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Abstract. Calcium ions (Ca?") are the primary regulators of excitation—contraction coupling in skeletal
muscles. Efficient calcium exchange in athletes ensures high muscle strength, endurance, and rapid recovery.
This article analyzes the role of Ca*" ions in muscle contraction, sarcoplasmic reticulum activity, and fatigue
mechanisms during physical exercise. Particular attention is given to calcium channels, SERCA pumps,
oxidative stress, and training-induced adaptations in skeletal muscles. The findings indicate that regular
physical training improves calcium transport efficiency, delays fatigue onset, and enhances athletic
performance.
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Introduction

Sports physiology investigates the functional and adaptive changes that occur in the human body
during physical activity. Modern athletic performance depends not only on organ-level adaptations but also
on molecular and cellular mechanisms within skeletal muscles. Among these mechanisms, calcium ions
(Ca?") play a central role in regulating muscle contraction, intracellular signaling, and energy metabolism
(Hall & Hall, 2021).

Calcium ions function as universal intracellular messengers that participate in excitation—contraction
coupling, enzyme activation, mitochondrial metabolism, and neuromuscular transmission (Hille, 2001).
During muscle activation, action potentials propagate along the sarcolemma and T-tubules, triggering Ca?*
release from the sarcoplasmic reticulum. Released calcium binds to troponin C and initiates interaction
between actin and myosin filaments, resulting in muscle contraction (Berchtold et al., 2000).

Sustained physical exercise requires repeated cycles of calcium release and reuptake. Therefore,
efficient Ca?* transport systems are essential for maintaining muscle performance and preventing fatigue.
Disturbances in calcium homeostasis during high-intensity exercise are strongly associated with reduced
contraction force, metabolic stress, and impaired recovery (Allen et al., 2008).

Recent scientific studies demonstrate that regular physical training induces adaptive changes in
calcium handling systems, including increased SERCA pump activity, improved calcium channel sensitivity,
and enhanced sarcoplasmic reticulum function (Wilmore et al., 2023). These adaptations contribute to
increased endurance and fatigue resistance in athletes.

The aim of this article is to analyze the role of Ca*" exchange in muscle contraction and fatigue
mechanisms in athletes from the perspective of sports physiology.

Materials and Methods

This article was prepared based on a review and analysis of scientific literature related to sports
physiology, skeletal muscle physiology, calcium signaling, and ion channel function. International review
articles, physiological textbooks, and experimental research papers were used as primary scientific sources.

The analysis focused on:

« excitation—contraction coupling mechanisms;

« calcium transport in skeletal muscle fibers;

« sarcoplasmic reticulum function;

« SERCA pumps and ryanodine receptor activity;

« fatigue-related disturbances in calcium homeostasis;

« adaptive changes induced by regular physical training.

Comparative and descriptive physiological approaches were applied to summarize modern scientific
understanding regarding calcium regulation in athletes.

Results

Role of Ca* in excitation—contraction coupling

713



Conservation of biological diversity in Central Asia: a

problems, solutions and prospects ’ ) a

Muscle contraction begins with propagation of an action potential along the sarcolemma and
transverse tubules. Depolarization activates voltage-sensitive dihydropyridine receptors, which subsequently
stimulate ryanodine receptors located on the sarcoplasmic reticulum membrane. As a result, Ca?" ions are
released into the cytoplasm (Rossi & Dirksen, 2006).

Released calcium binds to troponin C, causing displacement of tropomyosin and exposure of active
sites on actin filaments. This process enables actin—-myosin cross-bridge formation and force generation
(Berchtold et al., 2000).

The relationship between intracellular calcium concentration and contraction force can be represented
as:

F & [Ca?*];

This relationship demonstrates that muscle force production directly depends on intracellular calcium
concentration. Regular physical training improves calcium channel sensitivity and increases the efficiency of
excitation—contraction coupling, allowing athletes to produce stronger and faster muscular contractions
(Wilmore et al., 2023).

Sarcoplasmic reticulum and SERCA pump activity

The sarcoplasmic reticulum serves as the primary intracellular calcium storage organelle in skeletal
muscle fibers. During muscle relaxation, SERCA (Sarcoplasmic/Endoplasmic Reticulum Ca?*-ATPase)
pumps actively transport calcium ions from the cytoplasm back into the sarcoplasmic reticulum using ATP
energy (Place et al., 2010).

Calcium reuptake can be expressed as:

2+ 2+
Cacytoso.t - CaSR

Efficient SERCA activity is essential for rapid muscle relaxation and repeated contractions during
athletic performance. During intense exercise, ATP depletion may impair SERCA pump function, resulting
in delayed calcium reuptake and muscle fatigue (Allen et al., 2008).

Training-induced increases in SERCA protein expression have been observed in athletes, suggesting
improved recovery capacity and enhanced calcium cycling efficiency (Maclintosh et al., 2012).

Calcium homeostasis and muscle fatigue

High-intensity exercise causes significant metabolic and ionic disturbances within skeletal muscles.
ATP depletion, accumulation of lactate and inorganic phosphate, and increased oxidative stress negatively
affect calcium homeostasis (Fitts, 2008).

Major mechanisms contributing to muscle fatigue include:

> reduced calcium release from the sarcoplasmic reticulum;

> decreased sensitivity of troponin to Ca*";

> impaired SERCA pump activity;

> oxidative damage to calcium channels;

> disruption of excitation—contraction coupling (Powers & Jackson, 2008).

Reactive oxygen species generated during exhaustive exercise may damage ryanodine receptors and
membrane proteins involved in calcium transport. Consequently, calcium regulation becomes impaired,
reducing muscle contraction efficiency (Place et al., 2010).

Prolonged elevation of cytoplasmic Ca?* concentration may also activate proteolytic enzymes and
contribute to cellular damage in fatigued muscles (Clausen, 2003).

Adaptive changes induced by physical training
Regular exercise training induces important structural and functional adaptations in calcium transport
systems. Athletes commonly demonstrate:

» increased sarcoplasmic reticulum volume;

» enhanced SERCA pump activity;

» improved calcium channel sensitivity;

» increased mitochondrial ATP production;

» greater resistance to oxidative stress (Wilmore et al., 2023).
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Role of Ca®* Exchange in Muscle Contraction and Fatigue Mechanisms in Athletes

2.Ca’ Release from SR 3.Ca™ Binds to Troponin 4, Cross-Bridge Formation 5.Ca" Reuptake and
ion)

Muscle Fatigue Impros

—— o e s pectorm:

Figure 1. Ca?* exchange mechanisms in skeletal muscle during excitation—contraction coupling,
showing calcium release from the sarcoplasmic reticulum, binding to troponin, actin—myosin cross-bridge
formation, and ATP-dependent reuptake via SERCA pumps, along with fatigue-related disruptions and
training-induced adaptations in athletes.

Aerobic training particularly improves mitochondrial function and ATP synthesis, supporting more efficient
calcium reuptake during repeated contractions (Powers & Jackson, 2008).

Furthermore, long-term training enhances antioxidant defense systems, helping protect ion channels and
membrane proteins from oxidative damage. These physiological adaptations contribute to delayed fatigue
development and improved athletic performance.

Table 1.
Role of Ca** Exchange in Skeletal Muscle Function and Fatigue Development
Physiological . . . . I .
Main Function Effect During Exercise Contribution to Fatigue
Component
1 2+
Sarcoplasmic Stores and releases Increases intracellular Ca Reduced Ca*' release
: ot concentration during :
Reticulum Ca?" ions . decreases contraction force
contraction
Ryanodine Mediate Ca?' release  Support excitation—contraction ~ Oxidative damage impairs
Receptors (RyR) from SR coupling Ca?" release
2+ 3 .
SERCAPumps  eturm Ca® into SR ¢ 100te muscle relaxation ATP depletion reduces
during relaxation pump activity
- L . o o
Troponin C Binds Ca?* ions Inltlat_es actin-myosin Reduced Ca sensitivity
interaction weakens contraction
. . Produce ATP for Maintain energy supply ‘R(‘educgd ATI;
Mitochondria o . . synthesis impairs Ca
Ca*" transport during exercise .
homeostasis
Calcium Regulate Ca?" influx Improve muscle activation Channel dysfunction
Channels and signaling efficiency contributes to fatigue
Oxidative Stress Alters ion _channel Increases durln_g prolonged Damages caIcu_Jm transport
activity exercise proteins

Discussion

The present analysis demonstrates that Ca** ions are fundamental regulators of skeletal muscle
performance in athletes. Efficient calcium release and reuptake ensure rapid contraction—relaxation cycles
necessary for sustained physical activity (Hall & Hall, 2021).
Previous investigations have shown that exercise-induced increases in SERCA activity improve muscle
relaxation and reduce fatigue development (Allen et al., 2008). Enhanced calcium handling also contributes
to improved muscular endurance and recovery capacity.

Disturbances in calcium homeostasis during exhaustive exercise significantly impair muscle
performance. ATP depletion and oxidative stress reduce calcium transport efficiency and weaken actin—
myosin interactions, resulting in decreased force production (Fitts, 2008).
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The findings also suggest that maintaining calcium balance is essential for optimizing athletic
performance and preventing exercise-induced muscle dysfunction. Therefore, calcium signaling mechanisms
represent an important research area in sports physiology and exercise science.

Conclusion

Calcium ions are essential regulators of contraction and relaxation processes in skeletal muscles.
Efficient Ca*" exchange contributes significantly to muscle strength, endurance, and athletic performance.
Disturbances in calcium homeostasis are among the major mechanisms responsible for muscle fatigue during
intense physical exercise. Regular physical training improves calcium transport systems, enhances SERCA
pump activity, and increases resistance to fatigue. Understanding calcium signaling mechanisms is important
for sports physiology and may contribute to the development of more effective training and recovery
strategies for athletes.
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Abstract. Phlomoides stellata is a perennial plant species belonging to the Lamiaceae family and
distributed in the mountainous regions of Central Asia. This species is characterized by its thick rhizome,
leaves covered with stellate hairs, and whitish flowers. The stems are erect, while the leaves are cordate at
the base with rounded dentate margins. The inflorescence consists of 3-5 verticillasters . The species mainly
occurs on rocky and calcareous slopes of the Turkestan Range in Tajikistan. According to its morphological
characteristics, it is closely related to Phlomoides cordifolia, but differs in the indumentum of the leaves, the
structure of the inflorescence, and several features of the generative organs. This species is of considerable
scientific importance in botanical, floristic, and herbarium studies.

Keywords: Phlomoides stellata, Phlomoides cordifolia, Phlomoides kurpsaica, Lamiaceae, perennial
plant, herbarium analysis, Central Asia flora, Turkestan Range, morphology, stellate hairs, botanical
taxonomy.
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