation products, act as endogenous danger signals that
initiate inflammatory responses 71%:15:39),

DAMPs are detected by pattern recognition receptors
(PRRs), such as Toll-like receptors (TLR2 and TLR4), the
receptor for advanced glycation end products (RAGE), and
nucleotide-binding oligomerization domain-like receptors
(NLRs) expressed on immune and connective tissue cells.
Activation of these receptors triggers intracellular signaling
cascades converging on transcription factors including
nuclear factor-kB (NF-«kB), activator protein-1 (AP-1), and
cAMP response element-binding protein (CREB). This
signaling promotes the production of proinflammatory
cytokines (IL-1pB, IL-6, IL-8, TNF-a) and chemokines,
amplifying local and systemic immune activation @™*9.
Persistent NF-kB activation following repetitive trauma
sustains the inflammatory milieu characteristic of contact
sport athletes ©-918:39),

The early inflammatory phase is marked by rapid
recruitment of neutrophils and monocytes. Neutrophils
release proteases and reactive oxygen species (ROS),
exacerbating tissue injury, while macrophages reinforce
inflammation through cytokine and growth factor secretion
@ 10IL12.15.26) Tn joint tissues, matrix metalloproteinases
(MMP-3 and MMP-13) and ADAMTS proteases accelerate
cartilage degradation, and extracellular matrix proteins
such as tenascin-C—upregulated by mechanical overload—
further propagate inflammatory signaling via TLR4
activation (429,

Oxidative stress represents an additional driver of
tissue pathology. Excessive ROS accumulation damages
lipids, proteins, and DNA, while activation of the NLRP3
inflammasome promotes caspase-1-dependent maturation
of IL-1P and IL-18. When counter-regulatory mechanisms,
including IL-10 and the IL-1 receptor antagonist, are
overwhelmed, inflammation shifts toward a persistent

proinflammatory state associated with chronic inflammation
and post-traumatic osteoarthritis .

Recurrent injury perpetuates cycles of immune
activation and oxidative stress that may extend beyond
musculoskeletal tissues, contributing to neuroinflammatory
processes following concussive and sub-concussive
impacts, including microglial activation and blood—brain
barrier disruption (3119,

Inflammatory responses in contact sports differ
fundamentally from those in endurance or non-contact
activities. Impact-induced muscle damage (IIMD) in contact
sports results from direct mechanical trauma and elicits an
immediate and robust inflammatory response, characterized
by early mast cell and neutrophil activation, rapid release
of proinflammatory mediators, and delayed macrophage
polarization toward anti-inflammatory phenotypes 101310,
In contrast, endurance exercise primarily induces exercise-
induced muscle damage (EIMD) driven by eccentric
contractions and metabolic stress, leading to a more
regulated inflammatory response dominated by transient
IL-6 elevations that facilitate muscle repair and adaptation
(28,45,63)‘

The cumulative inflammatory burden in contact sports
extends beyond muscle tissue. Impact-related vascular
injury and transient ischemia promote edema, hematoma
formation, and prolonged neutrophil infiltration, often
delaying recovery compared with endurance sports ¢%1%27,
Accordingly, athletes in contact sports frequently exhibit
persistently elevated systemic inflammatory markers,
including IL-8, CCL-2, IL-2, and vascular cell adhesion
molecule-1 (VCAM-1), suggesting a chronic low-grade
inflammatory state that exceeds acute recovery windows.
In contrast, inflammatory responses in non-contact sports
are typically transient and more closely linked to exercise
load than to mechanical trauma @616,

Systemic Inflammation in Contact Sports

Pathological Face

- Chronic injury
- Immune suppression
- CVineuro risk

( Biomarkers) ( Monitoring ) Gnterventions)
Performance & Health Outcomes

Figure 1. Conceptual framework of systemic inflammation in
contact sports.

Adaptive Face

- Tissue repair
- Muscle adaptation
- Resilience

Slika 1. Konceptualni okvir sistemske upale u kontaktnim

sportovima
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Together, these mechanisms illustrate how contact
sports uniquely drive systemic inflammation through
recurrent cycles of mechanical injury, immune activation,
and impaired inflammatory resolution, distinguishing them
from the predominantly adaptive inflammatory responses
observed in non-contact athletic activities.

3. PATHOLOGICAL FACE: SYSTEMIC
INFLAMMATION AS A RISK FACTOR

3.1. Evidence linking chronic systemic
inflammation to overuse injuries and long-term
musculoskeletal damage

Chronic systemic inflammation has emerged as a
central mediator in the pathogenesis of overuse injuries
and long-term musculoskeletal deterioration among
athletes participating in contact sports. In contrast to the
acute and transient inflammatory responses required for
effective tissue healing, persistent low-grade inflammation
establishes a pathological environment that disrupts
regenerative processes, compromises tissue integrity, and
promotes cumulative injury over time.

One of the key mechanisms underpinning this process
involves the gut-musculoskeletal axis. Repeated physical
stress, dietary imbalances, and environmental exposures may
induce gut dysbiosis and increased intestinal permeability,
commonly referred to as “leaky gut syndrome.” Disruption
of the intestinal barrier facilitates the translocation of
bacterial toxins and endotoxins into the systemic circulation,
precipitating a chronic inflammatory state characterized
by sustained elevations of pro-inflammatory cytokines
(14.21.2830) Thig systemic inflammatory burden impairs muscle
recovery, regeneration, and protein synthesis, thereby
predisposing athletes to acute muscle soreness, recurrent
injuries, and, in severe cases, progressive muscle wasting.
Importantly, interventions targeting gut microbiota—such
as probiotic supplementation and dietary modulation—
have shown potential to restore intestinal barrier function,
attenuate systemic inflammation, and indirectly enhance
musculoskeletal resilience 16062,

At the local tissue level, overuse injuries including
tendinopathies and post-traumatic osteoarthritis exemplify
the concept of a “failed healing response.” In these
conditions, cytokines such as TNF-a, IL-6, IL-1B, and
monocyte chemoattractant protein-1 (MCP-1) accumulate
persistently within the injured microenvironment !2%39,
Sustained cytokine activity disrupts the balance between
anabolic and catabolic signaling by promoting fibroblast
proliferation, aberrant collagen deposition, and extracellular
matrix disorganization. Rather than supporting adaptive
remodeling, these processes culminate in fibrosis, reduced
regenerative capacity, and chronic pain, effectively shifting
tissue repair toward pathological remodeling.

Systemic inflammation also undermines skeletal muscle
anabolic responses. In contact sport athletes, an elevated
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baseline inflammatory status—often assessed using indices
such as the neutrophil-to-lymphocyte ratio—has been
associated with blunted training adaptations, including
attenuated improvements in aerobic performance and
unfavorable changes in body composition *!1%283D From a
mechanistic perspective, this reflects a disrupted anabolic—
catabolic hormonal balance that constrains effective muscle
regeneration and recovery.

Oxidative stress further amplifies this pathological
cascade. Excessive production of reactive oxygen
species (ROS), particularly during repetitive ischemia—
reperfusion cycles inherent to high-intensity contact
activities, accelerates oxidative modification of collagen
and extracellular matrix proteins *'*1757_ These structural
alterations weaken tendons and cartilage, reduce their
tolerance to mechanical loading, and predispose tissues to
progressive degenerative change.

Although large-scale genomic analyses have reported
limited direct associations between chronic inflammation
and overuse injuries %3 converging evidence from
mechanistic, translational, and clinical studies strongly
supports chronic systemic inflammation as a key driver
of connective tissue degeneration, impaired repair, and
musculoskeletal vulnerability in contact sport athletes
(7213159 Collectively, findings related to the gut—
musculoskeletal axis, cytokine dysregulation, oxidative
stress, and hormonal imbalance underscore systemic
inflammation as a major pathological determinant of long-
term musculoskeletal damage.

3.2. Immune Dysregulation and Overtraining

Systemic inflammation in contact sports is largely
initiated by repeated high-intensity exercise and tissue
trauma, which stimulate the release of pro-inflammatory
cytokines such as interleukin-6 (IL-6), tumor necrosis
factor-a (TNF-a), and interleukin-1f (IL-1p) from activated
immune cells 3459 While these mediators are essential
for acute tissue repair, their sustained elevation promotes
widespread immune activation that may evolve into a
chronic inflammatory state. Prolonged cytokine exposure
disrupts hypothalamic—pituitary—adrenal (HPA) axis
regulation and alters glucocorticoid secretion patterns,
creating a physiological milieu characterized by immune
suppression and impaired homeostasis “-5%6D,

Periods of intense training further exacerbate this
maladaptation through increased secretion of stress
hormones, including cortisol and catecholamines. Elevated
cortisol levels directly suppress key immune functions,
such as macrophage phagocytic activity, neutrophil
degranulation, lymphocyte proliferation, and antibody
production 9323849 Clinical studies in elite athletes exposed
to congested competition schedules consistently report
neutrophilia, lymphocytopenia, and elevated neutrophil-
to-lymphocyte ratio (NLR), all of which are indicative of
transient immunosuppression %3334,
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This immune imbalance generates an “open window”
of vulnerability to infections, particularly affecting the
upper respiratory tract. Reductions in mucosal immune
defenses, most notably salivary immunoglobulin A (IgA),
further compromise first-line protection against airborne
pathogens, thereby increasing infection risk during and
following periods of high training or competitive load
(8,16,22,25)'

Over time, persistent systemic inflammation contributes
to the development of overtraining syndrome (OTS), a
multifactorial condition characterized by chronic fatigue,
performance decline, and psychological disturbances.
Sustained cytokine signaling interferes with neuroendocrine
and immune—brain—muscle communication, impairing
energy metabolism, tissue repair, and recovery capacity ¢+¢2.
This maladaptive state is reinforced by altered leukocyte
profiles, including lymphocytopenia and imbalances in
T-cell subsets, reflecting compromised adaptive immune
funCtiOIl (26,29,31,33,63).

Alterations in gut microbiota further compound
immune dysregulation. Intense physical activity and
contact-related stressors reduce microbial diversity and
beneficial bacterial populations, promoting dysbiosis and
increased intestinal permeability. These changes exacerbate
systemic inflammation, impair natural killer cell activity,
suppress both T- and B-cell responses, and further reduce
salivary IgA secretion ¢!1%?4® The gut-immune axis
therefore acts as both a driver and amplifier of systemic
inflammation, contributing to immune vulnerability and
the pathophysiology of OTS ¢43%47),

Additional modulating factors, including psychological
stress, inadequate sleep, and nutritional deficiencies,
amplify neuroendocrine stress responses and sustain
inflammatory activity ¢*%27, Targeted interventions—such
as nutritional optimization, probiotic supplementation, and
the use of anti-inflammatory micronutrients—have shown
promise in mitigating these maladaptations, restoring
immune balance, and reducing infection risk in highly
trained athletes ¢!-3847:52),

3.3. Neurocardiovascular Sequelae of Systemic
Inflammation

Beyond immune and metabolic dysregulation,
systemic inflammation has been increasingly implicated
in cardiovascular and neurodegenerative sequelae
associated with repetitive head trauma. Mechanical insults
activate microglia and astrocytes, leading to the release
of pro-inflammatory cytokines (e.g., IL-1, IL-2, IL-8)
and chemokines (e.g., CCL-2, CCL-3), which establish a
chronic neuroinflammatory environment that may persist
long after the acute injury phase "'V Elevated systemic
inflammatory markers, such as C-reactive protein (CRP)
and intercellular adhesion molecule-1 (ICAM-1), have
been associated with endothelial dysfunction, persistent
vascular injury, and adverse vascular remodeling, ultimately
increasing cardiovascular disease risk 159,

Sustained neuroinflammation also accelerates neuro-
degenerative cascades. Traumatic axonal injury promotes
calcium influx, excitotoxicity, and kinase activation,
leading to tau hyperphosphorylation and deposition of
amyloid-f aggregates—pathological hallmarks of chronic
traumatic encephalopathy (CTE) and Alzheimer’s disease
(AD) @923:3039 " Persistent microglial activation further
impairs protein clearance and facilitates the propagation
of tau pathology, establishing a mechanistic link between
repetitive trauma and long-term neurocognitive decline
(4,39,41)'

Neuropathological evidence indicates that cumulative
exposure to head impacts correlates with increased
microglial activation and tau aggregation, suggesting a
dose—response relationship between inflammatory burden
and neurodegeneration (116530 Moreover, cerebrospinal
fluid biomarkers, including elevated IL-6 concentrations,
have been associated with behavioral dysregulation and
cognitive impairment in retired contact sport athletes,
reinforcing the systemic—neuroinflammatory connection
(51,58)

Collectively, these findings identify systemic inflam-
mation as a central pathological nexus linking repetitive
physical trauma to immune suppression, increased infection
susceptibility, overtraining syndrome, cardiovascular
dysfunction, and neurodegenerative outcomes in athletes
engaged in contact sports.

4. ADAPTIVE FACE: INFLAMMATION AS
A MECHANISM OF REMODELING

Acute systemic inflammation constitutes a fundamental
biological mechanism that coordinates tissue repair and
structural adaptation following the repetitive trauma
inherent to contact sports 364149 This response is initiated
by the release of pro-inflammatory cytokines such as TNF-a,
IL-1, and IL-6 from damaged tissues, which rapidly recruit
neutrophils and monocytes to the injury site ¢-'7%)_ These
immune cells clear necrotic debris and potential pathogens,
establishing a regenerative microenvironment that supports
subsequent repair processes +18:%63),

Beyond debris clearance, acute inflammation actively
stimulates regenerative pathways. In skeletal muscle,
low-level TNF-a signaling promotes satellite cell activation
and myofiber regeneration, while in bone, inflammatory
mediators enhance mesenchymal stem cell migration and
callus mineralization (328340 _In this context, inflammation
functions as a biological bridge that translates mechanical
injury into regenerative activation.

The transition from inflammation to resolution is tightly
regulated by lipid mediators. Pro-inflammatory eicosanoids,
including prostaglandins and leukotrienes, interact with
specialized pro-resolving mediators such as resolvins,
protectins, and lipoxins to control protein turnover and
extracellular matrix remodeling @47, This coordinated
sequence fosters a pro-anabolic environment, supporting
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angiogenesis, fibroblast activity, collagen deposition, and
vascular remodeling through growth factors such as VEGF
and TGF_B (31,39,47,51).

The adaptive nature of inflammation is further
illustrated by the repeated bout effect. Following initial
contact-induced muscle damage, subsequent exposures
elicit attenuated inflammatory responses accompanied
by improved neuromuscular performance and reduced
biochemical markers of tissue damage (65259, This
phenomenon highlights how transient inflammation
conditions tissues for resilience against recurrent
mechanical stress.

Importantly, effective adaptation depends on precise
inflammatory regulation. Excessive suppression of acute
inflammation, such as through high-dose non-steroidal anti-
inflammatory drugs or excessive antioxidant intake, has
been shown to impair satellite cell activity, blunt anabolic
signaling, and delay tissue regeneration 634D _Conversely,
inadequate inflammatory signaling compromises immune
cell recruitment and weakens myogenic responses,
underscoring the necessity of an intact but controlled
inflammatory cascade for efficient repair %69

Thus, the duality of inflammation lies not in its presence,
but in its regulation. A robust yet transient inflammatory
response provides essential signals for muscle hypertrophy,
angiogenesis, and extracellular matrix remodeling, while
timely resolution—mediated by macrophage polarization
from M1 to M2 phenotypes and increased IL-10 and TGF-8
secretion—prevents fibrosis and promotes tissue integration
613363 Chronic training further shifts this balance toward
a protective anti-inflammatory profile, characterized
by reduced pro-inflammatory cytokines and elevated
adiponectin levels in well-trained athletes 242864,

Ultimately, acute inflammation in contact sports
should be viewed as an indispensable adaptive mechanism
rather than solely a pathological risk. When appropriately
regulated, inflammatory signaling enables tissue recovery
to evolve into structural and functional enhancement,
forming the biological foundation of resilience and long-
term adaptation to high-impact athletic demands 144259,

5. BIOMARKERS OF SYSTEMIC
INFLAMMATION IN CONTACT SPORTS

Biomarker assessment has become central to under-
standing systemic inflammation in contact sport athletes,
providing insight into both adaptive and pathological
inflammatory states. Among available markers,
interleukin-6 (IL-6) and C-reactive protein (CRP) are
the most reliable and widely validated. IL-6 rises rapidly
following acute muscle damage, concussion, or intense
exertion, making it a sensitive marker of early inflammatory
activation “!359, In contrast, CRP—synthesized by the
liver in response to IL-6—exhibits delayed but sustained
elevation, reflecting cumulative inflammatory burden and
recovery trajectory (43459, High-sensitivity CRP (hsCRP)
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further allows detection of subtle inflammatory fluctuations
during heavy training or post-injury periods 623433,

Other cytokines provide complementary information
but with greater variability. TNF-o may be elevated in acute
inflammatory states and mild traumatic brain injury, yet its
interpretation is influenced by exercise intensity, training
adaptation, and sampling timing, limiting its utility as a
standalone marker (52%3459  Conversely, interleukin-10
(IL-10) reflects the resolution phase of inflammation and
offers prognostic insight into the balance between pro- and
anti-inflammatory signaling when interpreted alongside
IL-6 and CRP #6:2957.58),

Beyond cytokines, biomarker interpretation is
influenced by individual factors such as age, sex, training
load, and genetic background. Hormonal markers (e.g.,
cortisol, testosterone) and muscle damage indicators
(creatine kinase, CK) show substantial interindividual
variability, necessitating longitudinal monitoring and
individualized baselines ¢*3%5%69 Sex-specific differences
further modulate responses, with estrogen attenuating CK
elevations in female athletes and testosterone-to-cortisol
ratios reflecting anabolic—catabolic balance ©#37:60:63,
Developmental stage also influences recovery kinetics in
younger athletes %5256,

Effective monitoring therefore relies on integrated,
multi-marker strategies. Adaptive inflammation is
characterized by transient IL-6 elevations and short-lived
CK peaks, whereas sustained CRP elevation, persistently
high CK, or altered immune indices such as an elevated
neutrophil-to-lymphocyte ratio (NLR) indicate maladaptive
inflammation, overtraining, or immune suppression 44459,
Additional markers, including myeloperoxidase, lactate
dehydrogenase, and salivary immunoglobulin A, further
refine risk stratification, with low salivary IgA consistently
associated with increased infection susceptibility (43%69,

The most robust monitoring frameworks integrate
longitudinal, multi-marker profiles using standardized
laboratory and point-of-care techniques to detect deviations
from individual baselines. Such multidimensional
approaches enhance the ability to distinguish beneficial
inflammatory adaptation from pathological overload,
supporting informed decision-making in training, recovery,
and athlete health management 3374964,

6. MONITORING AND INTERVENTIONS

Effective modulation of systemic inflammation in
contact sports requires an integrated and individualized
approach, given athletes’ repeated exposure to high
mechanical loads, muscle damage, and inflammatory stress.
Optimal strategies combine training load management,
targeted nutrition, recovery modalities, and judicious use
of pharmacological and non-pharmacological interventions
to support tissue repair and limit maladaptation.

Training load management is the primary determinant
of inflammatory control. Excessive microtrauma and
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Table 1.

Comparative Summary: Adaptive vs. Pathological Biomarker Profiles in Contact Sports.

Tablica 1. Komparativni sazetak: adaptivni nasuprot patoloskim biomarkernim profilima u kontaktnim sportovima

Dimension Adaptive Inflammation Pathological Inflammation
Transient IL-6 elevation post-exercise, signalin, Sustained elevation of IL-6 and TNF-a,
Cytokines p - S18 €| ref lecting unresolved inflammation and

muscle repair and metabolic adaptation.

immune dysregulation.

Acute-Phase Proteins . . .
transient tissue repair.

Mild or short-lived CRP increase, aligning with

Persistent CRP or hsCRP elevation, indicating
chronic inflammatory load and systemic stress.

Anti-Inflammatory

Cytokines resolution of inflammation.

IL-10 increase during recovery, facilitating

Blunted or insufficient IL-10 response,
impairing recovery and balance of immune
signaling.

Hormonal Markers
recovery.

Transient cortisol rise with rapid normalization;
balanced testosterone/cortisol ratio supports

Chronic cortisol elevation, reduced testosterone/
cortisol ratio, sustained catabolic dominance.

Muscle Damage
Markers

CK and LDH show rapid but reversible peaks
(24—48h) consistent with adaptive remodeling.

Persistently elevated CK and LDH, signaling
unresolved muscle damage and overtraining.

Immune Function
Indicators

Stable or mildly reduced salivary IgA (s-IgA),
quick recovery of mucosal immunity.

Sustained s-IgA suppression, increased
infection susceptibility, higher incidence of
URTIs.

Immune Cell Indices

Normal or transient shifts in neutrophil-to-
lymphocyte ratio (NLR) post-exercise.

Persistently elevated NLR and
lymphocytopenia, indicating immune
suppression.

Gut-Immune Axis

Preserved microbial diversity, balanced gut
permeability, and normal NK/T-cell activity.

Dysbiosis with reduced microbial diversity,
increased permeability, impaired NK/T-cell
responses.

Outcome

Enhanced adaptation, tissue repair, and
performance gains with adequate recovery.

Overtraining syndrome, heightened
infection risk, cardiometabolic dysfunction,
neurodegeneration.

unmonitored overreaching promote chronic inflammation
and contribute to overtraining syndrome. Gradual
progression of training volume and intensity, combined with
structured recovery periods and active recovery sessions,
facilitates tissue remodeling while minimizing prolonged
cytokine elevation (11747.58),

Nutrition plays a central regulatory role. Carbohydrate
intake during prolonged exercise attenuates hypothalamic—
pituitary—adrenal axis activation and reduces IL-6 release,
while adequate protein intake supports muscle repair and
limits exercise-induced muscle damage ©°°%%. Diets
enriched with omega-3 fatty acids, polyphenols, and
vitamin D further reduce oxidative stress and promote
inflammatory resolution.

Recovery modalities such as cold-water immersion and
cryotherapy reduce secondary tissue damage and delayed-
onset muscle soreness by limiting neutrophil infiltration
and local inflammation (428294558 " Alternating heat and
cold exposure may additionally support pro-resolving
inflammatory pathways. Protective equipment and
mechanical strategies reduce impact-related trauma,
lowering overall inflammatory burden (16283349,

Pharmacological agents, particularly NSAIDs,
effectively reduce pain and acute inflammation but may

impair anabolic signaling and tissue remodeling when
used excessively or chronically (422360 Their use should
therefore be limited, context-specific, and carefully
monitored due to potential gastrointestinal, renal, and
cardiovascular risks #4850,

Non-pharmacological strategies aim to preserve the
adaptive role of inflammation. Combined aerobic and
resistance training promotes transient inflammatory
responses necessary for adaptation while supporting
long-term anti-inflammatory profiles. Stress-management
techniques, anti-inflammatory dietary patterns, and
probiotic supplementation further contribute to immune
balance and reduced infection risk 4274863,

Overall, inflammation management in contact sports
must be context-specific and individualized to ensure that
inflammatory signaling supports adaptation rather than
pathological overload.

7. CLINICAL AND PERFORMANCE
IMPLICATIONS

Systemic inflammation in contact sports has major
implications for performance, injury risk, and career
longevity. Poorly regulated inflammatory responses—
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Table 2.  Clinical-Comparative Summary: Adaptive vs. Pathological Inflammation in Contact Sports.
Tablica 2. Klini¢ko-komparativni sazetak: adaptivna nasuprot patoloskoj upali u kontaktnim sportovima
Domain Adaptive Inflammation Pathological Inflammation Key Biomarkers
Enhanc‘e s recovery and . . IL-6 (transient 1), lactate
adaptation; promotes Chronic fatigue, reduced .
. R . . . . clearance, ROS—antioxidant
mitochondrial biogenesis, aerobic capacity, impaired .
Performance . .. . . balance vs. chronically
improved glucose/lipid muscle contractility; risk of . . .
. . . .. TNF-a, cortisol, persistent high
metabolism; transient fatigue overtraining syndrome (OTS). CRP
followed by supercompensation. '
Supports tissue remodeling . .
and repair (collagen synthesis Delayed recovery, chronic Transient T CK, MMPs
Musculoskeletal aneio I::nesis)' c cf)gntrol}lle d ’ tendinopathies, joint (regulated) vs. persistent T CRP,
Injuries ANgIoEenests), degeneration, fibrosis, higher IL-1B, SAA, uncontrolled MMP
inflammation accelerates . .. L
. risk of re-injury. activity.
healing.
s it | Chmic T | ol 1116, 50N 5
Neurocognition Ng Synapic pie Y g ypera . chronic 1 TNF-a, IL-1p, p-Tau,
and repair; neurotrophic support | tauopathy, cognitive decline, 1 neurofilament light chain (NfL)
(BDNF ?). risk of CTE. g :
Balanced inflammation Accelerated aging of tissues, Adaptive cytokn.le cychn'g,
romotes adaptation, injur, vascular dysfunction normal endothelial function vs.
Longevity in Sport | PO ptation, myury yStUnetion, persistent  VCAM-1, ICAM-1,
resilience, and prolonged high- neurodegeneration, premature S o
level performance sport retirement arterial stiffness indices,
P ' P ' dysbiosis markers (LPS).

driven by repetitive trauma, congested competition
schedules, and insufficient recovery—impair muscle
regeneration, prolong fatigue, and limit peak performance
capacity 263969,

While acute inflammation is essential for tissue
repair, unresolved inflammatory activity sustains
elevations in IL-6, TNF-a, creatine kinase, and C-reactive
protein, delaying recovery and increasing susceptibility
to overuse injuries and recurrent soft-tissue damage
635860 Chronic inflammation also contributes to immune
suppression, heightening infection risk and compounding
musculoskeletal deterioration ¢1%-26:69,

Neurological health is particularly affected.
Repetitive concussive and sub-concussive impacts trigger
neuroinflammatory processes associated with microglial
activation, astrocytic reactivity, and elevations in tau protein
and neurofilament light chain. Neuroimaging studies reveal
structural brain alterations even in asymptomatic athletes,
linking chronic inflammation to cognitive decline and
increased risk of chronic traumatic encephalopathy (155669,

Genetic susceptibility and gut-derived inflammation
further modulate individual inflammatory responses,
influencing recovery capacity and tissue vulnerability
(144360 - OQver time, cumulative inflammatory burden leads
to reduced performance consistency, increased injury
incidence, accelerated degenerative changes, and shortened
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athletic careers, with long-term consequences extending
beyond sport to cardiovascular and metabolic health 4463,

Targeted, individualized strategies—particularly
omega-3 supplementation, biomarker-guided monitoring,
and personalized training and recovery plans—are essential
to mitigate these risks, preserve performance, and extend
athletic longevity 17293337,

8. CONCLUSIONS

Systemic inflammation in contact sports embodies a
dual nature: it is both an indispensable driver of physiological
adaptation and a potent mediator of pathological decline.
When balanced, inflammatory signaling orchestrates
tissue repair, metabolic remodeling, and resilience,
ultimately enhancing performance and prolonging career
longevity. However, when unresolved or excessive, the
same pathways accelerate musculoskeletal degeneration,
impair neurocognitive function, and compromise long-
term health. Recognizing this duality is central to clinical
practice and sports medicine research. The future lies
in precision strategies (integrating biomarker profiling,
genetic screening, and individualized recovery protocols)
to shift the inflammatory balance toward adaptation while
mitigating the risks of chronic pathology.
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