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A B S T R A C T

Exercise-induced muscle damage (EIMD) is a multifactorial biological phenomenon arising from the coordinated 
effects of mechanical overload, metabolic perturbations, oxidative stress, inflammatory signaling, and molecular 
remodeling. Rather than constituting a purely deleterious consequence of exercise, EIMD represents a dynamic 
physiological stimulus that initiates repair, regeneration, and long-term skeletal muscle adaptation. This review 

synthesizes current evidence to provide an integrated framework linking structural disruption at the sarcomeric 
level with downstream biochemical responses, immune regulation, and growth factor–mediated remodeling 
processes. Classical biochemical markers, including creatine kinase, lactate dehydrogenase, and myoglobin, 
remain widely used indicators of sarcolemmal permeability and metabolic stress; however, their interpretative 
value is limited by indirectness and substantial inter-individual variability. Emerging structural biomarkers such 
as skeletal muscle troponins, titin fragments, and desmin offer enhanced mechanistic specificity by directly 
reflecting myofibrillar and cytoskeletal disruption, thereby improving the molecular resolution of EIMD 
assessment. Concurrently, tightly regulated inflammatory responses characterized by a temporal transition from 

pro-inflammatory to anti-inflammatory signaling play a dual role by mediating tissue clearance while promoting 
satellite cell activation and regenerative remodeling. Growth factors including insulin-like growth factor-1, 
fibroblast growth factor-2, vascular endothelial growth factor, and the inhibitory regulator myostatin are 
highlighted as central integrators of mechanical, metabolic, and immune-derived cues that coordinate myo-
genesis, angiogenesis, and hypertrophic adaptation. From a practical perspective, the review emphasizes that 
optimal management of EIMD should focus on modulation rather than suppression of damage-associated path-
ways through appropriate exercise prescription, nutritional support, and recovery strategies. Collectively, EIMD 
is conceptualized as a programmable biological process whose magnitude, timing, and resolution critically 
determine skeletal muscle resilience, performance, and long-term health.

1. Introduction

Skeletal muscle is one of the most metabolically active and struc-
turally complex tissues in the human body, which is involved in loco-
motion, thermogenesis, metabolic regulation and the overall functional 
ability (Feng et al., 2024; Wang et al., 2025). It is both structurally 
unconventional, with multinucleated fibers that are wrapped in the 
sarcolemma, sarcomeres that are organized in a detailed fashion, and a 
robust cytoskeletal scaffold, which provides it with impressive 
force-generating abilities, as well as a natural susceptibility to me-
chanical and metabolic stressors (Zhao et al., 2025). The mechanical

load on myofibrils during a demanding or unfamiliar physical exercise, 
particularly eccentric loading, causes sarcomere alignment perturba-
tions, Z -disk streaming, excitation -contraction coupling perturbation, 
and membrane integrity breakage (Chatzinikita et al., 2025). An initial 
set of ultrastructural events trigger a cascade of biochemical and in-
flammatory events known as exercise-induced muscle damage (EIMD) 
that is a widely researched but not fully understood phenomenon in its 
molecular complexity (Li et al., 2024).

The triumvirate of EIMD pathophysiology includes mechanical 
overload and metabolic fatigue as well as oxidative stress (Schwiete 
et al., 2025). Mechanical strain is also broadly considered the main
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cause of sarcomeric disruption, especially in eccentric contraction 
whereby non-uniform lengthening of the myofibrils results in focal 
microtears (Kamal and Trombetta-Lima, 2025). In addition to this me-
chanical factor, metabolic fatigue, which is marked by ATP depletion, 
ion imbalance, and inorganic phosphate buildup, reduces the 
load-resistance of the muscle, decreases the structural failure threshold, 
and activates calcium-dependent proteolytic pathways (Hendry et al., 
2025). Oxidative stress also increases the damage by overproduction of 
reactive oxygen species (ROS) by mitochondria, NADPH oxidases, and 
infiltrating immune cells, which add to lipid peroxidation, protein
oxidation, and mitochondrial dysfunction (Özdemir and Demir, 2025).
Interestingly, these processes do not work in isolation but constitute a 
complex web of biomechanical and biochemical interactions which 
determine acute reactions as well as long-term changes to exercise 
stress. Clinically, such processes of the multifactorial damage present as 
delayed-onset muscle soreness (DOMS), temporary loss of force pro-
duction, heightened muscle stiffness, and delayed recovery re-
quirements (Sonkodi, 2025). These combined, interconnected systems 
of biomechanical and biochemical functions are what give rise to the 
acute symptoms of EIMD, which include delayed/onset muscle soreness, 
and transient force loss and at the same time, serve as the sources of 
molecular stimuli to facilitate subsequent repair, remodeling and 
strengthening of skeletal muscle (Matthews et al., 2024; Bolger et al., 
2025).

Despite the large amount of literature that has focused on the func-
tional outcomes and histological characteristics of exercise induced 
muscle damage, biochemical markers are vital in the measurement of 
the extent and temporal changes of the underlying cellular dysfunctions. 
Classical markers like creatine kinase, lactate dehydrogenase, and 
myoglobin are indirect but useful in terms of sarcolemmal integrity and 
muscle fiber stress and complement functional tests (Augusto et al., 
2025; Glancy et al., 2021; Hong and Huang, 2025). Nevertheless, none 
of these biomarkers can be considered a complete reflection of muscle 
damage since their responses in the bloodstream are affected by 
inter-individual distances, muscle fibre makeup, training condition, and 
genetic variations (Sil and Chakraborti, 2025). To this end, biochemical 
markers are meant to be considered as integrative measures which put in 
perspective structural and physiological responses instead of predictors 
of muscle dysfunction.

More current studies have not only expanded the analysis of EIMD 
injury in terms of classical leakage proteins, but also structural and 
regulatory proteins, such as skeletal muscle troponins (Bogomolova and 
Katrukha, 2024), titin fragments (Hansell et al., 2025), and desmin 
(Agnetti et al., 2022). These indicators provide a better indication of 
sarcomeric perturbation of the cytoskeleton and remodeling, thus of-
fering mechanistic understanding of myofibrillar integrity in isolation of 
indirect metabolic leakage (Markus et al., 2021). Although they could 
assist the development of the specificity of muscle damage assessment, 
the common usage of these structural biomarkers is not widespread due 
to the complexity of methods and the unavailability of the standard 
reference ranges. However, their appearance emphasizes a conceptual-
ization change in molecular-based descriptions of muscle injury and 
regeneration.

Simultaneously with the biochemical signs of muscle damage, the 
inflammatory response is one of the primary regulatory aspects of EIMD 
(Methenitis et al., 2021). Immune signaling cascades triggered by me-
chanical and metabolic stressors mediate tissue degradation, clearance 
of debris, and repair. This highly controlled inflammatory response 
serves a dual purpose of stimulating acute symptomology like muscle 
soreness with a delayed onset and at the same time triggers mechanisms 
that are necessary to repair and adapt muscle regeneration (Satija et al., 
2025). Notably, balance between pro-inflammatory activation and 
prompt repair dictates whether inflammation supports or adds to mal-
adaptive processes during muscle damage-repair cascade, which high-
lights the central importance of inflammation in muscle damage-repair 
cascade (Wang et al., 2025).

In addition to inflammatory mediators, anabolic and catabolic reg-
ulators, such as IGF-1, myostatin, and fibroblast growth factor-2 (FGF-2) 
and vascular endothelial growth factors (VEGF), are critical in the pro-
cess of remodelling after exercise (Tabone, 2025). Upregulation of IGF
− 1 and FGF − 2 by exercise stimulates protein synthesis, satellite cell 
growth, and capillary expansion, and downregulation of myostatin 
eliminates inhibitory signals on muscle hypertrophy (Qi et al., 2022). 
Under the control of hypoxia-inducible factor-1 (HIF-1), VEGF supports 
vascular remodelling and increased oxygen supply, combining meta-
bolic changes with structural stability (Zhu et al., 2023). Together, the 
coordination of these signaling pathways shows that the damage of 
muscles is not just an event of breakdown, but a complex adaptive 
process, which incorporates metabolic, structural and molecular 
systems.

Although the processes of EIMD are a well-studied topic, the litera-
ture available continues to discuss the individual components of the 
problem in isolation, whether it is ultrastructural changes, biochemical 
leakage indicators, or inflammatory mediators. Therefore, the interac-
tion of mechanical stress, metabolic perturbations, oxidative signaling 
and molecular controllers of repair is not fully integrated. In that regard, 
the current review contributes to the advancement of the field as it can 
bring together these historically divided views into a single, multi-level 
pattern that connects structural disruption to biochemical reactions, 
inflammatory control, and long-term muscle adaptation.

Besides, the paper is the first to relate exercise physiology to mo-
lecular biology by providing mechanistic drawings and conceptual 
models that explain the dynamic operations among mechanical strain, 
metabolic exhaustion, ROS dynamics, cytokine association and growth 
-factor signaling. This multi-layered integration moves the existing 
knowledge a step forward because it frames EIMD as a non-persistent 
physiological disruption but as a programmed biological process 
which changes repair, regeneration, and training adaptation.

To operationalize this integrative perspective, the present review 

follows a systems-oriented framework in which mechanical strain serves 
as the initiating node, metabolic exhaustion and ROS dynamics act as 
amplifying mediators, inflammatory signaling functions as a regulatory 
bridge, and growth-factor pathways determine regenerative versus 
maladaptive outcomes. This structured cascade is revisited throughout 
the manuscript to ensure conceptual continuity across structural, 
biochemical, inflammatory, and molecular domains.

2. Structural and functional organization of skeletal muscle

The skeletal muscle is highly ordered but mechanically susceptible, 
which makes it prone to damage caused by exercise, especially when 
exposed to high mechanical loads (Stožer et al., 2020). Myofibrillar and 
cytoskeletal biomasses are vulnerable to local stress concentration during 
force transmission across the sarcomere-cytoskeleton-extracellular ma-
trix continuum, making them prone to microstructural disruption in 
response to the intense or novel exercise (Mavropalias et al., 2023). 
Muscle fibre composition is another factor that synergizes this vulnera-
bility because the fast-twitch fibres with their large force production and 
low resistance to fatigue are more sensitive to structural perturbation 
than slow-twitch fibres (Smith et al., 2023). Taken together, these 
structural features offer the anatomical foundation on which mechanical 
overload is converted to the molecular and cellular processes involved in 
EIMD.

2.1. Mechanisms of EIMD

EIMD is not a response to discrete pathological events but a product 
of a cascade of tightly linked mechanical, metabolic, and oxidative 
changes as a result of exercising. Of these, mechanical overload is the 
stimulus of greatest primary significance especially in the eccentric 
contractions where the high-force lengthening movements produce a 
non-uniform strain distribution across the sarcomeres. With this
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structural heterogeneity, weaker sarcomeres are prone to over-
elongation leading to focal myofibrillar disruption, Z-disk streaming and 
loss of excitation5contraction coupling (Talebi et al., 2024) (Fig. 1). 
These mechanically instigated perturbations of the membrane damage 
membrane integrity and destabilize calcium homeostasis, increasing the 
threshold to subsequent biochemical and inflammatory reactions 
(Fig. 2).

Mechanical stress and metabolic fatigue converge to induce sarco-
mere disruption and calcium dysregulation, initiating downstream in-
flammatory signaling, proteolytic activation, and delayed-onset muscle 
soreness (DOMS).

The metabolic fatigue is closely followed by mechanical stress, which 
increases muscle susceptibility to intense exercise or exercise at the 
highest intensity (Forman & Mela, 2025). Reduction of adenosine 
triphosphate, build-up of inorganic phosphate and hydrogen ions, and 
ionic gradient disruptions all lower force-generating capacity and cause 
calcium uptake dysfunction. Such metabolic changes do not work in 
isolation but have a synergistic effect with mechanical strain in terms of 
worsening calcium dysregulation and triggering proteolytic cascades, 
which further promotes structural degradation at the myofibrillar level 
(Tornero-Aguilera et al., 2022; Terrell et al., 2023; Debold and West-
erblad, 2024).

Simultaneously, overproduction of reactive oxygen species (ROS) is 
one of the primary biochemical processes that mediate the connection 
between mechanical and metabolic stress and downstream tissue dam-
age (Demir et al., 2025a,b). ROS, which result due to mitochondrial 
respiration, NADPH oxidases, and penetrating immune cells, play a role 
in lipid peroxidation, protein oxidation, and mitochondrial dysfunction
(Özturk et al., 2024). Whereas moderate and low concentrations of ROS
play critical roles in muscle adjustment, extreme oxidative stress en-
hances calcium imbalance and inflammatory processes, thus tipping the 
scale towards destroying the structure instead of repairing it 
(Tornero-Aguilera et al., 2022; Tu and Li, 2023).

ROS should not be viewed solely as cytotoxic by-products of meta-
bolism, but rather as redox-sensitive signaling mediators that operate

within a hormetic framework (Nitti et al., 2022). At physiological con-
centrations, ROS function as second messengers regulating intracellular 
signaling cascades such as mitogen-activated protein kinases (MAPKs), 
nuclear factor erythroid 2–related factor 2 (Nrf2), and nuclear factor-κB 
(NF-κB) (Michalak and Michalak, 2025). Activation of these pathways 
promotes antioxidant enzyme expression, mitochondrial biogenesis, and 
cytoprotective adaptations, thereby enhancing skeletal muscle resil-
ience (Pang et al., 2021). In this context, transient ROS elevations 
following exercise contribute to adaptive remodeling by stimulating 
redox-sensitive transcription factors and modulating calcium-handling 
proteins.

Conversely, excessive or prolonged ROS accumulation surpasses 
endogenous antioxidant capacity, leading to lipid peroxidation, oxida-
tion of contractile proteins, mitochondrial permeability transition pore 
opening, and amplification of inflammatory signaling (Sikder et al., 
2025). High ROS levels further disrupt excitation–contraction coupling 
by modifying ryanodine receptors and sarcoplasmic reticulum Ca²⁺ 
ATPase activity, thereby exacerbating calcium dysregulation and pro-
teolytic activation (Michelucci et al., 2021). Thus, ROS exert a dual role 
in EIMD, acting as adaptive signaling molecules under controlled con-
ditions but becoming pathological mediators when redox homeostasis is 
disrupted. The balance between ROS production and antioxidant de-
fense capacity ultimately determines whether redox signaling contrib-
utes to regeneration or structural degeneration (Wang et al., 2021). 

This complex of mechanical, metabolic, and oxidative processes re-
sults in the typical functional expressions of EIMD, such as transient loss 
of force, impaired neuromuscular efficiency and delayed onset muscle 
soreness (Yasul et al., 2024). Notably, these acute symptoms are not only 
the symptomatic manifestations of tissue disruption, but also the initi-
ation of coordinated repair and remodelling pathways. EIMD thus 
should be theoretically viewed as a dynamic spectrum where mechani-
cal overload triggers an avalanche of biochemical and molecular path-
ways that concomitantly trigger acute dysfunction and skeletal muscle 
homeostasis in the long-term (Schwiete et al., 2025).

Importantly, these mechanometabolic perturbations do not termi-
nate at the level of structural disruption. Calcium dysregulation and ROS 
amplification serve as upstream signals that activate inflammatory 
cascades and subsequently modulate growth-factor expression. Thus, 
mechanical overload constitutes the initiating trigger of a multi-layered 
adaptive network rather than an isolated injurious event.

2.2. Acute versus chronic muscle damage: exercise modality and temporal 
recovery dynamics

Although the previous section has outlined the mechanistic foun-
dation of EIMD, such perturbations vary considerably whether the 
stimulus is acute or chronic in nature (Stožer et al., 2020). As certifi-
cation of EIMD in an acute–chronic paradigm is critical to appreciation 
of how structural disruption translates to adaptation or maladaptation

Fig. 1. Mechanical overload induces focal sarcomere disruption and Z-disk 
streaming, which represent the earliest structural hallmarks of muscle damage. 
These mechanical irregularities facilitate Ca 2+ influx through stretch-activated 
channels, triggering downstream biochemical signaling.

Fig. 2. Integrated mechanistic framework of EIMD.
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(Owens et al., 2019). EIMD can be conceptualized according to two 
biologically separate pathways: sudden disruption after a bout of un-
accustomed (Chen and Zhang, 2024) or high-force mechanical loading 
and repeated microtrauma induced by repetitive exposure to training 
with incomplete between-sessions recovery (Smith and Gallagher, 
2018). Such requirements do not only differ in quantity, but are also 
temporally organized and regulated.

Acute muscle damage, most frequently associated with eccentric-
biased exercise, is characterized by rapid sarcomeric instability, cal-
cium influx, and early ROS amplification (Chalchat et al., 2022). Within 
the first 24 h, mechanical perturbation dominates. This is followed by a 
pronounced inflammatory phase (24–72 h), during which neutrophil 
infiltration and cytokine release peak. The subsequent regenerative 
phase (3–10 days) involves satellite cell activation and growth-fac-
tor–mediated remodeling. When recovery is sufficient, this cascade 
promotes adaptive hypertrophy and improved stress tolerance (Su and 
Su, 2025).

In contrast, chronic muscle injury would demonstrate an accumu-
lating effect of repeated loading in the absence of sufficient temporal 
resolution between inflammatory and redox responses (Smith et al., 
2008). Instead of sequential stages, the simultaneous induction of ROS 
signaling, cytokine production and growth-factor pathways might 
continue to take place.This sustained perturbation can delay regenera-
tive transitions, blunt adaptive signaling, and potentially predispose the 
tissue to maladaptive remodeling or overtraining-related dysfunction 
(Radak et al., 2013; Luti et al., 2020).

The nature of the mode of muscle contraction and the type of me-
chanical load that is imposed on it have a significant impact on the 
magnitude and nature of EIMD (Devantier-Thomas et al., 2024). 
Eccentric contractions are the exercise modalities that always provoke 
the strongest structural and functional disturbance (Kanzaki et al., 
2022), although they may incur similar or even lesser metabolic costs 
compared to concentric and isometric actions (Ruas et al., 2025) (Fig. 3). 
The greatest vulnerability to this increase in susceptibility is believed to 
be the result of high-force lengthening due to non-uniform sarcomere 
strain, which makes eccentric exercise a very popular experimental 
model to study EIMD (Qian et al., 2023).

Contrary to that, concentric and isometric contractions tend to cause 
less muscle damage, since no excessive sarcomere stretch is used to 
produce force (Kiriaev et al., 2023). Although such modalities can still 
elicit metabolic stress and a state of transient fatigue, their role in the 
overall overt structural disruption is relatively minor. Notably, repeated 
stimulation by harmful exercise, specifically eccentric loading, causes 
protective mechanisms called repeated bout effect, in which future 
bouts lead to reduced muscle injury and faster recovery (Rai et al., 
2024). Together, these observations emphasize the fact that exercise 
modality does not only dictate the degree of muscle damage, but also 
influence the adaptive pathway of skeletal muscle to mechanical stress.

Conceptual heatmap illustrating distinct mechanistic routes of skel-
etal muscle adaptation. Structural damage and damage-induced regen-
erative adaptation are predominantly associated with eccentric exercise. 
In contrast, low-intensity isometric exercise induces minimal structural 
disruption while promoting adaptation primarily through damage-
independent metabolic and neuromuscular mechanisms. Color in-
tensity reflects qualitative literature-based estimations rather than 
quantitative measurements.

Thus, recovery should be understood as the coordinated re-
establishment of structural integrity, redox homeostasis, inflammatory 
resolution, and growth-factor signaling balance. The distinction be-
tween acute and chronic damage underscores that muscle injury per se is 
not inherently detrimental; rather, the timing, magnitude, and integra-
tion of these regulatory layers determine whether the outcome is 
adaptive remodeling or maladaptation.

2.3. Adaptation and recovery following EIMD damage

Despite the fact that short-term effects of EIMD consist of muscle 
soreness, swelling, and temporary performance declines, the growing 
body of evidence suggests that EIMD is a source of critical stimuli which 
makes skeletal muscle adapt to the changes in the long term 

(Calvo-Rubio et al., 2024). The initial inflammatory and oxidative pro-
cesses that contribute to the tissue disruption may be utilized when 
properly controlled as signalling messengers to encourage muscle 
remodelling, repair, and hypertrophy (Ji et al., 2022). This two-sided 
nature of damage-related pathways highlights the idea that EIMD is 
not only a pathological event but a required element of training-induced 
adaptation.

One of the best-defined examples of this adaptive response is the 
repeated bout effect according to which previous exposure to eccentric 
loading provides protection against future muscle damage (Lindsay 
et al., 2021; Tokuda et al., 2025). This phenomenon indicates structural 
and functional remodelling of skeletal muscle, such as the degree of 
strength of the cytoskeleton, neural repositioning, and the optimal dis-
tribution of force (Guzman et al., 2025; Zhang et al., 2025). In this 
connection, the muscle organization, damage processes, and contraction 
patterns are especially relevant to the etiology of EIMD, but also the 
dynamic interplay between mechanical loads and reparative processes 
(Kumar et al., 2025). The acknowledgement of the combined effect of 
mechanical overload, metabolic fatigue and oxidative signalling as 
harmful as well as adaptive stimuli is still of central importance in the 
development of the science of exercise physiology.

2.4. Operational definition and context-dependent criteria for muscle 
damage

Muscle damage in the context of exercise should not be defined solely 
by structural disruption or by isolated biochemical markers. Instead, it 
requires a context-dependent operational framework integrating struc-
tural, functional, biochemical, and inflammatory parameters 
(Brancaccio et al., 2010). Operationally, EIMD may be defined as a 
transient disturbance in muscle structural integrity and contractile 
function accompanied by measurable alterations in intracellular enzyme 
leakage, redox balance, inflammatory signaling, and performance ca-
pacity (Powers and Jackson, 2008; Baird et al. 2012; Baumert et al., 
2016).

Importantly, Crucially, the direction and explanation of these 
changes can be modulated by the mode of exercise performed, partici-
pants training status and timing. Acute eccentric loading often results in 
marked structural damage and enzyme elevation, while endurance ex-
ercise may lead to substantial metabolic and redox disturbances with 
only modest sarcomeric injury. Chronic or repeated loading conditions 
may have a smaller biochemical peak and prolonged inflammation or 
functional disorders (Stožer et al., 2020). Hence, muscle damage
assessment should be based on a composite rather than single markerFig. 3. Differential adaptive pathways across exercise modalities. 
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profiles. Functional measurements (e.g., force loss), circu-
lating biomarkers (e.g., CK, LDH), inflammatory mediators and 
imaging-based structural evaluations together create a multidimen-
sional profile of tissue perturbation (Fig. 4).

3. Biochemical markers of muscle damage

Biochemical markers should not be interpreted as isolated laboratory 
measurements but as circulating reflections of the mechanometabolic-
inflammatory cascade described in the preceding section. Their tem-
poral patterns provide indirect insight into the progression from struc-
tural disruption to immune activation and eventual regenerative 
signaling. The diagnosis of EIMD depends not on such functional out-
comes as force loss and delayed onset muscle soreness (DOMS) but on 
biochemical indicators reflecting the structural and cellular distur-
bances (Chalchat et al., 2022). The most common biomarkers in among 
them, creatine kinase (CK), lactate dehydrogenase (LDH), myoglobin 
(Mb), and troponins, can provide a specific understanding of the path-
ophysiology of muscular injury (Table 1). These markers are emitted 
into circulation after sarcolemmal or myofibrillar integrity has been 
disrupted and give indirect but useful measures of the magnitude of 
muscle damage, time course and kinetics of recovery (Billings et al., 
2021; Mu et al., 2025).

It is important to acknowledge that no universally accepted physio-
logical thresholds currently exist to distinguish functional EIMD damage 
from excessive or maladaptive responses. This limitation reflects the 
inherently individualized nature of muscle damage kinetics rather than 
a deficiency of the biomarkers themselves. Consequently, absolute cut-
off values appear less informative than relative changes from individ-
ual baselines, rate of biomarker elevation, and recovery kinetics across 
repeated exercise bouts. Such individualized interpretation aligns more 
closely with the principles of personalized training and load 
management.

3.1. Creatine kinase (CK)

CK has been considered the most classic biochemical marker of 
muscle damage. Being a cytosolic enzyme that is the heart of energy 
buffering through phosphocreatine system, CK is generally compart-
mentalized in muscle fibers (Lygate et al., 2024). The interaction be-
tween CK release and sarcolemmal permeability is well-established 
when muscle injury occurs due to impairment of sarcolemmal integrity

during exercise, CK will leak into the interstitial space, and conse-
quently, be carried to the bloodstream, where its high levels are 
considered a surrogate endpoint of muscle damage (Owens et al., 2019). 
During the eccentric contractions, mechanical stress is known to desta-
bilize the lipid bi-layer and cytoskeleton anchoring complexes to allow 

the escape of the cytosolic proteins. The literature indicates that after 
eccentric exercise, plasma CK increases gradually but significantly with 
a high level at 24–96 h after exercise (Fig. 5) and slowly returns to 
normal in 5–7 days (Radǐsić Biljak et al., 2025). This time series re-
sembles the initiation and recovery of DOMS, which supports the use of

Fig. 4. Context-dependent operational framework for assessing EIMD.

Table 1
Characteristics of common biomarkers used to assess skeletal muscle damage.

Marker Primary
indication

Temporal
response

Key limitation

CK Sarcolemmal
disruption

Delayed
(24–96 h)

High variability

LDH Metabolic leakage Early–moderate Low specificity 
Myoglobin Acute muscle stress Very early Rapid clearance
Titin
fragments

Sarcomeric
damage

Delayed Limited availability

Desmin Cytoskeletal
disruption

Progressive Methodological
complexity

Fig. 5. Temporal profiles of EIMD biomarkers.
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CK as a convenient yet indirect indicator of muscle injury. Nevertheless, 
CK has a high inter-individual variation. Others are known as high re-
sponders, and they exhibit severe elevations (usually >10,000 U/L) in 
response to analogous exercise stimuli, whereas others exhibit small 
enhancements in response to analogous structural disruption (Lecina 
et al., 2024). This variability is caused by genetic factors, muscle fiber 
composition, and the previous history of training (Cheung et al., 2003). 
Besides, the release of CK does not necessarily relate linearly with 
functional impairments like the loss of force, which indicates that CK is a 
sensitive biomarker of sarcolemmal perturbation, but does not predict 
performance outcomes (Odriozola et al., 2025). However, CK is also a 
cornerstone biomarker as it is easy to access, cheap and can be used in 
research and real-life applications (Sheikh and Kashani, 2025). In sports, 
CK monitoring is often used to measure recovery status and training load 
(Haller et al., 2022). In clinical practice, CK is a major diagnostic tool in 
the conditions of rhabdomyolysis and muscular dystrophies (De Freitas 
Nakata et al., 2021). The duality of CK as a physiological indicator of 
transient exercise-induced stress and a pathological indicator of muscle 
disease is an important issue that highlights its primary role in muscle 
biology (Xu et al., 2025).

Relative concentrations of CK, LDH, and myoglobin following muscle 
injury. Myoglobin peaks rapidly within the first 24 h, LDH shows a 
moderate rise with an earlier decline, while CK demonstrates a delayed 
and prolonged elevation. These characteristic release patterns reflect 
different aspects of muscle fiber disruption and metabolic stress.

3.2. Lactate dehydrogenase (LDH)

Another cytosolic enzyme that is commonly used together with CK to 
measure muscle damage is LDH. Structurally LDH catalyzes the con-
version between the pyruvate and lactate in glycolysis and, similar to 
CK, it is usually localized within the intracellular space (Bartoloni et al., 
2024). Destruction of the sarcolemma or the connected membranes 
permits the escape of LDH into the blood, indicating high activity in the 
serum that leads to a violation of cell integrity (Washington and 
Schrems, 2025). LDH has a higher tendency to increase more acutely 
after exercise as compared to CK, which is usually at its peak after the 
first 24–48 h (Fig. 5). This response has prompted other researchers to 
suggest that LDH is a better immediate indicator of cell disruption, but 
its level of increase is typically lower than CK (Ergenc et al., 2023). 
Moreover, LDH activity is not so specific on skeletal muscle, since it is 
also contained in cardiac tissues, hepatic tissues and erythrocytic tissues 
(Puranik et al., 2021). Exercise-induced gains should therefore be 
viewed with care, especially when dealing with a mixed population or 
when dealing with individuals having comorbid ailments. In spite of 
such limitations, LDH is still useful in defining the level of membrane 
injury (Wertheimer et al., 2018). Together with CK it gives a more full 
profile of exercise induced perturbations with CK showing cumulative 
and delayed disruption and LDH showing acute membrane compromise. 
Such a dual-marker strategy has been used in many exercise studies in an 
attempt to triangulate muscle damage response timing and severity 
(Salem et al., 2024). Notably EIMD, including interventions aimed at 
reducing it, like the supplementation of branched-chain amino acids, 
has been found to cause less development of CK and less impact on LDH, 
thus suggesting that they are regulated differently (Boukhris et al., 
2020). These results support the idea that CK and LDH are two different 
indicators of cell leakage that represent different facets of the muscle 
injury process.

3.3. Myoglobin (Mb)

Another marker of exercise-induced damage that is well validated is 
Mb, a hem-containing oxygen-binding protein located in the cytoplasm 

of skeletal muscle fibres (Zoladz et al., 2024). Mb in contrast, is a very 
small molecule (around 17 kDa) and can easily be diffused into the 
circulation due to even small perturbations of membrane integrity

unlike CK and LDH (Brancaccio et al., 2010). As a result, the levels of Mb 
have increased quickly, typically in hours following workouts, so it is an 
early sign of muscular harm (Nikolaidis et al., 2008). This high-speed 
kinetic character gives it unique benefits. In contrast to CK which nor-
mally peaks days following detrimental exercise, the Mb levels can rise 
practically instantly, providing instantaneous information on muscle 
stress (Baird et al., 2012). Mb is especially useful in those settings where 
acute measure is needed, endurance training, military training, or even 
in high-intensity interval training. Nevertheless, Mb is also character-
ized by quick clearance, and the level returns to the baseline in about 
24 h, which restricts the application of this medication in long-term 

monitoring of recovery (Di Battista et al., 2018). One more benefit of 
Mb is that it has a relative specificity to skeletal and cardiac muscle. Mb 
has found clinical application in the detection of myocardial infarction 
in its early phases; however, its diagnostic use has been diminished by 
troponins because of lack of cardiac specificity and rapid clearance (Asl 
and Rahimzadegan, 2022). The bifid quality of Mb of both muscle types 
in exercise physiology is not so problematic because when it rises after 
skeletal muscle activity, it can easily be put into context. All in all, it is 
possible to note that Mb is a sensitive, short-term measure of sarco-
lemmal perturbation. The fact that it is used in conjunction with CK and 
LDH increases the temporal sensitivity of biochemical surveillance 
where researchers and practitioners are able to identify the early, acute 
stage of muscle damage without the longer-lasting biomarkers becoming 
inflated (Kusmierczyk et al., 2024).

3.4. Troponins and structural protein biomarkers

Troponins are integral components of the thin filament regulatory 
complex and play a fundamental role in excitation–contraction coupling 
by modulating actin–myosin interactions in response to calcium 

signaling (Jeon et al., 2022). In clinical practice, cardiac-specific tro-
ponins are widely used as sensitive markers of myocardial injury (Lazar 
et al., 2022). However, accumulating evidence demonstrates that 
strenuous or prolonged exercise can induce transient elevations of 
circulating troponin concentrations in the absence of overt cardiac pa-
thology (Aengevaeren et al., 2021). From an exercise physiology 
perspective, these exercise-associated troponin responses are increas-
ingly interpreted as reflecting reversible contractile stress and height-
ened membrane turnover rather than irreversible tissue damage 
(Khetarpal et al., 2025). Importantly, emerging data suggest that 
troponin release following intense exercise may originate, at least in 
part, from skeletal muscle sources or from physiological membrane 
remodeling processes, emphasizing the need for cautious and 
context-dependent interpretation (Rasmussen and Jin, 2021).

In skeletal muscle trauma, such a clinical usefulness of troponins 
goes further than a mere diagnostic equivalent to pathological injury; 
their appearance can represent subtle changes of myofibrils caused by 
high mechanical stress (Yamada et al., 2019). Exercise programs with a 
large proportion of eccentric exercises are specifically skillful in causing 
the increase in transient troponin levels, which is in line with the idea 
that such exercises put a heterogeneous sarcomere strain and interfere 
with the excitation-contraction coupling (Borkowski et al., 2023). 
However, due to any overlap of skeletal and cardiac troponins, and the 
increased sensitivity of modern assays, troponin measurements are to be 
cautiously interpreted along with exercise modality, training status, and 
other physiological indices (Aakre & Omland, 2019; Rasmussen Jin, 
2021).

In addition to troponins, other structural proteins including titin and 
desmin provide more mechanistically informative information on EIMD 
(Krüger and Kotteer, 2016). Titin is a giant human protein that extends 
across about half of the sarcomere and can be said to serve as a molec-
ular spring, which generates passive tension, sarcomere stability, and 
force transmission (Herzog, 2018). Eccentric training causes significant 
tension on titin leading to partial unfolding or fragmentation that has 
been significantly associated with reduced force-generating ability and
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slower recovery (Harris-Love et al., 2021). Subsequently, the identifi-
cation of titin fragments in the circulation or in the urine after harmful 
exercise has been suggested as a sensitive signal of the sarcomeric 
disruption thus, offering a period to the conventional leakage markers 
(Sipos et al., 2025).

An intermediate filament protein called desmin is important in 
ensuring that myofibrillar orientation and structural integrity of muscle 
fibers are maintained (Agnetti et al., 2022). Damage due to exercise 
could lead to desmin degradation probably due to mechanical overload 
and Ca dependent proteolytic activity a reflection of cytoskeletal 
release and necessary over- remodeling (Kano et al., 2012). Changes in 
desmin are further more directly reflective of the integrity of the intra-
cellular scaffold involved in force transmission than cytosolic enzymes 
thereby making it particularly relevant to recovery kinetics and sus-
ceptibility to subsequent damage (Agnetti et al., 2022).

Despite robust mechanistic relations, troponins and other structural 
protein biomarkers for exercise are restricted by methodological 
(analytical complexities, cost and lack of standardized reference ranges). 
Moreover, there is also the consideration of inter-individual differences 
and assay sensitivity that further confound a cross study comparison. 
Thus, structural protein biomarkers should not necessarily be viewed as 
replacements for conventional markers but rather complementary tools 
that allow muscle damage measurement to be more specific. Using other 
measures of function, as well as more classical biochemical marks, those 
same proteins give an increasingly nuanced reflection of the area be-
tween membrane perturbation and contractile remodelling (Baker et al., 
2019; Stemmerik et al., 2025).

Troponins, titin fragments and desmin, when combined, form a 
superior-order group of biomarkers that are able to reflect the structural 
aspect of EIMD. The fact that they feature in research paradigms is 
indicative of a conceptual shift in the discipline with the emphasis 
moving away on gross enzymatic leakage and providing more specificity 
to the definition of myofibrillar and cytoskeletal disruption. This inte-
grative picture is consistent with the new pattern of seeing EIMD as a 
controlled and adaptive process where structural remodelling can be 
both an outcome of the mechanical stress and a condition of future 
functional adaptation.

While functional outcomes such as strength loss, performance dec-
rements, and perceived soreness remain the most direct indicators of 
exercise-induced impairment, blood biomarkers provide complemen-
tary rather than superior information. Their primary contribution lies in 
contextualizing functional data, particularly in situations where 
external performance appears preserved despite elevated internal 
physiological stress. Therefore, biomarkers should be viewed as confir-
matory tools that enhance interpretability rather than as independent 
predictors of functional recovery.

4. Inflammatory responses to muscle damage

A key part of the pathophysiology of EIMD is the inflammatory re-
action, which mediates the process of initial mechanical perturbation to 
the following process of repair and adaptation (Peake et al., 2017). 
Damage-related molecular patterns extracellularly released by injured 
fibers in response to structural perturbation of sarcolemma and myofi-
brillar apparatus trigger innate immune signaling pathways (Mukund 
and Subramaniam, 2020). The early stage is marked by the high 
expression of pro-inflammatory cytokines, in the first place interleukin-6 
(IL-6), tumor necrosis factor-alpha (TNF-α), and interleukin-1β and co-
ordinate recruitment of leukocytes, vascular permeability, and phago-
cytic clearance of cellular debris (Fujiyoshi et al., 2022). These processes 
form the basis of the classical clinical presentation of EIMD, which is 
DOMS, temporary decreases in force-generating capacity, and localized 
edema (Fig. 6).

The diagram illustrates the pleiotropic and interconnected roles of 
inflammatory and regulatory cytokines in the progression from muscle 
damage to regeneration. Structural disruption and Ca²⁺ dysregulation

initiate cytokine signaling cascades involving IL-6, TNF-α, IL-1β, IL-10, 
and TGF-β.

The role of IL-6 among these mediators is a rather complicated and 
multidimensional one. IL-6 rapidly leaks out of contracting skeletal 
muscle fibers, indicative of metabolic stress, e.g., glycogen depletion, 
and mechanical workload, and eccentric exercise precipitates particu-
larly strong increases (Lin et al., 2023). Although IL-6 is considered as a 
pro-inflammatory cytokine, its role in exercise goes beyond inflamma-
tion, also triggering the hepatic acute-phase response, regulating the 
mobilization of substrates, and initiating anti-inflammatory signaling 
pathways (Nash et al. 2023). This duality emphasizes the idea that 
cytokine responses to EIMD cannot be considered the result of tissue 
damage but rather the part of a complex physiological reaction to me-
chanical load (Stožer et al., 2020).

Simultaneously, TNF-α and IL-1β enhance the interaction of inflam-
mation by triggering transcriptional factors like NFkB to induce prote-
olysis, infiltration of immune cells, and sensitisation of nociceptors 
(Boakye et al., 2021). Such cytokines play a direct role in causing muscle 
soreness and premature functional impairment through the amplifica-
tion of uncoupling of excitation-contraction coupled proteins and 
catabolism (Sharma and Dabur, 2020) (Fig. 6). However, they are also 
needed in the acute stage of EIMD to effectively clear of necrotic tissue 
and trigger downstream regenerative signaling. Therefore, it is not 
necessarily harmful when the pro-inflammatory cytokines are raised too 
often or too long, but when they are activated temporarily, it is a 
required phase in the healing process (Torres-Ruiz et al., 2023).

As the inflammatory response advances, there is a critical transition 
process towards resolution, which is characterized by a cytokine profile 
change and immune cell phenotype. Anti-inflammatory cytokines, 
including interleukin-10 (IL-10) and transforming growth factor-β (TGF-
β) gain more powerful influence and suppress excessive pro-
inflammatory activity and make the macrophages polarized to regen-
erative (M2) rather than pro-inflammatory (M1) (Sanjabi et al., 2009; 
Steen et al., 2020). This process promotes satellite cell activation, 
extracellular matrix remodelling and myofiber integrity recovery. 
Notably, the resolution phase does not imply the passive elimination of 
inflammation but instead an active reprogramming that connects im-
mune signaling to anabolic and regenerative pathways necessary to 
muscle recovery (Chazaud, 2020).

Physiologically, the temporal regulation of inflammation after EIMD 
is also largely defining the functional importance of this physiological 
process. Properly resolved acute inflammatory responses lead to struc-
tural reinforcement and adaptive remodeling, which provides a mech-
anistic basis of the repeated bout effect that is manifested after repeated 
exposure to eccentric exercise (Margaritelis et al., 2015). Conversely, 
regeneration can be impaired, delayed (resulting in longer-lasting 
soreness) and prone to maladaptive effects including overreaching or 
overtraining syndromes, by chronic or dysregulated inflammation,

Fig. 6. Integrated cytokine interaction network during muscle regeneration 
following structural disruption and Ca 2+ dysregulation.
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which is commonly seen to be caused by overtraining load, under-
training load, or metabolic stress (Magherini et al., 2019). This differ-
ence points at the importance of conceptualizing inflammation as a 
pathology-dependent mediator, the duration and magnitude of which 
determine the effects of training activities critically.

These implications are of significant significance to exercise pre-
scription and recovery strategies. Over-inhibition of inflammatory cues 
by the indiscriminate application of anti-inflammatory interventions, 
including non-steroidal anti-inflammatory drugs or violent cryotherapy 
may flatten not only soreness but also the molecular stimuli that are 
necessary to achieve optimal adaptation. By contrast, poor recovery 
management can allow inflammatory reactions to remain active longer 
than adaptive, hence reducing muscle quality and performance over 
time. To this end, the response to muscle damage after exercise must be 
conceptualized as a highly controlled biological mechanism that com-
bines mechanical stress and molecular repair processes, and eventually 
defines the threshold between functional recovery and skeletal muscle 
adaptation.

The resolution phase of inflammation represents a critical transition 
point in the EIMD continuum. Anti-inflammatory cytokines do not 
merely suppress tissue damage but actively prime growth-factor 
signaling pathways, thereby linking immune regulation to anabolic 
remodeling. This transition marks the shift from damage containment to 
regenerative adaptation.

5. Growth factors and molecular regulators of muscle repair and 
adaptation

Growth factors should be conceptualized as downstream integrators 
of mechanical strain, metabolic stress, ROS dynamics, and inflammatory 
resolution. Their activation is neither temporally nor mechanistically 
independent but represents the convergent output of upstream pertur-
bations described in previous sections. Post exercise muscle injury 
inflammation is resolved by the activation of an integrated web of 
growth factors and molecular regulators that controls skeletal muscle 
repair, remodelling and long-term adaptation. These are signaling 
pathways that show a vital shift of catabolic to anabolic muscle tissue 
restoration and reinforcement (Egan and Sharples, 2023). Instead of 
working alone, growth factors act as downstream integrators of me-
chanical loading, metabolic perturbations, and immune-mediated 
signaling, which implement temporary structural disruption into per-
manent physiological adjustment (Long et al., 2025). The insulin-like 
growth factor-I (IGF-I), myostatin, fibroblast growth factor-2 (FGF-2), 
and vascular endothelial growth factor (VEGF) are among the most 
significant regulators in this process and have a role in different but 
equally connected aspects of myogenesis, angiogenesis, and metabolic 
support (Luo et al., 2024).

IGF-1 also has a key role in the coordination of skeletal muscle 
regeneration and hypertrophic response to injury. IGF-1, by acting via 
systemic endocrine and locally produced autocrine/paracrine isoforms, 
induces protein synthesis, satellite cell activation, and differentiation, 
and eventually restores myofiber structure and contractile properties 
(Bailes and Soloviev, 2021). Mechanical loading, especially resistance 
and eccentric training, causes muscle-specific isoforms of IGF-1, 
including mechano-growth factor, strongly linked to the restoration of 
disrupted sarcomeres and strengthening the cytoskeleton (Sundari and 
Ar, 2022). Other benefits of long-term exercise-induced increases in 
IGF-1 include long-term muscle mass and function maintenance, pre-
venting age-related losses, and promoting metabolic fitness (He et al., 
2023). In this way, IGF-1 signaling offers a direct molecular connection 
between mechanical stress and anabolic remodeling, which converts 
physical stress into adaption responses of cells (Chu et al., 2025). In 
addition to well-established mediators such as IGF-1 and FGF-2, recent 
evidence highlights the regulatory role of growth differentiation factor 3 
(GDF3) in skeletal muscle regeneration. GDF3 is an anti-inflammatory 
TGF-β family cytokine that appears to link inflammation, adipose

tissue function, and metabolic regulation processes (Wang et al., 2020). 
Exercise training lowers inflammatory cytokines and improves adipose 
tissue microenvironment and macrophage polarization, processes 
mechanistically linked to reduced inflammasome activity (Nyawo et al., 
2021) (Fig. 7).

Exercise functions as the primary physiological stimulus that induces 
the expression and modulation of multiple growth factors involved in 
skeletal muscle remodeling. Classical mediators such as IGF-1 and FGF-2 
contribute to hypertrophic and angiogenic responses, while VEGF pro-
motes angiogenesis and satellite cell activation. In addition to these 
well-established factors, GDF3, a recently described regulator within the 
TGF-β superfamily, is incorporated as a novel modulator of regenerative 
signaling. Myostatin acts as a negative regulator of muscle growth, 
counterbalancing hypertrophic signaling pathways. The directional ar-
rows represent exercise-driven signaling cascades leading to structural 
and functional adaptations rather than reciprocal induction of exercise 
by growth factors.

However, unlike IGF-1 that poses anabolic effects, myostatin is a 
potent negative regulator of muscle growth that limits excessive hy-
pertrophy by inhibiting the proliferation and differentiation of myo-
blasts (Chen et al., 2021). High myostatin levels are usually linked to 
muscle atrophy, poor regenerative response, and low sensitivity to 
training stimuli (Rodriguez et al., 2014). It has always been demon-
strated that exercise inhibits myostatin signaling, thus breaking the 
inhibitory effects of muscle growth and promoting hypertrophic and 
regenerative mechanisms (Baig et al., 2022). This mutual regulation of 
the IGF-1 and myostatin thus forms a key axis that regulates muscle 
plasticity. Notably, the homeostasis of these contradictory messages 
dictates the successive response of molecular environment of EIMD to 
either effective adaption or maladaptive remodelling, which un-
derscores the idea that muscle recovery depends on dynamic regulation 
interactions rather than discrete molecular events (Yoshida and Dela-
fontaine, 2020).

In addition to myogenesis, myocellular tissue damage can only be 
compensated successfully through the interactions between vascular 
and extracellular matrix remodeling. In this respect, FGF 2 is a central 
figure that leads to fibroblasts activity, extracellular matrix renewal, and 
angiogenesis (Brenner et al., 2019). Increases in FGF-2 expression in 
response to exercise have been linked with capillary formation, struc-
tural support of myofibers, less fibrotic remodeling, which help maintain 
muscle elasticity and transmit forces efficiently (Soori et al., 2022). This 
has been especially noted with repeated mechanical loading, in which a 
surplus deposition of extracellular matrix can reduce contractile activity

Fig. 7. Exercise-induced growth factor network regulating skeletal mus-
cle adaptation.
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and make it susceptible to injury. By acting together with different 
components of the connective tissue and vascular, FGF-2 is involved in 
the formation of an appropriate microenvironment that supports repair 
and adaptation (Ma et al., 2025) (Fig. 7).

VEGF is a major mediator of exercise-induced angiogenesis, which 
allows the proliferation and remodelling of the capillary network in 
skeletal muscle (Arag´ on-Vela and Casuso, 2025). Under the control of 
hypoxia-inducible factor-1 signalling under conditions of high metabolic 
activity, VEGF facilitates the proliferation of endothelial cells and the 
growth of capillary density, which improves oxygen and nutrient delivery 
to active and recovering muscle fibres (Primer et al., 2020). Such vascular 
responses not only facilitate tissue repair but also enhance metabolic 
efficiency and fatigue tolerance during subsequent bouts of exercise. 
Although VEGF has been widely considered in cardiovascular and neu-
rovascular applications, it is also important in skeletal muscle adaptation 
because proper vascularization is the basis of the regenerative capacity 
and long-term performance improvement (Zarezadehmehrizi et al., 
2021; Ercan et al., 2023).

Notably, IGF-1, myostatin, FGF-2 and VEGF activities are not chro-
nologically independent but rather coincide in the course of the resto-
ration and constitute an overall regulatory system by coordinating 
structural, metabolic and vascular modulation (Fig. 7). These pathways 
should be activated appropriately after EIMD with the aim of increasing 
muscle resilience and also leading to other protective mechanisms such 
as the repeated bout effect in which exposure to damaging exercise 
subsidizes consequent injury. On the other hand, anabolic and angio-
genic signalling dysregulation due to excessive load, insufficient rest or 
chronic inflammation can lead to impaired regeneration, maladaptive 
extracellular remodelling and chronic dysfunction of muscle tissue 
predisposition.

From both physiological and practical perspectives, these observa-
tions suggest that growth factors function not merely as indicators of 
tissue repair but as direct mediators of training adaptations. The 
magnitude and duration of growth factor responses may determine 
whether EIMD serves as a stimulus for adaptation or progresses toward 
maladaptation. In line with this, the conceptualisation of growth factors 
is to include critical molecular mediators which combine inflammatory 
resolution with mechanical loading and metabolic need, eventually 
determining which side of the functional recovery to the long-term 

skeletal muscle adaptation.

5.1. Satellite cells and myogenic regeneration

The adult human body consists of approximately 600 muscles which 
form the largest body tissue, about 40–50 % of body weight. Skeletal 
muscle mononuclear stem cells, called satellite cells (SCs). Since then, 
there is tremendous interest to investigate their application in muscle 
regeneration and repair due to their special self-renewal and multi-
differentiation capabilities (Morgan and Zammit, 2010). Their name 
pertains to their location, residing between the skeletal myofiber’s basal 
lamina and the plasma membrane. SCs play an important role in after-
birth growth and regeneration of skeletal muscle (Forcina et al., 2019). 
SCs are mitotically quiescent and their state is altered in response to a 
variety of physiologic and pathologic stimuli such as denervation 
(Wozniak et al., 2005) and exercise (Neuhaus et al., 2003).

SCs constitute the principal stem cell population responsible for 
skeletal muscle regeneration following exercise-induced structural 
disruption (Galimov et al., 2016). Located between the basal lamina and 
the sarcolemma, these quiescent progenitor cells become activated in 
response to mechanical strain, calcium dysregulation, inflammatory 
signaling, and growth factor stimulation. Upon activation, SCs prolif-
erate, differentiate into myoblasts, and subsequently fuse either with 
existing myofibers to repair damaged regions or with each other to form 

new myofibers (Snijders et al., 2009).
Pro-inflammatory cytokines released during the early inflammatory 

phase promote satellite cell proliferation, whereas the transition toward

anti-inflammatory signaling supports differentiation and fusion 
(Perandini et al., 2018). Growth factors such as IGF-1 and FGF-2 
enhance myogenic progression, while myostatin acts as a negative 
regulator limiting excessive proliferation (Ahmad et al., 2023). 
Emerging evidence also suggests that redox-sensitive pathways, partic-
ularly Nrf2-mediated antioxidant signaling, modulate the balance be-
tween satellite cell self-renewal and differentiation (Wang et al., 2013). 
Thus, SCs represent the biological bridge linking inflammatory resolu-
tion and growth-factor signaling to structural regeneration. Their ac-
tivity determines whether EIMD progresses toward effective myofiber 
repair and hypertrophy or remains in a prolonged state of incomplete 
regeneration. Within the systems-oriented cascade proposed in this re-
view, satellite cell dynamics function as the central executor of the 
regenerative phase.

6. Practical implications in sports and rehabilitation

This section translates mechanistic insights into applied decision-
making contexts. Such a comprehension of the mechanistic nature of 
EIMD has both direct and practical implications on athletic training and 
clinical rehabilitation. Muscle damage should be treated as a strategic 
component of opportunity to reduce the unreasonable progression of 
functional deterioration without excessive loss of molecular stimuli that 
are required in the process of the process of adaptation and repair. Based 
on this, rational interventions ought to be directed at maximising me-
chanical loading, restorative approaches and nutritional assistances. 

From an applied perspective, blood biomarkers of muscle damage 
should not be interpreted as standalone indicators guiding training or 
recovery decisions. Rather, their practical value emerges when they are 
used as contextual modifiers within an integrated monitoring frame-
work. In elite and sub-elite athletes, biomarkers such as creatine kinase, 
lactate dehydrogenase, and myoglobin are most informative when 
assessed longitudinally within the same individual, interpreted relative 
to personal baseline values, and combined with functional performance 
measures and subjective recovery indices. Under these conditions, 
biomarker monitoring can support early identification of excessive in-
ternal load accumulation before overt performance decrements become 
evident.

In practical terms, biomarker assessment is most likely to alter 
training or recovery decisions in specific scenarios rather than during 
routine training periods. These include congested competition schedules 
with limited recovery time, return-to-training or return-to-play phases 
following injury or prolonged detraining, and cases of suspected non-
functional overreaching where performance metrics remain tempo-
rarily preserved. In such contexts, elevated or delayed biomarker re-
sponses may prompt adjustments in training volume, recovery duration, 
or exercise modality, thereby reducing the risk of maladaptive 
outcomes.

6.1. Nutritional strategies to support muscle repair and recovery

Nutritional interventions are complementary and modulative factors 
with regard to determining the magnitude and temporal profile of EIMD. 
Proper dietary protein supplement intake is one of the main pillars of 
post exercise recovery as it has a direct effect of supporting muscle 
protein synthesis, activation of satellite cells and structural remodelling 
of the damaged myofibres. The growing body of research reveals that it 
is not only the total protein intake, but also the timing and the distri-
bution of high-quality protein sources throughout the day and especially 
during the early post-exercise period that is important in maximising 
anabolic signalling and counteracting net protein breakdown.

Whey protein (WP) is a highly effective nutritional approach to 
alleviate muscle damage caused by exercise as pointed out by recent 
mechanistic research by Li et al. (2025). Their results show that the 
supplementation of WP is resistant to oxidative-stress-related injury and 
at the same time, increases skeletal-muscle protein synthesis. On the
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molecular level, WP was demonstrated to stimulate the SIRT1/Nrf2/ HO
− 1 signalling axis, which enhances the natural antioxidant resources 
and minimizes the overload of ROS. Parallel to this, WP stimulated the 
AMPK/TSC2/mTOR/4EBP1 pathway, which was successfully deacti-
vated in protein synthesis caused by overloading. These molecular ad-
aptations were then converted into practical physiological gains such as 
a better muscle morphology, greater body weight due to muscle accre-
tion and physiological performance measures such as grip strength and 
gait performance of exercise-injured experimental animals. Together 
these results highlight the dual antioxidant and anabolic effects of WP 
against muscle repair.

In addition to protein-based interventions, plant-based antioxidant-
rich foods also attracted the interest of their possible effects in moder-
ating post-exercise inflammation and oxidative stress. Sinaga et al. 
(2021) examined the influence of beetroot juice (Beta vulgaris L.) sup-
plementation in submaximal exercise and stated that the levels of 
circulating C-reactive protein (CRP), which is a sensitive biomarker of 
exercise-induced inflammation, were reduced significantly after 
consuming 300 ml of beetroot juice daily. These protective activities 
were mainly accredited to the high concentration of betalain pigments, 
which was accompanied by other supporting flavonoid and phenolic 
acids, which in combination, scavange the free radicals and inhibit the 
oxidative damage. These results endorse the use of naturally abundant 
foodstuffs that contain antioxidants as component of an integrative di-
etary intervention based on recovery.

One polyphenolic compound, Curcumin, derived by Curcuma longa, 
has also been thoroughly developed in terms of its anti-inflammatory 
and analgesic effects in the setting of muscle damage. Nicol et al. 
(2015) showed that curcumin 2.5 g administered 48 h pre and 72 h post 
eccentric exercise had significant effects on subjective muscle soreness 
and did not exhibit any negative effects on jump performance. Com-
plementary evidence of Nakhostin-Roohi et al. (2016) indicated that a 
single dose of 150 mg after exercise was effective to reduce muscle pain 
at 48–72 h after exercise. In addition, McFarlin et al. (2016) found that 
an approximate dose of 400 mg per day was the best dose of enough to 
reduce exercise-induced increases in pro-inflammatory cytokines like 
TNF-a and IL-8. Collectively, these studies indicate that curcumin sup-
plementation could help with symptom control and inflammatory bal-
ance in case it is administered within the right dose range. Hambright 
et al. (2023) treated progeroid Zmpste24 -/- mice with fisetin once per 
week over a four weeks period and they found significant improvements 
in bone microarchitectural integrity. Structural advantages were also 
coupled with massive down-regulation of senescence and 
inflammation-related markers, including p16, IL-6 and TGF-β. 

Ramirez-Sanchez et al. (2024) have shown that epicatechin is an 
epimer of cocoa flavonol that has protective effect against muscle at-
rophy in older age. Epicatechin (1 mg/kg/day-weeks) orally adminis-
tered over eight weeks in old Sprague-Dawley rats showed a significant 
increase in muscle strength, endurance, and mass, which were linked to 
an improved level of IGF-1, Akt/mTORC1 anabolic pathway, and inhi-
bition of the pro-inflammatory cytokine TNF-α and NF-kB signature. 

An accumulating body of evidence supports the use of a food-first 
solution to the intake of antioxidants. It seems to be safer and more 
compatible with long-term adaptations than high-dose supplementation 
when the vitamins C, E, and A are obtained in a balanced and diverse 
diet and are known to significantly suppress the positive exercise-
induced signalling responses (Vo et al., 2023). Vitamin E has been 
used long as an experimental model of antioxidant in skeletal-muscle 
injury because it has the ability to normalize intracellular redox flux 
and protect membrane integrity. A recent meta-analysis study by Kim 

et al. (2022) came to the conclusion that the use of vitamin E supplement 
is a successful scavenger of free radicals and inhibiting the release of 
inflammatory mediators in EIMD models. However, even though these 
are positive acute effects, one should take precautions with the case of 
chronic high-dose antioxidant supplementation. According to an 
emerging literature consensus, too much antioxidant supplementation,

especially in isolated form, can cause the loss of redox-sensitive signal-
ling pathways that are critical in the adaptation process to training. 

Besides proteins and antioxidants, lipid-based and microbiota tar-
geted nutritional interventions have also become possible modifiers of 
muscle restoration. It has been demonstrated that omega-3 poly-
unsaturated fatty acids (n − 3 FA), which are most frequently obtained 
through fish oil, can stimulate anti-inflammatory signalling pathways 
and can inhibit muscle loss during intervals of disuse by promoting 
anabolic sensitivity and subsequently protein synthesis. There is 
growing evidence that suggests that n-3 PUFA supplementation has 
numerous positive effects in athletes, such as preventing exercise-related 
fatigue, inhibiting the synthesis of pro-inflammatory cytokines, 
reducing the synthesis of eicosanoids, and enhancing muscle mass, 
strength, recovery efficiency, and training adaptation (Tsuchiya et al., 
2016; Tinsley et al., 2017; Black et al., 2018).

6.2. Cold exposure, compression, and active recovery

Recent years have seen the emergence of a number of interventions 
aimed at accelerating recovery, including cold water immersion (Moore 
et al., 2023), contrast bathing (Horgan et al., 2023), and compression 
garments (CG) (Hill et al., 2014). Research examining the effects of 
ice-based interventions on exercise-induced inflammation and muscle 
soreness has produced inconsistent findings. Howatson and Van Som-
eren (2003) reported that ice massage reduced creatine kinase levels, a 
marker of muscle damage, but did not exert significant effects on other 
recovery-related outcomes. These observations were supported by sub-
sequent work showing that ice massage failed to attenuate indirect 
markers of muscle damage or improve muscle function (Howatson et al., 
2005). In contrast, cold-water immersion has been associated with a 
more rapid recovery of counter movement jump performance, accom-
panied by a normalization and stabilization of creatine kinase levels. 
These findings suggest that cold-water immersion may preferentially 
facilitate recovery of stretch–shortening cycle performance, with evi-
dence indicating that moderately warmer water temperatures could be 
more effective for recovery following strenuous exercise (Vieira et al., 
2016).

In a clinical setting, CG have been shown to compress dilated veins 
and reduce venous reflux to enhance venous return and reduce oedema. 
This also increases ‘‘muscle pump’’ to accelerate blood flow (O'Riordan 
et al., 2023). A similar mechanism may underlie the benefits of CG in an 
exercise setting. For example, enhanced recovery of strength and power 
performance is frequently reported alongside reduced levels of oedema 
(Kraemer et al., 2001). While the successful management of oedema 
helps to reduce DOMS and increase mobility, this effect may also 
attenuate the progression of muscle damage. Fluid accumulation in 
muscle tissue increases osmotic pressure and subsequent cell lysis, while 
CG have been shown to reduce cellular trauma alongside swelling (Valle 
et al., 2014). Reductions in circulating levels of the intramuscular pro-
tein CK are frequently reported when CG are worn following exercise 
(Davies et al., 2009). Haemodynamic effects of CG have also been 
postulated to aid recovery by enhancing levels of nutrient delivery and 
metabolite removal (Born et al., 2013). Accordingly, observations of 
reduced muscle damage following post-exercise compression have been 
suggested to reflect enhanced cellular regeneration and protein syn-
thesis made possible by enhanced circulation.

7. Conclusion

EIMD should not be interpreted as a collection of isolated structural, 
biochemical, or inflammatory events. Rather, it represents a dynamic 
and interconnected biological continuum in which mechanical strain 
initiates sarcomeric disruption, metabolic exhaustion amplifies redox 
imbalance, and calcium dysregulation facilitates inflammatory activa-
tion. These upstream perturbations converge on cytokine-mediated 
regulation and growth-factor signaling pathways that ultimately
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determine whether tissue injury culminates in adaptive remodeling or 
maladaptive degeneration. Within this systems-oriented framework, 
reactive oxygen species function not merely as by-products of metabolic 
stress but as signaling intermediates linking mechanical load to immune 
modulation. Inflammatory mediators, in turn, act as transitional regu-
lators that coordinate debris clearance while simultaneously priming 
anabolic pathways. Growth factors such as IGF-1, FGF-2, VEGF, and 
emerging regulators including GDF3 integrate these upstream signals to 
consolidate hypertrophic, angiogenic, and neuroprotective adaptations. 
Thus, the outcome of EIMD depends less on the presence of damage itself 
and more on the magnitude, timing, and coordination of these over-
lapping regulatory layers.

By synthesizing structural, biochemical, inflammatory, and molec-
ular dimensions within a unified mechanistic cascade, this review ad-
vances a systems-level perspective of muscle injury and adaptation. This 
integrative model reframes EIMD not as a pathological endpoint but as a 
biologically orchestrated process in which controlled perturbation 
serves as the foundation for long-term functional improvement. Future 
research should therefore focus on the temporal synchronization and 
cross-talk among these pathways to better distinguish adaptive from 

maladaptive trajectories in response to exercise.

8. Future directions

Although there has been a significant development in the under-
standing of the mechanisms of muscle damage that occur with exercise, 
there are still some important gaps that the future studies should focus 
on. In the first place, there is an urgent necessity to develop and validate 
integrated biomarker panels consisting of classical leakage enzymes 
along with the structural and molecular biomarkers. These multimetric 
methods would enhance specificity, minimize inter-individual variation, 
and increase the temporal discrimination of muscle traumatic detection 
between various exercise modalities and groups. Second, future research 
must focus on longitudinal and systems-level research studies that can 
connect acute molecular reactions with long-term changes. However, 
most existing studies have described the independent pathways; there is 
still a lack of understanding of the dynamic interactions between me-
chanical loading, redox signaling, inflammatory response as well as 
growth factor activation during repeated training sessions. The new 

ways to understand the individualized progress of muscle damage and 
recovery can be provided by advanced omics-based methods in combi-
nation with high-resolution imaging and machine-learning-based 
modeling.

Third, more focus should be put on population-specific reactions to 
EIMD. The inflammatory, anabolic, and regenerative capacities between 
aging individuals, clinical populations, and elite athletes differ signifi-
cantly but most of the literature is based on the younger and healthier 
cohorts. Individualized research studies are thus needed to narrow down 
the exercise prescription, nutritional, and recovery interventions under 
varying physiological and pathological conditions. Lastly, the long-term 

effects of the popular recovery modalities cryotherapy, antioxidant 
supplementation and compression strategies need to be reconsidered. 
Future studies ought to extend past the short-term alleviation of symp-
toms to determine the effects of repetitive application of such in-
terventions on the molecular signaling, muscle plasticity, and training 
adaptation in long-term. Elucidating these trade-offs would be funda-
mental to the translation of mechanistic knowledge to the evidence-
based practice.

To sum up, transformative, longitudinal, and personalized studies 
that go beyond the reductionist paradigms will be needed to develop the 
area of EIMD further. With increased appreciation of the complexity of 
skeletal muscle biology, future research can make a better effort to 
utilize muscle damage as a controllable adaptation stimulus instead of a 
performance- and health-limiting factor.
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