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Radiation effects on skeletal muscle
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Background. Adult skeletal muscle is considered resistant to ionizing radiation unless higher doses of radia-
tion are applied; a fact that is attributed to the low number of radiosensitive proliferating cells in adulthood.
However, developing skeletal muscles are highly sensitive to ionizing radiation, thus radiotherapy in child-
hood may induce muscular atrophy. Radiation affects muscle satellite cells by impairing their activation,
proliferation and differentiation, as well as neuromuscular junction, by influencing the ionic membrane per-
meability affecting the Na*/K* pump. It also prevents muscle growth during development and after injury.

Conclusions. The results of the investigation performed after radiation point to the occurrence of a signifi-
cant change in muscle satellite cell activity. Inhibitors of some proteins such as cytokines in muscle satellite
cells could provide a therapeutic benefit in diseases for which muscle mass is limiting, improve response to

cancer therapy, and increase life span in patients with cachexia.
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Introduction

The cells of normal tissue are not independ-
ent but form a complete integrated structure.
Cell death after irradiation occurs mostly as
cells attempt to divide. In tissues with a rap-
id turnover rate, damage quickly becomes
evident - in a matter of hours and days after
radiation. In tissues in which cells divide
rarely, radiation damage to cells may remain
latent for a long time and can be expressed
very slowly. Radiation damage to cells that
are already on the path to differentiation and
are not in any case planning to divide many
times is of little consequence. Radiation
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damage to stem cells has serious repercus-
sions because such cells are programmed to
divide many times to maintain a large popu-
lation and if they lose their reproductive in-
tegrity, they and their potential descendents
are lost from the population. Thus, cells on
the path to differentiation appear to be more
radioresistant than stem cells.!

Radiation effects on tissue are divided into
early and late effects, which show quite differ-
ent patterns of response to fractionations and
dose-response relations. Acute damage is rap-
idly repaired because of rapid proliferation of
stem cells and may be completely reversible.?
Late effects appear after a delay of months or
years and occur predominantly in slowly pro-
liferating tissues, such as lung, kidney, heart,
liver and central nervous system. Late damage
may improve but it is never completely repaired
and may result from a combination of vascular
damage and loss of parenchymal cells.?
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Figure 1. Satellite cell response to skeletal muscle trauma and muscle growth. Skeletal muscle trauma or injury
may be minor (resistance exercise) or may be more extensive (muscular dystrophy). In response to both stimuli,
satellite cells become activated and proliferate. Satellite cells will migrate to the damaged region and fuse to the
extending myofiber or align and fuse to produce a new myofiber.

Casarett and Harris suggest a classifi-
cation of mammalian cell radiosensitivity
based on histopathologic observation.® In
terms of radiosensitivity, parenchymal cells
fall into four categories, from the most sen-
sitive to the most resistant. Adult muscle
and nerve cells belong to the last, 4" group,
in which radiosensitivity is low and cells
are highly differentiated.

Itis generally assumed that adult nervous
and skeletal muscle tissues are highly radi-
oresistant. This may be true when based on
the criterion of morphological damage that
is manifested within a few months. The de-
velopment of damage induces changes in
muscle satellite cells, differentiated muscle
cells and the neuromuscular junction.

Effect of radiation
on muscle satellite cells

Satellite cells, a population of undifferenti-
ated tissue-specific stem cells, were first
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identified in 1961 by Mauro.* They are
located at the periphery of the mature,
multinucleated myotube and comprise only
about 2% of the total nuclei of normal adult
skeletal muscle*>® and are normally non-
proliferative.

Satellite cells have only one nucleus and
can replicate by dividing. As the satellite
cells multiply, some remain as organelles in
the muscle fiber, whereas the majority dif-
ferentiate and fuse to muscle fibers to form
new muscle protein stands and/or repair
damaged fibers (Figure 1).° Muscle cell my-
ofibrils will thus increase in thickness and
number. After fusion with the muscle fiber,
some satellite cells serve as a source of new
nuclei to supplement the growing muscle
fiber.

Satellite cells are constantly replenished
during a lifetime, although there is a decline
in satellite cell numbers and a reduced pro-
liferative capacity in aged individuals.”® In
response to stimuli such as myotrauma up-
on injury or muscle growth’, or when skel-
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etal muscle tissue is heavily used during
physical activities’ satellite cells become
activated and they turn into proliferating
myoblasts.”

Muscle induced myotrauma initiates an
immune response, resulting in the influx
of macrophages into the damaged region.
After acute injury, macrophage infiltration
peaks within 48 h.1° In the absence of a
macrophage response, muscle regeneration
is absent; in the presence of an enhanced
macrophage response, there is an increase
in satellite cell proliferation and differentia-
tion.!!

The purpose of the immune response
is to contain, enclose the damage, repair
the damage and clean up the injured area
of waste products. The immune system
causes a sequence of events in response to
injury of the skeletal muscle. Macrophages,
which are involved in phagocytosis of the
damaged cells, move to the injury site and
secrete cytokines, growth factors and other
substances that regulate the satellite cell
pool.’? Cytokines are responsible for cell-
to-cell communication and stimulate the
arrival of lymphocytes, neutrophils, mono-
cytes and other healer cells to the injury
site to repair the injured tissue.!® The three
important cytokines relevant to myotrauma
are Interleukin-1 (IL-1), Interleukin 6- (IL-6)
and tumor necrosis factor a (TNF-a). They
are responsible for protein breakdown,
removal of damaged muscle cells, and in-
creased production of prostaglandins.

Growth factors are highly specific pro-
teins, which include hormones and cy-

tokines that are involved in muscle hyper-
trophy!* and in the process of muscle
regeneration: These processes result in
regulation (activation) of the satellite cell
population, which is controlled by growth
factors and a sequence of intracellular
events following binding of growth factors
to their membrane receptors.’® This bio-
logical process often leads to an increase in
muscle fiber cross-section area or hypertro-
phy. Increased muscle mass could restore
muscle strength and prevent injuries. This
is of particular importance in cachectic pa-
tients. Cachexia is a form of wasting that
affects 50% of cancer patients.!® Increased
muscle strength in cachectic patients may
improve quality of life, improve response to
cancer therapy and increase life span.
Radiation inhibits regeneration and
muscle hypertrophy by damaging satellite
cells. Radiation is thought to prevent satel-
lite cell mitosis by causing breaks in strands
of the cell’s DNA. If a break occurs only on
a single strand, the damage can be repaired
by polymerases using the complementary
strand as a template. If damage occurs at
the same point on both strands, however,
the deletion may be irreparable, which can
lead to mitotic failure and cell death.!” Low
levels of radiation, which should disable
mitotically active satellite cells but not the
post-mitotic myonuclei of adult skeletal
muscle, prevent compensatory hypertro-
phy (Figure 2). Following irradiation, a suf-
ficient number of satellite cells were ap-
parently unavailable either to fuse to form
new fibers during regeneration or to fuse to
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Figure 2. Satellite cells response to low doses of radiation. Low doses of radiation prevent muscle hypertrophy by
impairing mitotically active satellite cells and induce changes in polysynaptic systems.
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Figure 3. Skeletal muscle fiber response to therapeutic doses of radiation. Higher doses of radiation may induce
apoptotic cell death and muscle necrosis, due to damage of blood capillaries and connective tissue. Muscle atrophy,
resulting in myofiber degeneration and reduction of satellite cell population, was also observed.

overloaded fibers to allow hypertrophy oc-
curring during overload.!®

Olivé et al. showed that gamma irradia-
tion (2 Gy) affects single skeletal muscle
cells (satellite cells or myoblast) during
development or cells in small clusters and
induces its apoptosis. Since the effects of
gamma rays are suppressed when cyclohex-
imide is injected immediately after radia-
tion, it can be suggested that gamma ray
induced cell death is an active process as-
sociated with protein synthesis (extremely
condensed chromatin).?

Transforming growth factor - B (TGEF-p)
is the prototypical family member of cy-
tokines. The function of members of the
TGEF-B superfamily is to inhibit muscle pro-
liferation and differentiation.?’ Following
irradiation, the induction of a strong in-
flammatory response, fibrosis and vascular
changes that associate with late radiation
effects are linked to the action of TGF-§.
Myostatin (GDE-8), a member of the (TGF-
B) superfamily is a specific negative regula-
tor of skeletal muscle mass.?! It has been
demonstrated that myostatin inhibitors
could provide therapeutic benefit in diseas-
es for which muscle mass is limiting.??
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Many other factors may be involved in
the regulation of satellite cells in skeletal
muscle. Hematopoietic cells are responsi-
ble for constant maintenance and immune
protection of every cell type of the body, in-
cluding skeletal muscle. Radiation induces
IL-1 and IL-6, which act as a radioprotectors
of muscle and hematopoietic cells. TGF-3
may down-regulate IL-1 and TNF-a and in-
crease damage to hematopoietic tissue. The
expression of TNF-a following radiation is
believed to be regulated at the transcrip-
tional level and involves the protein kinase
C-dependent pathway.

Effects of radiation
on differentiated muscle cells

Human striated muscle is highly radio-re-
sistant on the criterion of morphological
changes; however, delayed necrosis of mus-
cle is observed after therapeutic doses of
radiation (Figure 3).23 The delayed necrosis
of muscle may be primarily due to dam-
age to blood capillaries and connective
tissue. A cumulative dose of 4500 rads (45
Gy) produced detectable damage in mus-
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cle 3 years post-radiation in patients with
otherwise good general health. However,
in patients suffering from carcinomatous
cachexia or other debilitating diseases,
muscle necrosis was constantly observed
following exposure to about 2000 rads (20
Gy) after a similar latent period.? Lefaix
et al. demonstrate that muscle fibrosis is
a common and irreversible late effect of
radiation on skeletal muscle.?> A thyro-
toxicosis condition (hypermetabolic clinical
syndrome resulting from serum elevation
in thyroid hormone T3 and T4 levels),
produces muscle necrosis within 5 months
after 2200 rads (22 Gy), whereas the control
subjects, irradiated with same dose, did not
show any muscle lesion over a period of 2
years. Children who have been treated with
radiotherapy for a malignant disease may
show muscular atrophy after a long latent
period. This is seen in the back muscles of
long-term survivors of Wilm’s tumor and in
the neck muscles of survivors of Hodgkin’s
disease, after radiation therapy.?®

Neuromuscular junction

A neuromuscular junction (NM]J) is the
synapse or junction of the axon terminal of
a motoneuron with the motor end plate, the
highly-excitable region of muscle fiber. The
plasma membrane responsible for initiation
of action potentials across the muscle’s sur-
face ultimately causes muscle contraction.
In vertebrates, the signal passes through
the neuromuscular junction via the neuro-
transmitter acetylcholine (Ach).

The precise mechanism of the radiation
effects on NMJ is unknown. It has been
suggested that temporary changes in mem-
brane permeability for potassium and sodi-
um, the liberation of pharmacologically ac-
tive substances such as serotonin and ACh,
and interaction between lipoproteins and
free radicals, may contribute to synaptic

changes after radiation.?® Changes in mem-
brane permeability for sodium and potas-
sium influence the activity of electrogenic
Na*/K" pump. The pump in the skeletal
muscle membrane generates a small elec-
tric current by extruding three Na® ions,
while taking in only two K* ions in each
cycle, and is responsible for action poten-
tial propagation.?”” Modulation of its activ-
ity leads to alteration of muscle excitability
and contractility.

In general, low doses of radiation result
in dose-rate dependent stimulation of syn-
thesis of ACh, which is released by branch-
ing motor nerves. This causes Ach receptor-
induced postsynaptic potentials and posi-
tively regulates the localization and stabili-
zation of developing synaptic contacts and
cellular uptake of 5- hydroxytryptamine
(serotonin). Neurophysiological studies
with intracellular electrodes have shown
that irradiation with above 500 rads (5 Gy)
reduces metabolic activity,?® irradiation of
600 rads (6 Gy) produces significant chang-
es in monosynaptic excitory and postsyn-
aptic potentials.?” Doses of 200 rads (2 Gy)
of whole body irradiation cause changes in
polysynaptic systems.>?

Radiation and aging sarcopenia

It is now well established that cancer and
aging are connected and that they share the
same molecular events. In addition, it has
been shown that radiation therapy acceler-
ates the aging process in animals, but this
remains controversial in humans.3/3233

In humans, aging is a complex process
that determines many physical and meta-
bolic alterations correlated to the accumu-
lation of oxidative damages in different
tissues. Sarcopenia is an age-related non-
pathological condition that includes a pro-
gressive loss of mass and strength in skel-
etal muscle, associated with a decline in the
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fibers” functional capability.* A decrease
in satellite cell number and/or proliferative
capacity has been used to explain this phe-
nomenon. Aging negatively affects the im-
mune response, resulting in a decrease in
inflammatory factors and macrophages.*®
(Ca)?* homeostasis also seems to be modi-
fied.%¢

The detrimental effects of aging on mus-
cle have been shown to be restrained or
even reversed with regular resistance ex-
ercise. Resistance exercise also improves
the connective tissue harness surrounding
muscle, thus being most beneficial for in-
jury prevention and in physical rehabilita-
tion therapy.®’

The free radical theory of aging suggests
a crucial role for free radicals produced by
external factors, as well as radiation. The
mechanism that is responsible for free radi-
cal - mediated damage in an organism is
superoxide overproduction by mitochon-
dria, which causes the inhibition of nitric
oxide formation and bioavailability, one of
the principal characteristics of aging.*®

Cancer and aging share many common
metabolic pathways and mediators during
muscle wasting. Both cancer cachexia and
aging sarcopenia may represent targets for
future promising clinical investigations.>’

Conclusion

Radjiation, which should disable mitotically
active satellite cells, prevents compensatory
hypertrophy and nearly abolishes small fib-
er formation in the overloaded mammalian
skeletal muscle. Irradiation may prevent
hypertrophy by impairing activation, pro-
liferation and/or differentiation of satellite
cells. This suggests that satellite cell viabil-
ity is essential for muscle hypertrophy.*’
Therapeutic doses of radiation induce
muscle atrophy in children and irreversible
fibrosis in adult skeletal muscle. Little is
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known and little work has been done on the
precise mechanism of how skeletal muscle
adapts after radiation.

The mechanism underlying changes in
the neuromuscular junction has not yet
been completely clarified, and therefore
calls for further investigation, especially of
Na*/K* pump expression and its activity.

More research should be devoted to the
understanding of muscle wasting mediators,
both in cancer and aging. Identification of
common mediators in particular may prove
to be a good therapeutic strategy for pre-
vention and treatment of wasting in cancer
cachexia and during normal aging.
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