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Background. Radiotherapy is a cornerstone of treatment for various cancers, but often causes collateral damage
to surrounding healthy fissue, including skeletal muscle. lonizing radiation leads to oxidative stress and inflammation,
which impairs the regenerative capacity of muscle tissue. Iradiation reduces the number and functionality of satellite
cells and disrupts the tightly regulated processes of myogenesis and fissue remodelling. In addition, iradiation alters
the muscle microenvironment by promoting fibrosis and vascular damage, which furtherimpedes effective regenero-
tion. Cytokine signalling pathways are also dysregulated following irradiation, contributing to impaired activation and
differentiation of satellite cells.

Conclusions. There is evidence that factors such as melatonin and growth factors can improve muscle regenera-
tion. Understanding the molecular and cellular mechanisms underlying the impairment of muscle regeneration after
radiotherapy is crucial for the development of targeted strategies fo mitigate side effects and improve patients’ qual-
ity of life. Overall, the preservation and restoration of muscle function in iradiated fissue remains a critical challenge

that requires multidisciplinary approaches.
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Introduction

Radiotherapy remains one of the most important
component of cancer treatment with approximate-
ly 50% of all cancer patients receiving radiation
therapy during their course of illness; it accounts
for 40% of cancer’s curative treatments.! The main
goal of radiation therapy is to deprive cancer
cells of their proliferation (cell division) potential.
X-rays, gamma rays and charged particles are the
most types of radiation used for cancer treatment.

The biological effectiveness (cell killing) of radi-
ation is influenced by factors such as linear energy
transfer (LET), total dose, fractionation scheme,
and the radio-sensitivity of the targeted cells or
tissues.?®> Low LET radiation transfers a smaller
amount of energy, while high LET radiation deliv-
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ers a higher dose of energy to the targeted areas.
Although radiation is aimed at destroying tumour
cells, it is unavoidable that surrounding healthy
tissues may also suffer damage. The primary goal
of radiation therapy is to deliver the highest pos-
sible dose to tumour cells while minimizing the
exposure to normal, healthy tissues.*

Skeletal muscle is one of the most dynamic and
plastic tissues of the human body. In humans, skel-
etal muscle comprises approximately 40% of total
body weight and is often exposed to ionizing ra-
diation during radiotherapeutic treatment. Many
studies have explored the effects of radiation on
skeletal muscle, demonstrating that muscle dam-
age from irradiation can persist for many years.®

The effects of ionizing radiation on skeletal
muscle can be categorized into early and late ef-
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fects, each exhibiting distinct patterns of response
to fractionations and dose-response relations.
Early effects, characterized by acute damage, oc-
cur rapidly, in a few days after exposure, influenc-
ing or damaging muscle stem (satellite) cells.> On
the other hand, late effects appear after a delay of
months or years and can lead to biological changes
in skeletal muscle. The severity of these effects is
directly related to the type and dose of radiation
and dose-response relation. Muscle regeneration
is a crucial process responsible for maintaining
the integrity of muscle mass and muscle function
throughout life, especially after muscle injury.®
One of the most likely mechanisms contributing to
radiation-induced muscle damage is the inability
of muscles to regenerate.” Impaired muscle regen-
eration following irradiation may be due to an in-
sufficient number of activated satellite cells, which
are necessary for the fusion and repair of damaged
muscle fibres. In addition, insufficient regenera-
tion may be due to impaired cytokine signalling
and ultimately impaired differentiation.?

This indicates that skeletal muscle is sensitive to
ionizing radiation, especially during development.
Therefore, radiotherapy in childhood can lead to
muscle atrophy due to the large number of radio-
sensitive stem cells during a child’s growth phase.’

Thus, maintaining muscle mass during radio-
therapy is essential for preserving patients’ func-
tional capacity and general quality of life. In ad-
dition, radiotherapy often leads to muscle atrophy
caused by inflammation, oxidative stress, satellite
cell depletion and metabolic dysfunction. These
effects contribute to fatigue, reduced strength and
impaired recovery. Beyond its role in movement
and metabolism, skeletal muscle also contributes
significantly to immune regulation and the main-
tenance of systemic homeostasis."”

In this review, we described the mechanisms
of skeletal muscle regeneration and how irradia-
tion disrupts these processes, ultimately leading to
muscle dysfunction and impaired tissue integrity.
In addition, we have discussed the radioprotective
role of melatonin, which is known for its powerful
antioxidant and anti-inflammatory properties. Its
ability to protect skeletal muscle during or after ra-
diotherapy has gained increasing attention due to
its effectiveness in attenuating radiation-induced
muscle damage.

To date, only a limited number of studies have
investigated the effects of radiotherapy on the
skeletal muscles. Most of these studies have been
conducted on animal models and have included
both in vitro and in vivo approaches. Remarkably,
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to our knowledge only two studies have inves-
tigated these effects in human skeletal muscle
cells.51

Muscle regeneration process

Skeletal muscle is a highly structured tissue com-
posed of numerous multinucleated cells known as
myofibers, which are formed by the fusion of myo-
genic precursor cells. Despite the post-mitotic na-
ture of its myofibers, skeletal muscle has a robust
regenerative capacity in response to injury. This is
due to the resident muscle stem cells, also known
as “satellite cells” due to their unique anatomical
position at the periphery of the myofibers.

The satellite cells were firstidentified by Mauro*?
in 1961 and represent an important group of mus-
cle stem cells, located between the sarcolemma
and the basal lamina of the myofibers. These cells
are normally in a quiescent state. Following mus-
cle injury, or damage, satellite cells are activated
from their quiescent state, proliferated and either
contribute new myonuclei by fusing with existing
muscle fibres to regenerate muscle tissue or return
to quiescence replenish the stem cell pool for fu-
ture needs.!* The maintenance and regulation of
satellite cells is critically dependent on vascular
endothelial cells, which serve as essential compo-
nents of the skeletal muscle stem cell niche.* This
spatial relationship is essential for quiescence, acti-
vation, and self-renewal of satellite cells.

Importantly, satellite cell activation is not lim-
ited to the site of injury — they can become active,
migrate, and divide from various locations along
the myofiber. Notably, their density tends to be
greater at the ends of muscle fibres, where longitu-
dinal muscle growth typically occurs.’®

The progression of satellite cells through the
myogenic program is tightly regulated by the dy-
namic expression of key transcription factors. At
the centre of this process is paired-box transcrip-
tion factor 7 (Pax7), which is essential for the main-
tenance and self-renewal of satellite cells. In coor-
dination with myogenic regulatory factors (MRFs)
- including MyoD, Myf5, myogenin, and MRF4,
Pax7 governs the transition of satellite cells from
a quiescent state to activation, proliferation, and
eventual differentiation into mature muscle fib-
ers.! The upregulation or downregulation of these
factors at specific stages ensures the proper execu-
tion of muscle regeneration.”” When Pax7 expres-
sion remains elevated after the proliferative phase,
satellite cells do not proceed to terminal differen-
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FIGURE 1. Skeletal muscle regeneration after radiotherapy. The activation and differentfiation processes of the satellite cells are controlled by
growth factors (with the involvement of Pax7) and myogenic regulatory factors during the regeneration of the skeletal muscle through to the
formation of new muscle fibres. Melatonin induces an increase in Pax7 expression and improves skeletal muscle differentiation, while myostatin
acts as a negative regulator of muscle growth and inhibits both proliferation and differentiation of myoblasts.

IR = irradiation

tiation. Instead, they revert to a quiescent state, a
process that supports self-renewal and ensures the
maintenance of the basal satellite cell pool. This
regulatory mechanism is shown schematically in
Figure 1 and is crucial for maintaining the long-
term regenerative capacity of skeletal muscles.!®

Alongside these, fibro-adipogenic progenitors
(FAPs) - also referred to as muscle-resident mesen-
chymal progenitors — have emerged as key modu-
lators of skeletal muscle homeostasis and regenera-
tion and display multiple differentiation potential
for myogenesis.”” Under physiological conditions,
they provide pro-myogenic signals that support
muscle growth, maintenance, and repair.

Following injury skeletal muscle regenera-
tion proceeds through several phases and rep-
resents a highly coordinated process. Emerging
research suggests that inflammation plays a key
role between the initial injury response and ef-
fective muscle repair. Various immune cells and
cytokines contribute significantly to this regenera-
tion process.?

Namely, skeletal muscle injury, or myotrauma,
triggers a well-orchestrated immune response
that plays a pivotal role in the regeneration pro-
cess. Upon injury, macrophages and other immune
cells rapidly infiltrate the damaged site, initiating
a sequence of molecular and cellular events. The
primary functions of this immune activation are to
contain and limit tissue damage, remove necrotic
debris, and support the activation of regenerative
pathways. This immunological response is essen-
tial for coordinating the repair process and re-es-
tablishing muscle tissue homeostasis.?

Macrophages, which are involved in phagocyto-
sis of the damaged cells, move to the site of injury
and release cytokines, growth factors and other
substances that regulate the satellite cell. After an
acute injury, macrophage infiltration peaks within
48 hours. If the macrophage response is absent,
muscle regeneration does not take place. When
the macrophage response is increased, there is an
increase in satellite cell proliferation and differ-
entiation.?! It is generally recognised that a large
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number of infiltrating immune cells at the site of
skeletal muscle injury not only plays a crucial role
in the clearance of damaged tissue, but also pro-
motes muscle regeneration.?>??

Several pro-inflammatory cytokines are criti-
cally involved in the early phases of skeletal mus-
cle regeneration following myotrauma. The most
important inflammatory mediators in muscle
damage include interleukin-1 (IL-1), interleukin-6
(IL-6) and tumour necrosis factor-alpha (TNF-a).
Among these, TNF-a is particularly important as
it is a key inflammatory mediator associated with
muscle wasting in conditions such as ageing and
chronic diseases. In addition, TNF-a plays an im-
portant role in muscle regeneration by attracting
muscle stem cells to the site of injury and promot-
ing their proliferation. This process is facilitated by
the activation of the nuclear factor kappa B signal-
ling pathway (NF-kB), an important transcription
factor involved in the regulation of inflammation
and muscle repair.?

Interleukin-1@ (IL-1B) also plays a pivotal role in
the regenerative process by promoting the recruit-
ment of immune cells to the injury site and modu-
lating the intrinsic properties of myoblasts (mono-
nucleated, proliferative precursor cells derived
from muscle), thereby facilitating their activation,
proliferation, and differentiation.

In addition, the enzyme cyclooxygenase (COX-
2) plays a role in initiating the muscle repair pro-
cess by regulating the inflammatory response and
facilitating the activation of muscle progenitor
cells. However, while COX-2 is essential for muscle
regeneration in the acute phase, excessive or pro-
longed COX-2 activity can contribute to chronic
inflammation, potentially hindering effective re-
generation and promoting fibrosis.?

Furthermore, IL-10 important for muscle growth
and regeneration, directly affects satellite cells dif-
ferentiation, escorting the transition of myogenesis
from the proliferative to the differentiation stage
in the injured muscle.?

Interferon-gamma (IFN-y) primarily recog-
nized for its pro-inflammatory properties and
its role in anti-tumour immunity, has also been
shown to influence muscle regeneration.?” IFN-y
promotes myoblast proliferation but inhibits my-
ogenic differentiation in vitro, as indicated by re-
duced myosin heavy chain content.?® This suggests
that dysregulated IFN-y expression can not only
enhance the inflammatory response but also im-
pair muscle regeneration.?

Collectively, these cytokines orchestrate the ini-
tial inflammatory response, which is essential for
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clearing damaged tissue and initiating the muscle
repair cascade.*

In addition to the inflammatory cytokines al-
ready mentioned, it has been shown that the skel-
etal muscles produce and release a large num-
ber of cytokines and other signalling molecules
known as myokines. These molecules play an
important role in autocrine, paracrine and endo-
crine signalling and influence not only local mus-
cle regeneration and inflammation, but also sys-
temic physiological processes.3*® Among them,
muscle-derived interleukin-6 (IL-6), interleukin-8
(IL-8), interleukin-15 (IL-15), interleukin-1 recep-
tor antagonist (IL-1ra), irisin, brain-derived neu-
rotrophic factor (BDNF), secreted protein acidic
and rich in cysteine (SPARC), fibroblast growth
factor 21 (FGF-21) and decorin play a notable role.®
These myokines can act as counter-regulators to
the general pro-inflammatory cytokines and help
to modulate the immune response, limit excessive
inflammation and support tissue regeneration fol-
lowing muscle injury or strain. It is important to
recognized, that IL-6 has pleiotropic functions.
It acts as a pro-inflammatory cytokine when se-
creted by immune cells under pathological condi-
tions via the soluble IL-6 receptor (sIL-6R), while
it exerts anti-inflammatory and metabolic regula-
tory effects when released by contracting skeletal
muscle during exercise, primarily via classical sig-
nalling through the membrane-bound IL-6 recep-
tor (mIL-6R).*? In contrast, muscle myostatin (also
known as GDF-8, or growth differentiation factor
8) is a member of the transforming growth factor-
beta (TGF-f) family, known as negative regulator
of muscle growth.’

Radiotherapy induced
impairment of skeletal muscle
regeneration

Radiation impairs both muscle regeneration and
hypertrophy by damaging satellite cells. It is be-
lieved to disrupt satellite cell division by inducing
DNA strand breaks. If only one strand is affected,
the damage can usually be repaired by polymer-
ases, however, if both DNA strands are broken
at the same point, the damage can lead to failed
cell division and cell death.” However, when both
DNA strands are broken at the same point, the re-
pair mechanisms are overwhelmed. This double-
strand breakage can prevent proper cell division,
leading to cellular dysfunction and, ultimately, cell
death. Consequently, the impaired division of sat-
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ellite cells hinders muscle regeneration and hyper-
trophy processes following radiation.

Low doses of radiation (2 Gy), although not
harmful to the post-mitotic myonuclei in adult
skeletal muscle, are sufficient to inactivate satel-
lite cells, thereby blocking compensatory hyper-
trophy. After irradiation, the number of functional
satellite cells appears insufficient to support mus-
cle regeneration, either through the formation of
new fibers or by fusing with existing ones.”

After irradiation, the development of chronic in-
flammation, fibrosis and vascular changes - hall-
marks of late radiation effects — is associated with
the activity of various regulatory factors (cytokines,
myokines, myogenic regulatory factors [MRFs]) in-
volved in skeletal muscle homeostasis and repair.
A variety of cell types — such as endothelial cells,
smooth muscle cells, fibro-adipogenic progeni-
tors (FAPs), immune cells, nerve-associated cells
and others — contribute to the regulation of muscle
mass and tissue homeostasis.** Disruption of skel-
etal muscle homeostasis leads to dynamic changes
in the muscle microenvironment, resulting in al-
tered cell composition and functional interactions
between resident cell populations.!3*

Vascular endothelial cells play a vital role in
maintaining the function of muscle satellite cells
and regulating the infiltration of immune cells,
both of which are essential for the inflammatory
and regenerative responses following muscle in-
jury.t

FAPs are increasingly recognized as key modu-
lators of muscle homeostasis and regeneration,
in response to acute injury and in the context of
pathological muscle degeneration. During muscle
injury, FAPs are crucial for orchestrating the repair
process through their crosstalk with muscle stem
cells and immune cells.”®

However, when this regulatory balance is dis-
rupted, FAPs can contribute to pathological out-
comes, including fibrosis, intramuscular fat infil-
tration, and impaired regeneration. Recent studies
have also identified distinct FAP subpopulations
and secreted factors that exhibit differential re-
sponses to acute injury and chronic dysfunction,
potentially influencing disease progression and
regenerative outcomes.%%

Collao et al., reported on the role of FABs in
radiation-induced muscle pathology in juvenile
male mice exposed to a single dose of 16 Gy of ion-
izing radiation. This dose was selected to model
the long-term skeletal muscle fibrosis observed in
cancer survivors after radiotherapy. The authors
found that a dose of 16 Gy is biologically equiva-

lent to 60 Gy delivered in 2 Gy fractions, which is a
common approach in clinical cancer therapy.”

Their findings suggest that FAPs contribute to
long-term skeletal muscle atrophy and fibrosis fol-
lowing juvenile radiation exposure and indicate
that radiation can reduce muscle regenerative ca-
pacity and induce fibrosis, partly through adverse
effects on muscle satellite cells.

In addition, radiotherapy induces significant al-
terations in skeletal muscle metabolism and struc-
ture, contributing to muscle degradation and im-
paired function.®

Pronounced histological alterations in irradi-
ated skeletal muscle, including swollen and hya-
linized muscle fibres, as well as the loss of nor-
mal striations, was observed many years ago by
Gerstenr ef al.3® They studied the effects of high-in-
tensity X-radiation on skeletal muscle frog muscle
irradiated with doses greater than 50 kilorads (kr)
and from rabbit muscle irradiated with a dose of 72
kr, resulting in severe histological changes.

These changes are often accompanied by a sig-
nificant infiltration of polymorphonuclear leuko-
cytes, indicating a strong inflammatory response
and exacerbating the structural degradation and
compromised integrity of muscle tissue following
exposure to ionizing radiation. In addition, altera-
tion of glycogen production was observed.®

Additional studies in rats confirmed the asso-
ciation between radiotherapy with single doses of
20-30 Gy with alterations in muscle morphology,
fibrosis and muscle fibre atrophy, whilefraction-
ated doses of more than 14 Gy (two fractionated
doses of 15 Gy each, totalling 30 Gy) has been
shown to induce irreversible endothelial apopto-
sis and impair vascular integrity.*-42 This vascular
damage contributes to increased muscle fibrosis,
changes in fibre morphology and impaired mus-
cle contractility*’, ultimately leading to long-term
deficits in muscle regeneration and tissue perfu-
sion.*

Two important muscle structural proteins, ti-
tin and nebulin are essential for maintaining the
highly organized architecture of skeletal muscle
by precisely regulating the assembly and stabiliza-
tion of myosin and actin filaments. Following low
doses of irradiation, degradation of these proteins
has been observed in rabbit skeletal muscle fibres,
leading to a loss of structural integrity and a re-
duction in the elastic properties of muscle tissue.*®

The increased availability of amino acids, es-
pecially alanine and glutamine, observed after 15
Gy of gamma irradiation in mice is primarily at-
tributed to the increased protein degradation in
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the skeletal muscles that occurs immediately af-
ter irradiation. This radiation-induced disruption
of protein metabolism could play an important
pathogenic role in the development of radiation-
induced myopathy.#

Further changes were observed in the mem-
brane of the sarcoplasmic reticulum after irradia-
tion of rabbits (X-ray irradiation with a dose of 0.21
C/kg, which corresponds to about 1.5 Gy), which
are mainly due to enzymatic changes in Ca?-
ATPase activity. These results show that ionizing
radiation can induce structural changes in the
Ca?*-ATPase. Conformational changes in enzyme
activity contribute to structural disruption of the
sarcoplasmic reticulum membrane, which may
affect calcium homeostasis and muscle contractil-
ity

Human study on muscle-based breast recon-
struction have shown that the skeletal muscles
used in such procedures are affected by irradia-
tion.!! In this study 41 patients were treated with
an average total dose of 50 Gy of fractionated ra-
diotherapy within 6 months of breast reconstruc-
tion. The radiotherapy was administered in sev-
eral fractions, as is usual in clinical practise for
adjuvant radiotherapy of the breast. Significant
alterations in muscle architecture, including a
reduction in the number of myofibers, were ob-
served in irradiated rectus abdominis muscle
tissue. The authors concluded that ionizing ra-
diation induces aberrant expression of catabolic,
anti-myogenic (anti-myodifferentiative and anti-
myoproliferative) and pro-inflammatory proteins
that contribute to impaired muscle regeneration
and structural deterioration.

In context of myokine regulation, an in vitro
study on human skeletal muscle myoblasts inves-
tigated the effects of irradiation on IL-6 expres-
sion and showed that these cells are very sensi-
tive to radiation, particularly with regard to their
proliferative capacity and cytokine secretion.’
After irradiation, an acute decrease in IL-6 secre-
tion was observed, which was more pronounced
at lower radiation doses (2-6 Gy) than at higher
doses (8 Gy).> This unexpected dose-response pat-
tern suggests that the smaller decrease in IL-6 at
higher doses may be due to passive IL-6 release
by damaged or dying cells. All irradiated groups
exhibited reduced proliferation and increased cell
death compared to controls. Given that myoblast
proliferation and differentiation are crucial for
muscle regeneration, these effects are significant,
particularly in clinical scenarios involving radio-
therapy.
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Melatonin as a therapeutic
agent for the skeletal muscle
protection

Ionizing radiation generates reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS) that
cause oxidative stress in tissues, including skeletal
muscle.

Numerous studies have reported that the hor-
mone melatonin, which is secreted by the pin-
eal gland, has antioxidant and anti-inflammatory
properties in damaged or diseased skeletal mus-
cle.851 Melatonin is a powerful free radical scav-
enger that directly neutralizes ROS and RNS. This
helps to reduce oxidative damage to muscle cells,
including DNA, lipids and proteins, thereby pro-
tecting muscle integrity.>2%® In addition, melatonin
increases the activity of antioxidant enzymes such
as superoxide dismutase (SOD), catalase (CAT)
and glutathione peroxidase (GP), which in turn
helps to mitigate oxidative damage in muscle cells.
Melatonin suppress the radiotherapy-induced
inflammatory cytokines TNF-a, IL-6 and IL-1f3,
thereby reducing muscle inflammation and the
associated catabolic processes that lead to muscle
wasting.>*

In particular, melatonin promotes cellular dif-
ferentiation. In models of muscle atrophy, upregu-
lation of Pax7 appears to induce the proliferation
of satellite cells, which subsequently form myo-
cytes essential for future muscle regeneration.® In
vitro studies have shown that melatonin increases
the expression of Pax7, thereby improving the bio-
mechanical properties of skeletal muscle and fa-
cilitating differentiation as it shown in Figure 1.55°

In addition, an inverse relationship between
urinary melatonin levels and sarcopenia was ob-
served in postmenopausal women, suggesting a
protective role of melatonin against age-related
muscle degeneration.” Taken together, these re-
sults emphasize the potential of the melatonin/
Pax7 axis as a promising therapeutic target to im-
prove muscle healing and regeneration after in-
jury.®

Conclusions

Radiotherapy can cause both immediate and long-
term damage to the skeletal muscles. The early ef-
fects are often characterized by acute damage and
inflammation, while the late effects are mainly
associated with fibrosis, muscle atrophy and re-
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duced repair capacity, which can lead to chronic
disability and loss of function. The severity of
these effects depends on the dose and duration of
radiation exposure.

Skeletal muscle regeneration is a tightly regu-
lated process that improves muscle differentiation
and promotes myogenesis.”® This regeneration is
primarily controlled by inflammatory response
and various structural proteins such as transcrip-
tional and myogenic factors that are expressed in
satellite cells and play a key role in muscle repair.

Given the crucial role of skeletal muscle
myokines in muscle regeneration, special atten-
tion is required in future studies as only a limited
number of experiments have been performed in
the context of radiotherapy.

Furthermore, radioprotective agents are also
important for promoting muscle regeneration by
supporting the activation and differentiation of
satellite cells, which are essential for muscle repair.
Among these agents, melatonin is characterized
by its multiple biological functions. It not only re-
duces oxidative stress and inflammation, but also
promotes muscle regeneration by upregulating
Pax7, an important transcription factor involved
in satellite cell proliferation and muscle regenera-
tion. By upregulating Pax7, melatonin contributes
significantly to the repair and functional recovery
of skeletal muscle after radiation-induced damage
and is therefore an important topic for further in-
vestigation.
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