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Introduction

The muscular system is one of the most important functional systems of the body. It not only determines physical
performance but also governs the body’s response to exercise. Understanding muscle fatigue and adaptation to stress
represents a central challenge in modern physiology. The functional reserve capacity of muscles plays a vital role in
determining the body’s adaptive potential and directly influences performance in training, competition, and occupa-
tional activities.

Advances in modern proteomic and genetic tools have significantly broadened our understanding of this field.
Contemporary research increasingly focuses on elucidating the molecular and functional mechanisms underlying
muscle function. However, recent approaches have overemphasized reductionist studies of individual components at
the expense of systemic analysis.
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In line with this review’s objectives, we present potential mechanisms and a schematic framework of key physio-
logical and pathological processes during prolonged exercise. From this perspective, we will examine two distinct
types of responses:
¢ Adaptive physiological response
e Pathological response (overload)

Below, we analyze each category in detail, examining the underlying physiological and biochemical processes.
1. Adaptive Physiological Response

Physical activity at this level can be characterized by sustained work performance under stable conditions. This is

achieved through coordinated involvement of all major physiological systems: the central nervous system, musculo-

skeletal system, respiratory system, and particularly the cardiovascular system. During such exercise, the body un-

dergoes profound physiological adaptations. These include:

e Maximum mobilization of energy systems, resulting in significant homeostatic changes in the internal environment;

e Complex biochemical processes in muscles that may lead to tissue hypoxia and accumulation of metabolic byprod-
ucts including reactive oxygen species (ROS).

To counteract potential adverse effects, the body activates protective mechanisms. These safeguard against patho-
logical developments and maintain muscle fiber integrity. In the following section, we will examine in detail the peak
exercise.

1.1 The role of nitric oxide

The data obtained demonstrate that nitric oxide (NO) plays a crucial role in regulating various physiological processes.
For example, NO exerts potent vasodilatory effects under conditions of moderate hypoxia or elevated acidity, thereby
enhancing blood flow and oxygen delivery during muscle contractions and supporting optimal performance [1-5].
However, during intense muscle contractions accompanied by excessive NO production, the scenario changes dra-
matically. Under these conditions, a pathological cascade is triggered, ultimately compromising oxygen availability
to muscles. This occurs because nitric oxide synthase (NOS), the enzyme responsible for NO production (Fig. 1,
point 1), becomes dysregulated due to sustained calcium elevation (Fig. 1, point 2).

For instance, excessive NO directly impairs mitochondrial respiration during exercise. When tissue NO concen-
trations exceed physiological thresholds (>10°¢ uM), it potently inhibits cytochrome ¢ oxidase, a key enzyme in
oxidative phosphorylation. This inhibition arises from NO’s competition with oxygen for binding sites on the enzyme
[6, 7]. Unlike oxygen, NO exhibits reversible binding to both reduced and oxidized forms of cytochrome c oxidase,
leading to nitrite (NO2z") formation and paradoxically increased oxygen consumption [8].

Furthermore, NO partially disrupts electron transfer between cytochromes b and c, affecting both reductases. Alt-
hough this inhibition is less pronounced than in cytochrome ¢ oxidase, it nevertheless promotes reactive oxygen
species (ROS) generation, including superoxide anion (O:"") and hydrogen peroxide (H20:) [9-11]. Additionally, NO
may impair complex I (NADH dehydrogenase) function via S-nitrosylation, where NO modifies protein thiols to
form S-nitrosothiols. This process can induce tyrosine nitration and damage iron-sulfur clusters [12-14].

All these factors collectively promote calcium release from intracellular stores and enhance its influx through
membrane ion channels [11, 15, 16]. Concurrently, depleted NAD+ levels impair mitochondrial function (Figure 2,
point 3) [17, 18]. The resulting oxygen diversion to non-respiratory substrates generates incompletely oxidized met-
abolic byproducts, while simultaneously increasing reactive oxygen species (ROS) production. Prolonged exposure
to these conditions may ultimately induce myofibril degradation [19].

To mitigate these effects, the body employs a sophisticated antioxidant defense system. Superoxide dismutase
(SOD) (Fig. 2, point 8), existing as distinct mitochondrial (Mn-SOD) and cytoplasmic (Cu,Zn-SOD) isoforms. Key
components: catalase, glutathione, and uric acid. Under physiological conditions, cellular SOD concentrations typi-
cally exceed NO levels by two orders of magnitude, thereby effectively preventing reactive nitrogen species (RNS)
formation, particularly peroxynitrite (ONOO") [20, 21]. However, when confronted with elevated H.O: concentra-
tions coupled with antioxidant depletion, this defense system may become overwhelmed (permitting ONOO™ gener-
ation (Fig. 2, point 4).
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Figure 1. Adaptive physiological response.

Notes:

(1) Excessive production of nitric oxide (NO)

(2) Additional release of calcium ions from the sarcoplasmic reticulum and from the environment
(3) Reduced NAD+ concentration and mitochondrial dysfunction

(4) Increased concentration of reactive oxygen species (ROS) and peroxynitrite (ONOO")

(5) Initial activation of calpains (CAPN)

(6) Inactivation of NOS (eNOS; nNOS)

(7) The impact of CAPN on the functioning of triads

(8) Increased activity of the antioxidant system

(9) Return of calcium with SERCA

(10) Activation of additional calcium buffer systems

(11) Activation of the Pi buffer system

(12) Activation of Bcl-2

(13) Activation of anti-inflammatory effects of the vagus nerve (n. Vagus)

Result: disruption of muscle function, reducing their ability to contract; the beginning of the recovery process.

Peroxynitrite (ONOQO") inhibits both Cu,Zn-SOD and Mn-SOD activity via tyrosine-34 nitration in these enzymes
[22]. When ONOO™ reacts with COs-, it forms nitrosoperoxycarbonate (ONOOCO, which rapidly decomposes into
*NO: and COse7, a potent oxidizing agent. Alternatively, ONOO™ protonation yields peroxynitrous acid (ONOOH),
another toxic species. In biological systems, CO.-mediated reactions predominate due to the 10,000-fold higher CO-
concentration versus protons. The transient ONOOCO:~ intermediate decomposes to produce: 96% nitrate (NOs"),
4% nitrogen dioxide radicals (*NO2) and carbonate radicals (COs¢"). These reactions represent a major peroxynitrite
decomposition pathway in physiology [23, 24]. Peroxynitrite can oxidize lipids, hemoglobin, myoglobin, cytochrome,
and DNA in target cells such as blood cells and mitochondria. It also binds to sulthydryl groups of proteins [25, 26].
The main targets are hemoproteins, which are proteins that contain iron. Interaction with peroxynitrite leads to the
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production of methemogloblin and nitrotyrosin [27, 28]. Nitric oxide oxidation products affect calcium balance in
cells. Peroxinitrite destroys cell membranes and plasma reticulums, leading to an influx of calcium and release of
calcium from the cytosol [25, 29].

Myofibrillar proteins: desmin,
vinculin, talin, dystrophin,
spectrin, and others.

Figure 2. Pathological response (overload).

Notes:

(1) Activation of CD38 leads to an increase in the concentration of NAADP

(2) Activation of acid lysosomes and the disruption of SERCA cause a sharp rise in calcium levels
(3) Calpain activity increases uncontrollably

(4) Myofibrillary protein degradation occurs

(5) Mitochondrial respiratory circuits are disrupted and calcium overload occurs

(6) Pro-apoptotic proteins and caspases are activated

Result: The death of muscle cells (myocytes) and the appearance of muscle dysfunction.

(7) Hyperproduction of pro-inflammatory cytokines

(8) Hyperproduction of i-NOS

(9) Activation of immunocompetent cells

Result: an inflammatory reaction develops in the lesion, and post-loading myasthenia gravis may also occur.

However, according to the laws of physiology, the main task of the body is to maintain homeostasis. If this balance
is disturbed, the body can die. The body has several mechanisms to maintain muscular function. Their main purpose
is to suppress excessive production of different substances and restore equilibrium. Among these processes, biologi-
cal mechanisms facilitated by a group of proteins known as calpains are important.

1.2 The importance of calpain in muscle contraction

It is advisable to consider the calpain system (CAPN) as one of the protective mechanisms against excessive produc-
tion of nitric oxide (Fig. 1, point 5). CAPNs are calcium-dependent cysteine proteases that are ubiquitously expressed
in mammals, with 15 different isoforms: CAPN1-3, CAPN5-16. All of these isoforms have a core cysteine protease
[30, 31]. However, there is an exception — CAPN4, which lacks a cysteine proteolytic core and is not recognized as
an independent calpain isoform. Instead, it is classified as calpain subunit 1 (CAPNS1). Classical calpains exist as
heterodimers, consisting of a large 80 kDa catalytic subunit and a small 30 kDa regulatory subunit. In skeletal muscle,
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there are three predominant calpain isoforms: CAPN1, CAPN2, and CAPN3 [30-34]. CAPN1 and CAPN2 are also
known as p-calpain and m-calpain, respectively, based on the different calcium levels required for their activation in
vitro. To activate CAPN1, a calcium concentration of ~0.5-2 uM is needed, while for CAPN2, ~50-150 uM is re-
quired [30, 35]. CAPN3, also known as p94, has a molecular mass of 94 kDa. Unlike CAPN1 and CAPN2, CAPN3
exists as a homodimer with two subunits [32, 36]. It can perform not only a proteolytic function but also a number of
other functions related to reparative processes. Additionally, CAPN3 is quite stable in skeletal muscle and is not
inhibited by calpastatin [37-39].

The key activator of calpains is calcium, but there are other methods of activation as well. For example, calpains
can undergo autoproteolysis, which involves removing the N-terminal domain [30-32]. This allows for activation
CAPN at low calcium concentrations in the cell. Autoproteolysis of CAPN2 leads to a 25-fold decrease in the amount
of calcium required for half-maximal activation. According to the literature, autoproteolysis corresponds to the initial
activation of calpains. Therefore, autolyzed forms of CAPN1 and CAPN2 are often used as markers of calpain acti-
vation in skeletal muscle [40]. Research by T. Raastad, et al. (2010) found that calpain activity increased three-fold
immediately after intense eccentric exercise training and persisted for 95 hours after the end of training [41]. The
majority of calpain activity was noted in the myofibrillar fraction, which is insoluble [31, 32, 40].

Unlike other proteolytic systems, such as ubiquitin-proteasome, autophagic, or caspase, calpains are activated
without the need for ATP. However, due to their specificity of action, p or m-calpain are unable to cleave intact
myosin and actin [37, 42, 43]. Calpains can affect the level of nitric oxide production as well. As mentioned earlier,
e-NOS forms a complex with HSP90, which is a substrate for calpain. When calpain activates, it destabilizes this
complex and inhibits e-NOS [44]. Interestingly, HSP90 is also necessary for the functioning of the hormone-binding
domain. For instance, its destruction leads to a decrease in glucocorticoid activity [45]. It was found that n-NOS is
bound to a1-syntrophin, a protein in the dystrophin complex that contains PSD-95. This means that activating calpain
leads to the degradation of dystrophin, which in turn deactivates n-NOS. All these processes result in a sharp decrease
in the free concentration of nitric oxide during prolonged exercise (Fig. 1, point 6).

Calpains may directly contribute to a decrease in muscle strength during extended physical activity (Fig. 1, point
7). There are so-called “triads” (junctions of the T-system and SR) in muscles, which promote the release of Ca?" in
response to the action potential [46, 47]. This complex includes dihydropyridine receptors, which are slow voltage-
sensitive L-type Ca channels, transmitting an electrical signal to the membrane of the sarcoplasmic reticulum. Studies
by K. Kanzaki, et al. (2017) have shown that pharmacological inhibition of calpains prevents the reduction in muscle
activity caused by long-term exercise [48]. This is because there is no decrease in the protein content of junctophilin
1 (JP1) and junctophilin 2 (JP2) located in the DHPR. Junctophilins pass through the T-tubule membrane and bind
to the ER, playing a crucial role in forming the triad junction. It should be noted that mice with a knockout of the
gene practically do not survive [49].

As mentioned earlier, the main function of calpains is to reduce muscle strength in response to physical activity.
They also participate in protein breakdown, inflammatory processes, and apoptosis. However, they play a crucial role
in protein metabolism in muscle cells and remodeling processes. According to research, when skeletal muscles ex-
perience microtraumas due to physical activity, they partially damage myofibrils. Under these conditions, calpains
help to dismantle the damaged areas locally, which accelerates the synthesis of new proteins and the recovery process
[50, 51]. For example, an experiment on rodents showed that the rate of breakdown of tropomyosin and a-actinin by
calpain increased by 48% and 103%, respectively, in response to a single endurance training session [52]. It is pos-
sible that calpains play a significant role in the formation of new myosin isoforms in the myofibrillar system. For
example, a fully assembled myosin molecule is large (~520 kDa) and, therefore, partial disassembly is necessary to
introduce the large protein structure into the packaged myofibrillar apparatus [35, 43, 50]. It’s worth noting that
calpains cause protein proteolysis, unlike the ubiquitin-proteasome, autophagy, or caspase systems, which cause deg-
radation. On the other hand, calpains play an important role in membrane repair by cleaving dysferlin. A significant
decrease in membrane repair in response to eccentric load was observed in an experimental model of mice lacking
the dysferlin gene. This suggests that the lack of dysferlin prevents calpains from degrading it into mini-dysferlin,
which is necessary for membrane repair [53].

Unlike other calpains, CAPN3 can be activated without calcium by sodium ions. CAPN3 exists as a homodimer
of two subunits and performs both a proteolytic and a regulatory function. Studies show that CAPN3 plays a key role
in muscle recovery processes [37, 39, 54]. Based on theoretical assumptions, gene knockout mice with a preserved
structure but inhibited proteolytic activity were bred for CAPN3. It turned out that normal restoration of triad
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connections between connectin and titin occurred in mutant mice after physical exercise, and calcium release chan-
nels in skeletal muscle were also activated. This proves the important regulatory role of CAPN3 [38, 39, 55].

Therefore, normally, calpains may play an important role in changes in fiber type and muscle growth in response
to exercise, promoting, for example, the integration of the myosin heavy chain into myofibrils [32].

In accordance with the above, calpains are an important component in the physiological processes occurring in
muscles both normally and in pathology. Apparently, calpain can also perform a protective role by primary oxidation
of contractile proteins normally. By destroying “triads” and disrupting the mechanism of muscle contraction, it pro-
tects the muscle from further overload and death. On the other hand, nitrogen hyperproduction can have a great
negative effect during muscle loads, and calpains can be an effective mechanism for its regulation.

The list of functions of calpains is not limited to the proteolysis of specific proteins, and their functions remain to
be studied. However, to control the physiological processes in muscles, especially the activity of calpain, it is essential
to regulate the level of calcium. The muscles have various buffering systems that act as regulators of calcium balance.
One of the key players in this process is myoplasmic phosphorus (P1).

1.3 Myoplasmic phosphorus

When a muscle continues to work under load, several mechanisms are triggered to protect it from transitioning to a
pathological state. These mechanisms are activated in the muscle to regulate calcium levels during prolonged exercise.
Various substances such as claretinin, troponin C, including those in the mitochondria, are activated in muscles to
regulate calcium levels during prolonged exercise. These substances act as fast buffer systems and are activated at
the initial stages of muscle contraction, protecting the muscle from overload and the development of pathological
processes (Fig. 1, point 10). However, these substances may not be able to effectively regulate calcium concentration
if the muscle continues to perform the load after physiological fatigue sets in. Based on literature data, inorganic
phosphate (Pi) is suggested as an additional regulator of calcium metabolism at this stage (Fig. 1, point 11). Unlike
other structures, activation of the Pi buffer system requires much more time. Pi is formed due to the breakdown of
phosphocreatine under the action of creatine kinase. This occurs when there is a lack of oxygen for glycolytic oxida-
tion in the muscle or when the main energy substrates are depleted [56].

In a classic study conducted by H. Gonzalez-Saratov, et al. (1978), the concentrations of calcium and phosphorus
were measured in individual frog muscles during repeated tetanus using microelectrodes [57]. The authors concluded
that Ca®" stores were not depleted during fatigue, and the decrease in contractile activity was caused by disruption of
the sarcoplasmic reticulum. Based on this, they suggested that Pi may play a key role in regulating calcium metabo-
lism [58-61].

A number of other authors confirmed the role of phosphorus in regulating muscle contraction by conducting ex-
periments later on. According to research, the critical value for Ca®" precipitation in the SR is a Pi concentration
greater than 6 uM, which leads to the formation of the CaPi complex [60-62].

Additionally, it should be noted that phosphorus enters the SR through specialized channels without the need for
energy expenditure. This allows it to easily move through the membrane in both directions, maintaining a dynamic
equilibrium [63]. Furthermore, it is important to consider that Pi can interact with H" in a synergistic manner, reducing
the sensitivity of the myofilament to Ca?* [64, 65]. Experimental studies have shown that a pH level of 6.2 signifi-
cantly reduces the maximum rate of fiber shortening in rats and rabbits by 11-30%. It is believed that elevated H*
levels decrease the affinity of troponin C (TnC) binding sites for Ca** [66-68]. The combination of pH=6.2 and 30
mM Pi caused a 55-63% decrease in peak power in rabbit and rat fibers [68, 69].

Another crucial player in regulating calcium balance and overall homeostasis is the intracellular protein factor Bcel-
2. This protein, along with myoplasmic phosphorus, plays a vital role in maintaining the delicate balance of calcium
in the body.

1.4 The intracellular protein factor Bcl-2

According to point 12 of the proposed scheme, an increase in the expression of the Bcl-2 can be an additional regu-
lator of calcium metabolism. The Bcl-2 family is one of the key elements in regulating both autophagy and apoptosis
[70, 71]. Structurally, members of the Bcl-2 family are globular proteins consisting mainly of alpha-helices. They are
characterized by conserved Bcl-2 homology domains (BH1 — 4) [72]. Based on this, three subgroups of the Bcl-2
family have been identified:

* Anti-apoptotic multidomain proteins that contain all four BH domains (Bcl-2, Bel-xL, and Mcl-1).
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* Pro-apoptotic multidomain proteins that contain three BH domains (Bax, Bak, and Bok).
* Pro-apoptotic proteins that contain a single BH3 domain (e.g., Bad, Bid, and Bik).

As mentioned above, Bcl-2 plays a crucial role in coordinating apoptosis signaling. Immunohistochemical analysis
of myofibrils in 15-month-old children with spinal muscular atrophy showed no expression of the anti-apoptotic
protein Bcl-2 and an abundance of the pro-apoptotic protein Bax. On the other hand, overexpressing Bcl-2 can reduce
the production of free radicals and the formation of lipid peroxides [73-75].

However, as it turned out, this is not their only function. The Bcl-2 family is found in almost all cellular structures
involved in Ca®" processing (mitochondria and SR, etc.) and can have a strong influence on the calcium balance in
the cell. It was found during the studies that a large number of Bcl-2 homologs, both multi-domain anti-apoptotic
(Bcl-2, Bel-xL, Mcl-1) [76, 77], and pro-apoptotic proteins (Bax, Bak and Bok) [78], as well as proteins only BH3
(Bim, Bik), are contained in the membrane of the endoplasmic reticulum [79]. The fact is reflected in works that
studied the relationship between anti-apoptotic Bcl-2 and Ca?" homeostasis (Fig. 1, point 12). As a result of the
experiments, it was concluded that its overexpression not only prevents a decrease in the internal Ca?* concentration,
but also reduces its exit from the SR [80-82]. Bcl-2 has been noted to suppress Ca?* influx across the plasma mem-
brane as well.

Experimental work has shown that additional exogenous influx of calcium into the cell is activated because of
depletion of Ca”" in the ER, thereby increasing the risk of apoptosis. However, overproduction of Bcl-2 markedly
reduced the increase in Ca”* caused by its additional addition to a cell in which Ca?" stores had been completely
depleted by SERCA blockers [81]. Later, using cell lines, a number of authors also confirmed the previously made
assumption about the role of Bcl-2 in calcium metabolism [82-84].

Thus, Bcl-2 not only remotely controls the functioning of mitochondria at the level of the SR but also regulates
calcium balance through direct binding to calcium transporters and mediators of the unfolded protein response (UPR)
(Fig. 1, point 12) [72]. Activation of anti-apoptotic components, including Bcl-2, along with other regulatory mech-
anisms, can effectively block the apoptotic pathway and maintain calcium homeostasis, inhibiting calpain activity
and increasing myocyte survival. A decrease in the concentration of calcium ions contributes to a gradual decrease
in the strength and duration of contraction, preventing pathological processes. However, this issue requires further
research to confirm or refute these findings.

When studying the molecular processes behind muscle contraction, it is crucial to remember the significant role of
the nervous system in ensuring the proper functioning of muscles.

1.5 The importance of the nervous system

The role of the nervous system in the development of fatigue has been noted in the literature, and in particular, the
role of group III/IV afferent nerve fibers innervating muscles. They influence muscle contraction by inhibiting alpha
motor neurons, motor cortex neurons, insular cortex, cingulate cortex, and other areas. However, according to the
literature, these receptors have different subtypes: purinergic receptors (P2X2,3.4), transient receptor potential vanil-
loid type 1 and 2 (TRPV1/2), and acid-sensing ion channels 1, 2 and 3 (ASIC 1- 3) [85-87]. Although they project to
the same site in the spinal cord, it is currently unknown which projections each subtype has at different supraspinal
levels (Fig. 1, point 13). However, it has been established that one subtype, the so-called metabo- or ergoreceptor,
responds only to physiological levels of metabolites (lactate, adenosine triphosphate (ATP), protons) associated with
normal physical exertion [88]. The other subtype, the so-called metaboreceptor, responds only to higher (and simul-
taneously harmful) levels of metabolites (reactive oxygen species (ROS), nitric oxide compounds) present in muscles
during ultra-strong and prolonged contractions [86-88]. In all likelihood, this is an additional protective component,
protecting the muscle from destruction.

The role of the nervus vagus is a remarkable aspect in the development of inflammation in muscle (point 13). The
vagus nerve is a key regulator of the inflammatory process in the body, but its role in muscle inflammation is not
well understood. Experiments have shown that stimulating the vagus nerve (NVS) can reduce the release of pro-
inflammatory cytokines during acute inflammation [89-92]. When rodents are exposed to NVS for a short period of
time, they show a decrease in the release of pro-inflammatory cytokines over a 24-hour period [90, 93, 94].

Based on these findings, the effect has been named the “cholinergic anti-inflammatory pathway” and can be used
as a therapeutic approach for chronic inflammatory diseases, particularly after exposure to prolonged stress [95, 96].
The mechanism behind this effect is controlled by the interaction between acetylcholine and the alpha-7-nicotinic
acetylcholine receptor (a7nAChR) in immune cells and various tissues. For example, the anti-inflammatory effects
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of NVS are mediated by the binding of Janus kinase-2 (JAK2) to the a7nAChR. This binding leads to the phosphor-
ylation of signal transducer and activator of transcription-3 (STAT3), which blocks the activity of NF-«kB, as well as
TNF-a and the production of other pro-inflammatory cytokines [96-98].

It’s also worth noting that animals with a deficiency of vagus nerve activity are more sensitive to experimental
sepsis and pancreatitis. Uncontrolled hyperinflammation develops against the background due to increased produc-
tion of pro-inflammatory cytokines. T. Inoue, et al. (2016) [99], Y. Lai, et al. (2019) [100], and Y. Zhang, et al. (2019)
[101] demonstrated that activating the vagus nerve also reduces damage from ischemia-reperfusion injury (I/R) in
various organs. This reduction occurs by decreasing the inflammatory response and lowering the likelihood of cell
death. Y. Xin, et al. (2022) noted in their study that during I/R, levels of Bax, cleaved caspase-3, and cleaved poly
(ADP-ribose) polymerases (PARP) were decreased [102]. C.M. Knight, et al. (2011) found that inhibiting the activity
ofthe vagus nerve led to a decrease in the expression of SIRT1 [103]. SIRT1 is involved in protecting skeletal muscles
and endothelial cells from cell death under ischemic conditions [104].

It can be inferred that the vagus nerve may significantly influence inflammatory and anti-inflammatory processes
in muscles during intense physical exercise by regulating the immune response through immune cells. Therefore, the
vagus nerve represents a promising therapeutic target for enhancing performance and protecting muscles from devel-
oping pathological processes and myocyte death. However, the question remains: does the vagus nerve directly affect
muscle fibers during inflammation, or does it only indirectly regulate the activity of immune cells? Unfortunately,
the current understanding of the role of the parasympathetic nervous system in regulating physiological processes in
muscles is limited, and further research is needed to fully comprehend this topic. According to available data, the
body’s defense system plays a key role in regulating muscle function. It is a complex and dynamic system in which
every element is important for maintaining healthy muscle tissue. However, sometimes this system cannot cope with
its function, which can lead to various pathological effects, including apoptosis. Such effects can occur, for example,
with excessive physical exertion.

2. Pathological Reaction (Overload)

Excessive and prolonged physical activity can lead to muscle damage, manifesting itself in both structural and met-
abolic changes. The condition occurs due to severe depletion of the functional reserves of the body and the inability
of protective systems to cope with the task. One consequence of overloading is the overtraining syndrome, causing
chronic fatigue and reduced performance. Additionally, it can trigger the development of pathological processes in
both muscles and the body as a whole. An analysis of published studies has identified several factors leading to a
pathological condition in muscles under overload conditions. Excess physical activity causes structural changes in
muscle due to primary activation of immune systems and calpain. Mechanisms can be activated in such conditions
that exacerbate the process.

2.1 Additional source of calcium and its origin

According to the literature, there are two main ways for a cell to increase its calcium concentration: by releasing
calcium from intracellular stores or by taking it in from the extracellular space [105-107]. The sarcoplasmic reticulum,
which contains calcium, plays a key role in this process. It releases calcium through inositol 1,4,5-trisphosphate (IP3)
receptors or ryanodine receptors that are activated by cyclic ADP-ribose [107-109]. However, when these channels
are blocked, a significant release of calcium ions into the cell can occur. This leads us to question where the potential
for this release comes from during intense physical activity?

The literature suggests that cytosolic calcium may also increase due to activation of the secondary messenger
NAADP (nicotinic acid adenine dinucleotide phosphate) [110] (Fig. 2, point 1). NAADP was first described in 1995
as a potent Ca**-mobilizing adenine nucleotide in sea urchin egg homogenates [111, 112]. It activates the release of
calcium from acidic endolysosomal stores [108, 112-114]. A remarkable fact is that lysosomes can act not only indi-
vidually, but also together with SR. When they are activated, a local burst of calcium ion release may occur first, and
then a “triggered” Ca®" release occurs, which secondarily recruits IP3R or RyR, causing the so-called “global cyto-
solic signal” of Ca?" (Fig. 2, point 2) [111, 112, 115].

It should also be noted that lysosome activity depends on the concentration of NAADP. Subthreshold concentra-
tions of NAADP cause local depolarization on the lysosome surface with the release of a small amount of calcium
ions. A prolonged refractory period develops against this background, blocking further interaction between NAADP
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and two porous receptors on the lysosome surface [116]. This effect may be a protective mechanism in the cell that
prevents random activation of lysosomes and uncontrolled release of calcium into the cytosol. CD38 is one of the
key enzymes that activates NAADP.

CD38 is a type of protein that sits on the surface of cells, with a weight of about 45 kDa. It belongs to a group of
proteins called ADP-ribosyl cyclases. One of its key functions is to convert a substance called NAD (nicotinamide
adenine dinucleotide) into two other substances called ADPR and NAADP [117]. CD38 is found in various types of
cells, including those in the airways and in the smooth muscle cells that line them [118]. It also plays a role in the
muscles and heart cells, where it exists as two different types of proteins: type Il and type III. In the case of type II,
the catalytic site of CD38 is exposed to the outside of the cell, while in type III, it is exposed to the inside of the cell
[119-121]. Research has shown that CD38 is considered to be the primary consumer of NAD* in mammals, including
the heart and skeletal muscles. This is due to its NAD™" glycohydrolase activity [117, 122-124].

During muscle overload, pro-inflammatory cytokines such as TNF-a, IL-13, and NF-kB can activate CD38. As a
result, there is a rapid increase in the concentration of NAADP in muscle cells, which can lead to an uncontrolled
flow of calcium. This can disrupt the normal functioning of muscles and contribute to the development of pathological
processes [123, 125-127].

Furthermore, a significant increase in calcium in the muscle cells can trigger a chain of events that may lead to the
death of a muscle cell. The calpain family of proteins is recognized as one of the participants in this process of cell
death, known as apoptosis.

2.2 The causes of apoptosis in muscle cells

It can be seen in Figure 2, point 3 that under certain conditions, such as activation of acidic lysosomes and interaction
with plasma reticulum receptors, there is a noticeable increase in the activity of calpain 1-3. Additionally, some
cytokines can activate calpain-2 by increasing stress on the plasma reticulum [128]. As a result, calpain-2 can enhance
the production of IL-6, IL-12, and IL-17, contributing to the development of an inflammatory response [129]. What
makes calpains unique is their ability to directly recognize substrates without relying on ATP. Furthermore, the ac-
cumulation of reactive oxygen species can enhance the action of calpains by causing conformational changes in the
structure of skeletal muscle proteins [130, 131].

On the other hand, certain kinases and phosphatases can increase the susceptibility of specific calpain substrates
by modifying them through phosphorylation or dephosphorylation. For instance, protein kinase C (PKC) can phos-
phorylate troponin-I, making it more vulnerable to degradation by calpain [30, 31, 130]. This leads to an acceleration
in the breakdown of sarcomeric and cytoskeletal proteins, resulting in the disassembly of myofibrils and the initiation
of degradation of myofibrillar proteins through the proteasome complex (Fig. 2, point 4). Caspase-3 (CASP-3) is
another target of calpain. In an experiment on mice with sepsis, calpain induced the activation of caspase-3 in the
myocardium and apoptosis by reducing the binding between Hsp90-Akt. Caspase-3, in synergy with calpain-3, is
known to inhibitor calpastatin, which is the main antagonist of calpain [128, 38, 39].

The activation of calpains can also influence the process of cell death, known as apoptosis. Calpains can cleave
key regulators of the apoptotic pathway, such as Bcl-2, Bcl-X1, Bid, and XIAP (X-linked inhibitor of apoptosis) [132-
134]. When negative processes continue in mitochondria, such as increased levels of reactive oxygen species (ROS)
and calcium concentration, as well as disruption of the respiratory chain, calpain activity can become uncontrolled.
This leads to the activation of pro-apoptotic proteins Bax (localized in the cytosol) and Bak (located in the mitochon-
drial fraction) (Fig. 2, point 5). Normally, Bax and Bak exist as inactive monomers. However, when activated, they
increase the permeability of the outer mitochondrial membrane. This causes the release of intermembrane caspase
cofactors into the cytoplasm [135, 136]. As a result of mitochondrial membrane destabilization, cytochrome C is able
to enter the cytosol. This initiates the process of assembling a complex that increases the activity of apoptosis prote-
ase-1 (Apaf-1) and caspase-9, known as the “apoptosome” [137]. Another factor that influences the process of apop-
tosis is the apoptosis-induced factor (AIF). Calpains promote the release of AIF from the mitochondria. AIF then
passes into the nucleus, causing chromatin condensation and DNA degradation [137-140]. This process is triggered
by uncontrolled activity of calpains, which mainly contributes to the development of apoptosis (Fig. 2, point 6).

However, we believe that CAPN-2 is a key element in this mechanism. Its full activation requires high concentra-
tions of calcium in the cell. The effect is achieved through the activation of acidic lysosomes and interaction with the
SR. Additionally, an uncontrolled influx of exogenous calcium due to a violation of membrane integrity can trigger
the process. All these factors initiate a cascade of pro-apoptotic systems, leading to cell death. Further research in
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this area is an important direction. It can help identify informative targets for therapy and control of muscle condition
after intense and ultra-intense physical load.

It is quite logical to assume that the immune system does not stand aside in the physiological, and even more so,
in the pathological processes occurring in the muscles. Activation of endogenous inflammatory mediators’ cytokines
(myokines), such as interleukin (IL)-1, tumor necrosis factor (TNF)-a and toll-like receptor (TLR)-4 and others
occurs due to the onset of destruction of myofilament proteins under the influence of the calpain system and its
products [141, 142].

2.3 Immunological reaction

Myokines are cytokines that are produced by muscle cells in response to contractions. These myokines play a role in
regulating metabolism in muscles and other tissues (Fig. 2, point 7). They can also enhance the immune response at
the site of injury by attracting and activating immune cells, such as macrophages [142-145]. The most studied is IL-
6, which is considered a key cytokine/myokine involved in the regulation of inflammation. At rest, the concentration
of IL-6 in the blood ranges from 1.5 to 6.4 picograms per milliliter (pg/ml), while in the muscle intercellular space,
it ranges from 0 to 8 pg/ml [146, 147]. However, after physical exertion, this indicator significantly increases, fluc-
tuating between 641 and 2609 pg/ml [148, 149]. A prolonged increase in IL-6 levels in muscles can negatively affect
the electron transport chain in mitochondria and increase the oxidative capacity of neutrophils, causing damage to
protein structures in myofibrils [150]. Although IL-6 is involved in pro-inflammatory responses in normal cells, it
can also act as a protective anti-inflammatory myokine in muscle tissue [149, 151-153]. IL-6 knockout mice show a
significant increase in TNF-a concentrations [154, 155]. The fact is explained by the fact that an increase in the
production of IL-6 leads to the activation of anti-inflammatory components, such as IL-10, IL-1Ra [156-160]. It
should also be noted that, according to literature data, the concentration of immune cells has a maximum concentra-
tion, on average, only 24 hours after exposure to the muscle (Fig. 2, point 9) [161-163].

Myokines have the ability to activate key components responsible for cellular regulation. For example, they can
activate nuclear factor (NF)-xB and p53. NF-kB is a protein that regulates the process of activating proteins involved
in the degradation of specific muscle proteins. P53, on the other hand, can cause cell cycle arrest, apoptosis, and
skeletal muscle atrophy [164-166]. It should also be noted that NF-«B is an activator of inducible nitrogen synthase
in the early stages of inflammation in muscles, even without the involvement of macrophages. The main role of i-
NOS (Fig. 2, point 8) is to participate in the inflammatory process [167-170]. However, opinions on this matter differ.

Some researchers believe that increased synthase activity may lead to negative effects. Under conditions of dis-
rupted physiological processes in the cell, increased production of i-NOS can contribute to the worsening of oxidative
stress and further destabilization [167-171]. H. Nakazawa, et al. (2017) showed that overproduction of i-NOS causes
S-nitrosylation of SIRT1, an NAD"-dependent deacetylase that regulates oxidative stress and inflammation [172].
Inactivation of SIRT1 increases the acetylation and activity of nuclear factor-kB and p53, thereby increasing the
breakdown process in muscle. It can be assumed that i-NOS interacts with NF-kB according to the principle of pos-
itive feedback, enhancing each other’s effects. In turn, when NF-kB is overexpressed, it causes muscle disorders by
increasing the transcription of muscle-specific proteins called ubiquitin ligases. These proteins are known as atrogens
and include TRIM63 (also known as Murfl) and atrogin-1 (also known as F-box or MAFbx) [168, 173, 174].

Activation of p53 leads to apoptosis by increasing the expression of genes that promote cell death, such as Bax,
Fas, and Fas ligand (FasL) [175]. This fact is confirmed by an experiment conducted by H. Nakazawa, et al. in 2017.
They found that systemic inflammation induced by lipopolysaccharide (LPS) and age-related muscle wasting in ro-
dents increases the production of iNOS (inducible nitric oxide synthase), S-nitrosylation of SIRT1, and the activation
of p65 NF-«xB (nuclear factor kappa-light-chain-enhancer of activated B cells) and p53. i-NOS may indirectly con-
tribute to the increase in intracellular calcium levels due to its co-localization with RyR1 in skeletal muscle [176,
177]. RyR1 has a cysteine residue at position 3635 (Cys3635) that is highly sensitive to and targeted by S-nitrosyla-
tion formed by NO [178].

On the other hand, iNOS may also help suppress the hyperimmune response. D.M. McCafferty, et al. (1997) [179]
and E. Rigamonti, et al. (2013) [180] noted that i-NOS production reduced the degree of immune cell infiltration and
contributed to the establishment of an effective homeostatic response to muscle damage. P. Rovere-Querini, et al.
(2014) found that i-NOS deficiency in knockout mice resulted in higher muscle chemokine levels compared to wild
type [181]. In all likelihood, the key factor in the development of a particular situation is the concentration of nitric
oxide produced during the inflammatory response, as well as the activation of other protective mechanisms. However,
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the role of i-NOS in the development of inflammatory reactions in muscles requires further investigation.

In this context, the process can be described as a delayed immune response (points 7-9). This may lead to the
development of “post-loadal myasthenia gravis” due to the production of autoantibodies against the acetylcholine
receptor. This makes sense because there is a specific time after a heavy load when there are usually not only pain
sensations but also a significant decrease in the muscle’s functional abilities. It’s also possible that “post-exertional
myasthenia” is a kind of protective mechanism that helps the muscle recover fully.

3. Conclusion

During the preparation of this article, we analyzed a large body of scientific literature focusing on the roles of nitric
oxide, calcium ions, the protein family (calpains, calpastatins, sirtuins), acetylcholine receptors, cytokines, and the
influence of the nervous system on muscle activity. However, the fragmented nature of published data complicates
the formation of a comprehensive understanding of the dynamic processes occurring during muscle exertion.

In this review, we draw attention to the fact that some well-known elements traditionally associated with muscle
fatigue may perform other functions that go beyond their classical interpretation. The findings presented in this article
enhance the understanding of molecular and physiological processes in muscles and may serve as a foundation for
further research. In the long term, this could help identify critical control points in fatigue mechanisms and develop
novel methods for monitoring muscle activity under various loads. It should be noted that this article has certain
limitations, as it is based on selected theoretical and empirical findings from other researchers. The proposed frame-
work is not definitive and may be significantly revised and expanded through experimental work. We believe this
approach opens new avenues for more effective management of the body’s functional state during physical activity,
ultimately improving performance and minimizing the adverse effects of exertion.
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