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ABSTRACT

Disuse muscle atrophy is one of the most important research topics in fields of rehabilitation and clinical medicine. It
refers to morphological and functional alteration of skeletal muscle under the states of hypokinesia, immobilization and
weightlessness. This review analyzes a number of structural and functional changes in the skeletal muscle tissue in case
of muscle disuse which appeared in loss in the muscle mass, reduction in the transverse diameter of most of muscle fibers,
wide spaces between muscle fibers, increase collagen fiber deposition and appearance of apoptotic nuclei in muscle fibers
besides sensorial dysfunction such as hypo mechanical responsiveness and diminished contractile function. In addition to the
ultrastructural alteration, which include loss of sarcomere organization, indistinguishable A and I bands, irregular distorted
Z-line with disruption of myofilaments and fused giant accumulated mitochondria. The review summarizes also the molecular
mechanisms of skeletal muscle disuse atrophy which could be resulted from an alteration in the activity of oxidative stress
enzymes and lead to increase in protein degradation and/or a reduction in protein synthesis. Moreover, the review discusses
the efficiency of potential countermeasures of stretching exercise as a very powerful stimulant of muscle growth and muscle
protein synthesis to counteract the structural and functional alterations in muscle tissue caused by disuse. The review showed
that stretching exercise can increase the transverse sectional area of muscle fibers, produce a rise in the number of sarcomeres
in series and prevent muscle atrophy. Passive stretching also completely prevented the decrease in myonuclear number
induced by inactivity. Moreover, stretching accelerated the amelioration of the range of motion limitation and prevent the
deposition of connective tissue resulted from disuse muscle atrophy.
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INTRODUCTION

Skeletal muscles constitute around 40 percent of human's
body mass and participate in locomotion, production of
body heat, metabolic regulation and protein storage!'.
Therefore, maintenance of the muscle mass and function is
essential for health and survival?. The structure and function
of the muscular tissue are greatly affected by several factors
throughout life including nutritional status, neural activation,
hormones/growth factors and cytokines production®.
Striated muscle inactivity such as bed rest, spaceflight,
limb immobilization and reduced steps lead to a deleterious
changes in muscle extensibility, decrease in muscle mass,
intramuscular fibrosis and limitation of joint motiont. This
loss of musculoskeletal mass, size and strength ultimately
lead to skeletal muscle disuse atrophy®™. This disuse
atrophy interferes with the routine daily activities of people
as climbing stairs and even walking, resulting in loss of
independence, decreased quality of life and poor health®!.

Exercise is recommended for the prevention and
treatment of muscle atrophy and the most commonly
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prescribed exercise in disuse atrophy is muscle stretching!”*.
Muscle stretching is considered a very powerful stimulant of
muscle protein synthesis and muscle growth!.

The aims of this review were to show morphological
changes in skeletal muscle tissue during disuse atrophy
through its effects on muscle mass, cross sectional area of
muscle fibers, presence of apoptotic nuclei and collagen
fiber deposition in addition to ultrastructural changes during
disuse atrophy. This review also summarized the role of
stretching exercise in disuse muscle atrophy and discussed
the underlying mechanisms responsible for the protective
effects of stretching exercise against muscle atrophy.

Light microscopic structure of the normal skeletal
muscle

In transverse section, the skeletal muscle is formed of
small bundles and each bundle is separated by a connective
tissue layer called perimysium. Another thin layer of
reticular connective tissue fibers called endomysium invests
the individual muscle fiber. Skeletal muscle fibers appeared
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polygonal in shape with minimal variation in fibers size with
peripheral vesicular nucleil'” (Figures 1,2).

Fig.1

Fig. 2: Showing a transverse section of skeletal muscle formed of small
bundles (dashed line) which are surrounded by a connective tissue
perimysium (P). Each bundle is formed of closely related polygonal shaped
skeletal muscle fibers (F) with acidophilic myofibrils and multiple long

peripheral located basophilic nuclei (arrow). (H&E X 400)
Ultrastructure of the normal skeletal muscle fibers

In transverse section, the skeletalOmuscleofibers formed
of long cylindrical filament bundles called myofibrils. Each
myofibril consists of repeated sections of sarcomeres which
are the contractile units of the muscle fibers. Longitudinally
sectioned skeletal muscle fibers show alternating dark (A)
and light (I) bands. The light (I) band is bisected by a dense
line called Z line. Sarcoplasmic reticulum and mitochondria
are arranged in rows between the myofibrils!'!! (Figure 3).
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Fig. 3: The ultrastructure of skeletal muscle fibers!'!]
Types of skeletal muscle fibers

Based on various functional and structural characteristics,
the skeletal muscle fibers are divided into three type; Type
I fibers, these fibers are also called slow twitch (slow
oxidative) fibers and found in the postural muscles of the
back. Type II A fibers are fast twitch (fast oxidative) fibers
and found in leg muscles and type II B fibers fast twitch (fast
glycolytic) fibers and found in extraocular musclest'?.

Disuse muscle atrophy

Disuse muscle atrophy isOa broad term including all
instances of mechanical unloading of muscles. Human
models of skeletal muscle disuse atrophy include cast
immobilization, sedentary lifestyle, bed rest and space
flight"®!. Hindlimb immobilization is the most widely used
animal models for studying disuse atrophy because it is a
simple technique to ruling out the concurrent presence of
most of systemic alterations that occur in cases of sarcopenia
and chronic disease induced muscle atrophy!4l.

Increased production of reactive oxygen species in
muscle tissue are important signaling molecules contributing
to disuse muscle atrophy by promoting protease activation
and depressing protein synthesis (Figure 4)!*l. The protein
synthesis rate begins to decline six hours after the onset of
immobilization'l.

Fig.4 Prolonged skeletal muscle inactivity ‘
- (e.g., bed rest, limb immobilization, etc.)
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Fig. 4: Mechanism of muscle atrophy[lgl
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Protein degradation was mainly carried out through
the following pathways: autophagy (lysosomal protease
pathway), caspase-3 pathway, calpains pathway and the
ubiquitin proteasome pathway. The last one play the major
role in the pathogenesis muscle atrophy. This pathway
includes two important critical muscle specific ubiquitin
ligases; muscle atrophy F-box (atrogin) and muscle RING
finger-1 (MuRF1)!'7,

Effects of disuse muscle atrophy on the muscle mass

As the mass of skeletal muscle tissue is determined by
the ratio of protein synthesis and degradation. The initial
response of the muscle tissue to disuse is through decrease
in protein synthesis and increase in its degradation which
ultimately results in a great reduction in the muscle mass[**!.
Different periods of immobilization can cause different
degrees of atrophy. One day of immobilization can result in
approximately 8% reduction in mass in the gastrocnemius
muscle, whereas this reduction can reach 19% after three
days and 20 to 30% after five days of limb immobilization!.
Moreover, immobilization produced by application of
external plastic casting induced a significant atrophy in
soleus muscles (56% reduction) at days 1414, The loss of
muscle mass during hindlimb immobilization was attributed
to marked reduction in the mean fiber diameter and also due
to the decrease in the number of sarcomeres??..

Effect of disuse muscle atrophy on the structure
and cross-sectional area of muscle fibers (CSA)
(Figure 5)

Fig. 5: Showing shrunken muscle fibers (F) with apparent widening of the
interstitial spaces between them (star). Splitting of muscle fibers (curved
arrow), vacuoles in the sarcoplasm (arrow head) and pyknotic nuclei

(arrow) of muscle fibers can be seen in disuse muscle atrophy. (H&E X 400)

The disuse muscle atrophy causes many alterations in the
muscle fibers including sarcomere dissolution, endothelial
degradation, connective tissue deposition between the
muscle fibers, apoptotic myonuclei and a decrease in the
capillary density™®!. These alterations lead to a reduction
in the fibers' cross-sectional area!. In addition, 15 days of
limb immobilization with a posterior ankle splint resulted in
a significant decrease in the soleus muscle cross sectional

area when compared with the control group!'”. Moreover,
it was reported that the reduction of soleus muscle weight
and a decrease of cross sectional area are signs of atrophy™.
In addition, there were ultrastructural alteration in the form
of loss of sarcomere organization, indistinguishable A and
I bands and irregular distorted Z-line with disruption of
myofilaments and fused giant accumulated mitochondria in
the inter myofibrillar and subsarcolemmal spacet.

Effect of disuse muscle atrophy on collagen fiber
deposition

Increase of collagen fibers deposition accompanying
disuse muscle atrophy is a response to loss of myofibers
where fibroblasts replace the damaged area with subsequent
formation of collagen fibers. This increase in collagen
fibers deposition due to immobilization induced a significant
increase in the contracture of skeletal muscle®!.

Effect of disuse muscle atrophy on muscle function

The effects of disuse models such as immobilization
on loss of muscle function and strength have been
widely investigated®. It has been observed that hindlimb
immobilization in rats for two weeks led to sensorial
dysfunction (hyper thermal and hypo mechanical
responsiveness) accompanied by systemic reduction in the
protein and ions and concurrent with diminished contractile
function, Another study demonstrated that both contractile
rate of force development and maximal isometric muscle
strength are reduced significantly after 2 weeks of unilateral
leg casting®®®!. Similarly, electromyographic study of soleus
muscle was reduced at by disuse muscle atrophy®7”.

Apoptotic processes during disuse muscle atrophy

Apoptosis is a process involved in progression of disuse
muscle atrophy as concluded from studies of hindlimb
immobilization in rabbits, mice and rats?**!. In prolonged
muscular inactivity, oxidative stress has been suggested
as a potential mechanism underlying apoptosis through
activation of both intrinsic and extrinsic pathways with
subsequent release of cytochrome ¢ which activates caspases
that specifically cleave amino acid sequences and are crucial
for the execution of apoptosisi®?. After 14 days of disuse
of skeletal muscle, rats exhibited a significant reduction in
the nuclei size and number. There was an elevation in many
markers for apoptosis such as Bcl-2, Bax protein and nuclear
colocalization of Endo G (an apoptotic effector) in the nuclei
of muscle fibers®!l. In addition, the apoptotic changes in
disuse atrophy may be also attributed to the marked reduction
in the number of blood capillaries with a marked deposition
of collagen fibers around them that subsequently disturbs the
blood flow to the muscle tissues*.

Effect of disuse muscle atrophy on gene expression

Muscle atrophy F-box (Atrogin-1) and muscle specific
RING finger-1 (MuRF1) are two important muscle specific
E3 ligases that play an important role in degradation of muscle
proteins by the ubiquitin proteasome system!*:]. Numerous
studies indicated real time-PCR analysis for Atrogin-1 and
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MuRF1 resulted in a significant increase in the expression of
these genes during cases of disuse atrophy conditions®*. On
the other hand, the muscle disuse induced a decrease in the
expression of hypertrophy related gene; insulin-like growth
factor 1 (IGF-1R) in soleus muscle!"”’.

Stretching exercise

Stretching exercise is a form of the physical exercise in
which a specific muscle is stretched in order to increase the
muscle tendon flexibility and improve the range of motion*,

There are two ways of stretching can be performed: active
and passive. In active stretching, the individual uses his or
her own muscles to acquire a stretched position. Passive
stretching occurs when external forces hold the position of
stretching for the individual. The external forces can be a
person or an object?®®l,

Stretch—ing can prevent muscle atrophy and increase
protein synthesis through a process called mechano-
transduction (Figure 6). In this process, the cell responds
to the mechanical stimulus through converting it to a
biochemical signal that elicits a specific cellular responsel®™;
this mechanical stimulus is transmitted to the components
of the extracellular matrix which is mainly composed of
collagens and glycoproteins which are surrounding the
muscle fibers. These muscle fibers have proteins in their
membrane, called “integrins” which are able to detect
mechanical stimuli and then transmit the signals inside the
fiber, activate a series of proteins that affect the nucleus and
then change the transcrip—tion of muscle-specific genes
which subsequently regulate the translation of proteins in the
cytoplasmB*,
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Fig. 6: Cell mechanotransductionl

In animal models, it had been observed that the
stretching exercise can increase the transverse sectional
area of muscle fibers, producing a rise in the number of
sarcomeres (sarcomeroge—nesis) and prevent muscle
atrophy™#%. Passive stretching completely prevented the
decrease in the number of nuclei induced by inactivity™!!,
Moreover, it was indicated that stretching accelerated the
amelioration of the range of motion limitation and prevented

the deposition of collagen fibers*?. In addition, it had been
observed that muscle stretching facilitated the regeneration
and early formation of a new myofibers, thereby promoting
functional and structural recovery from muscle injury™l. In
humans, it had been observed that stretching exercise could
decrease the passive stiffness of the muscle, in—crease range
of motion suggesting an increase in muscle extensibility™*!,
Moreover, stretching exercise was able to downregulate the
atrophy related genes as atrogin-1, MuRF1 and myostatin in
disuse conditions™*!.

CONCLUSION

It was concluded that disuse muscle atrophy has a
significant and progressive serious effects on the muscle
structure in the form of reduction of muscle mass,
proliferation of collagen fibers, apoptosis and decrease in the
cross sectional area. It also caused ultrastructure changes in
the form of loss of sarcomere organization, indistinguishable
A and I bands and irregular distorted Z-line with disruption
of myofilaments and fused giant mitochondria and mostly
affect slow-twitch muscle. This review showed that stretching
exercise can protect against muscle atrophy. This protection
might be attributed to increase protein synthesis. Further
studies can improve the understanding of the mechanism(s)
associated with the stretching exercise in disuse muscle
atrophy.
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