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Abstract: Skeletal muscle has multiple functions and is a key component of the locomotor
system. It consists of carbohydrates and amino acids for different tissues such as skin, heart and
brain. It contributes to the maintenance of blood glucose levels during periods of starvation.
Skeletal muscle health is particularly important for the prevention of various diseases. This review
discusses various aspects of skeletal muscle tissue including its development, structure, function and
morphology, including the guidelines for histology methods. We have also discussed, sarcopenia,
age-related muscle diseases and exercise. We hope this review will benefit readers of a clinical and
non-clinical background.
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1. Introduction
Muscle tissue includes skeletal muscle, myocardium and smooth muscle. Skeletal muscle forms
the vast majority of our muscle tissue. It constitutes of 40% of the body weight and contains
50%–75% of the body’s proteins. Skeletal muscle has multiple functions. It is a key component
of the locomotor system. It has the ability to convert the chemical energy into mechanical energy
therefore generating movement. Therefore, a subject can be independent and able to carry out daily
activities. Skeletal muscle is also a reserve of carbohydrates and amino acids for different tissues such
as skin, heart and brain [1].
Skeletal muscle contributes to the maintenance of blood glucose levels during periods of
starvation [2]. The secondary disability to impaired skeletal muscle is particularly debilitating.
The good maintenance of skeletal muscle health is crucial for the prevention of various diseases
and the psychological stress due to the disability. Our review discusses skeletal muscle development,
structure, function, and morphology as well as guidelines for histology, exercise and sarcopenia and
age-related muscle diseases.
2. Development of Skeletal Muscle Fibers
Skeletal muscle originates mainly from paraxial mesoderm arranged in somites, responsible for
metameric organization of the body, in many animal species including humans. The somites are
arranged in pairs along the longitudinal axis of the embryo. Although they are transitory structures,
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for organization of the segmental plan of vertebrates [3–5]. They originate
at regular and cyclic species-specific intervals. The temporal periodicity is regulated by expression of
originate at regular and cyclic species-specific intervals. The temporal periodicity is regulated by
the “oscillating genes” and by gradients of signal molecules responsible for a wave motion, including
expression of the “oscillating genes” and by gradients of signal molecules responsible for a wave
fibroblast growth factor 8 (FGF-8), WNTA3 protein and retinoic acid (RA) [3,6]. In every somite,
motion, including fibroblast growth factor 8 (FGF-8), WNTA3 protein and retinoic acid (RA) [3,6]. In
it is possible to identify an internal mesenchymal mass and an epithelial lining, which is formed in
every somite, it is possible to identify an internal mesenchymal mass and an epithelial lining, which
consequence of the mesenchymal-epithelial transition (MET) regulated by fibronectin, N-cadherin and
is formed in consequence of the mesenchymal-epithelial transition (MET) regulated by fibronectin,
a small GTPase (Rac1) [7,8]. The somites are detached from one another and subsequently due to
N-cadherin and a small GTPase (Rac1) [7,8]. The somites are detached from one another and
local molecular signals, they differentiate into three portions: sclerotome, myotome and dermatome.
subsequently due to local molecular signals, they differentiate into three portions: sclerotome,
The differentiation process depends on interactions with the surrounding tissues and is regulated by
myotome and dermatome. The differentiation process depends on interactions with the surrounding
signal molecules from ectoderm, notochord and neural tube [9]. With regard to the development of
tissues and is regulated by signal molecules from ectoderm, notochord and neural tube [9]. With
skeletal muscle, the myotome cells separate, migrate in the appropriate areas and generate myoblasts.
regard to the development of skeletal muscle, the myotome cells separate, migrate in the appropriate
Some progenitor cells do not differentiate in order to give rise to satellite cells located at the periphery
areas and generate myoblasts. Some progenitor cells do not differentiate in order to give rise to
of the muscle cells. This is responsible for both postnatal growth of skeletal muscle and possible
satellite cells located at the periphery of the muscle cells. This is responsible for both postnatal
repair processes [10]. Myogenesis is the muscle differentiation process that involves the proliferation
growth of skeletal muscle and possible repair processes [10]. Myogenesis is the muscle
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The further growth of myotubes is because of the ulterior synthesis of contractile proteins, in
The further growth of myotubes is because of the ulterior synthesis of contractile proteins,
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that after a few days become excitable and able to contract. In humans, at the end of the
8th week of pregnancy most of the myotubes are differentiated into muscle fiber [17,18]. Moreover,
in developing myotubes, the sarcoplasmic reticulum develops and the sarcoplasmic membrane
invaginates to produce transverse tubules. Lastly, the synapses develop due to the presence of AchR
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sarcomeres that after a few days become excitable and able to contract. In humans, at the end
of the 8th week of pregnancy most of the myotubes are differentiated into muscle fiber [17,18].
Moreover, in developing myotubes, the sarcoplasmic reticulum develops and the sarcoplasmic
membrane invaginates to produce transverse tubules. Lastly, the synapses develop due to the presence
of AchR on the surface of myotubes. In the early stages of embryonic development, each skeletal
muscle fiber is innervated by at least two motor neurons. As the multiple innervation disappears,
every fiber receives a single motor neuron with the selection based on competition between axons [19].
3. Structure and Function
Skeletal muscle is composed of a variable number of muscle fibers and is surrounded by
connective tissue, the epimysium, which is connected to the tendon, the structure responsible for
the insertion of the muscle to the bone segment. Connective tissue septa originate from epimysium
and surround groups of muscle fibers, forming the perimysium. Each muscle fiber (approximate
dimensions of 100 µm in diameter and 1 cm in length) is surrounded by reticular connective tissue,
which constitutes the endomysium [20]. The epimysium, perimysium and endomysium vascularize
and innerve the muscle. The single muscle fiber originates from the fusion of a large number of
myoblasts to form a polynuclear syncytium. Satellite cells are adherent to the sarcolemma of muscle
fibers, contributing to muscle growth, repair, and regeneration [2]. The sarcoplasm has all cytoplasmic
organelles, but consists mostly of myofibrils that, occupying most of the available space, push the
numerous nuclei at the periphery of the muscle fiber [21]. The myofibrils are aligned along the
longitudinal axis of the muscle fiber and are linked to each other, with the sarcolemma and other
cytoplasmic organelles due to several cytoskeletal proteins such as plectin, filamin and dystrophin.
Alterations in the seproteins are linked to neuromuscular disorders such as Duchenne and Becker
muscular dystrophies [22]. The muscle fiber is characterized by a typical cross-banding that is the result
of a well-defined arrangement of myofibrils in the sarcoplasm. Myofibrils consist of myofilaments
that are arranged in a well-defined order responding functionally to the contractile function. There are
two types of myofilaments, thick and thin, arranged in a well-defined order responsible for the typical
cross-banding. The thick myofilaments, consisting of bundles of myosin molecules, are arranged
parallel to each other and constitute the A-band, which contains the entire length of a single thick
filament. Its central part is called the H-band, which indicates the zone of the thick filaments that
is not superimposed by the thin filaments. Myosin is a hexameric protein and is characterized by
the ability to bind actin to form actomyosin complex, and is an ATPase able, and therefore able to
provide the energy required for contraction. The thin myofilaments are structurally composed of actin
filaments (F-actin), which are arranged parallel to each other and determine the I-band, where the thin
filaments are not superimposed by thick filaments, and the A-emibands. Moreover, they are regulatory
proteins associated with thin filaments, such as tropomyosin and troponin, which have a fundamental
regulatory role in the contraction mechanism. Overall, the myofibril consists of an alternation of
A-I bands, with the H-band in the middle of A-band, in which only thick myofilaments are present;
the A-emibands in which both myosin and actin are present to form actomyosin complex; the M line
in the middle of H-band where tails of myosin molecules are connected each other; the Z line in the
middle of I-band, in which the thin myofilaments of adjacent sarcomeres (see down) are linked among
them. The fragment of myofibril delimited by two Z lines is called sarcomere, which is the functional
unit of the muscle fiber, and is able to contract through the sliding of the thin filaments on thick
ones (Figure 2).
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Muscle fiber

Figure 2. Morphology of skeletal muscle. Epimysium is the connective tissue surrounding the
entire skeletal muscle. Perimysium consists of connective septa from epimysium surrounding
bundles of muscle fibers. Endomysium is reticular connective tissue surrounding each muscle fiber.
The sarcoplasm of the single muscle fiber is filled with myofibrils aligned along the longitudinal axis
of the muscle fiber. Myofibrils consist of myofilaments arranged in a well-defined order responsible
for the typical cross-banding consisting of A-band, with the central H-band consisting of only thick
myofilaments, and I-band, composed by thin myofilaments, incorporating the Z line. The sarcomere is
the fragment of myofibril delimited by two Z lines, and it is the functional unit of the muscle fiber that
is able to contract. In the Hematoxylin & Eosin (H&E) longitudinal section (20ˆ) the cross-banding,
consisting of alternated A-bands (dark) and I-bands (light), is slightly evident.

Thanks to the bond of the thin filaments of adjacent sarcomeres at the level of the Z line,
the simultaneous contraction of individual sarcomeres results in the contraction of the entire muscle
fiber [23]. The well-defined arrangement of the myofilaments is supported by the presence of several
cytoskeletal proteins such as titin and nebulin that contribute to the stability and integrity of the
sarcomere [23,24]. The contraction of the myofibrils is possible by the presence of sarcolemmal and
sarcoplasmic structures that allow the excitation-contraction coupling. In fact, the mechanism of
contraction is triggered by Ca++ ions that bind to troponin, and in particular to C sub-unit, allowing the
sliding of thin myofilaments on thick ones. The muscle fiber is rich in Ca++ ions, collected and
stored in the sarcoplasmic reticulum. This is a modified smooth endoplasmic reticulum, arranged in
tubules enveloping the myofibrils. In particular, the sarcoplasmic reticulum is divided into fenestrated
cisternae and terminal cisternae; the latter have a horizontal pattern and retain the Ca++ ions that will be
released when a nerve impulse comes, making them available to binding to C troponin, thus triggering
the mechanism of contraction [25]. The release of Ca++ ions from the terminal cisternae is allowed
by sarcolemmal structures, namely the transverse tubule (T-tubule) that is an invagination of the
sarcolemma, whose role is the conduction of the nerve action potential to the interior of the cell.
The T-tubules are associated with the terminal cisternae, so that the action potential from the nerve
fiber associated, can be transmitted to the terminal cisternae, which, thus, release the Ca++ ions.
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4. Guidelines for Histology
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basic step, thus the anterior tibialis is widely used because it is easily accessible, the muscle fibers
have a fairly uniform orientation and also it is rich in fast fibers. The soleus is appropriate if needing
to analyze slow fibers. The cross sections, about 5 μm, are stained choosing a wide range of
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[32]. Some
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number of mitochondria.
Lastly, it is necessary to consider the histomorphometric analysis that enables the quantitative
assessment of a muscle sample. Indeed, this allows counting muscle fibers in a specific area of the
analyzed slide, and also the muscle fiber size can be measured. In the morphometric analysis, the
parameter to determine the size of the fibers is usually the diameter, the perimeter or the area (Figure 5).
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Figure5.5. (A)
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diameter
[31].
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achieved
through
the use of
software,
such Soft
as AxioVision
in our [29,30]
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5. Exercise
5. Exercise
Physical activity induces significant structural and metabolic changes in skeletal muscle,
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an
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an
endurance training show an increased efficiency in the contraction due to structural adaptations
increased
efficiency
in
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due
to
structural
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such
as
a
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such as a greater development of the sarcoplasmic reticulum, a greater number of mitochondria, a
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the sarcoplasmic
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greater number
of mitochondria,
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activity
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activity of the
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[34,35].
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Krebs enhances
cycle and protein
a higher synthesis,
content in mitochondrial
glycogen [34,35].
Endurance
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Endurance
exercise
biogenesis
andexercise
the release
of
protein
synthesis,
mitochondrial
biogenesis
and
the
release
of
interleukin-6
(IL-6),
resulting
interleukin-6 (IL-6), resulting in inhibition of tumor necrosis factor-α (TNF-α) production andin
inhibition
of tumor
necrosis
factor-αfiber
(TNF-α)
production
andmay
consequent
of muscle and
fiber
consequent
inhibition
of muscle
apoptosis;
it also
mediateinhibition
anti-inflammatory
apoptosis;
it also
may[36–39].
mediateHowever,
anti-inflammatory
and
anti-atrophy
[36–39].
However, endurance
anti-atrophy
effects
endurance
training
is not effects
associated
to hypertrophy
[2]. The
training
is not
associated
to hypertrophy
[2]. Theisresistance
(anaerobic
type
resistance
exercise
(anaerobic
and strength)
a type ofexercise
physical
activity and
thatstrength)
generatesis agreat
ofmuscular
physical strength
activity that
great muscular
strengthmuscle
and induces
hypertrophy
of skeletal
muscle
and generates
induces hypertrophy
of skeletal
fibers as
a result of the
confluence
of
fibers
as amuscle
result protein
of the confluence
positive
protein
balance
and
satellite
cell addition
positive
balance andofsatellite
cellmuscle
addition
to muscle
fibers
[40].
Hypertrophic
muscleto
muscle
[40]. Hypertrophic
fibers of
have
greater dimensions
as a result
of increased
protein
fibers fibers
have greater
dimensionsmuscle
as a result
increased
protein synthesis
exceeding
the protein
synthesis
exceeding
the protein
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Furthermore,
resistance
activation
catabolism.
Furthermore,
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training
induces activation
of training
satellite induces
cells, whereby
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numbercells,
of muscle
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[2,41,42].
Moreover,
this kind
of training
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bothof
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whereby
thealso
number
of muscle
fibers
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[2,41,42].
Moreover,
this kind
fiber atrophy
and pro-apoptotic
[36,37,43,44]
and, in
addition,
can increase
thein
activity
of
training
can attenuate
both fiber signaling
atrophy and
pro-apoptotic
signaling
[36,37,43,44]
and,
addition,
mitochondrial enzymes and decrease skeletal muscle TNF-α, thus inhibiting apoptosis of muscle
fibers [36,37,43,45].
Lastly, it is important to remember that physical exercise can cause an increase in oxidative
stress with production of reactive oxygen species (ROS) that often cause cellular alterations.
However, at the same time, it stimulates the adaptive response of the body against oxidative stress [46],
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can increase the activity of mitochondrial enzymes and decrease skeletal muscle TNF-α, thus inhibiting
apoptosis of muscle fibers [36,37,43,45].
Lastly, it is important to remember that physical exercise can cause an increase in oxidative
stress with production of reactive oxygen species (ROS) that often cause cellular alterations.
However, at the same time, it stimulates the adaptive response of the body against oxidative stress [46],
increasing the production of heat shock proteins (HSPs) in order to protect against subsequent periods
of stress damage and to facilitate a rapid recovery and remodeling when damage occurs [47,48].
Moreover, it seems that when physical exercise is supported with a good quality of nutrition or with
supplementation of exogenous antioxidants, it promotes the adaptation of cell antioxidant defense
system much better, achieving an optimal level of defense [4,49,50]. A good quality of nutritional
status can be achieved thanks to some nutrients having antioxidant properties, such as carotenoids and
oleic acid. The latter is a compound of extra-virgin olive oil, a typical nutrient of the Mediterranean
diet, which we recently showed its antioxidant properties not only in skeletal muscle but also in
myocardium and cartilage [51–53].
6. Sarcopenia
Sarcopenia is a condition characterized by the loss of skeletal muscle mass and functions. The most
typical symptom of sarcopenia is muscle wasting and atrophy. The muscle progressively reduces in
size, and muscle fibers are replaced by fat and fibrous tissue. This causes increased oxidative stress,
muscle metabolism changes, and neuromuscular junction degeneration, which causes progressive loss
of muscle function and frailty [54,55]. Major study groups such as the European Working Group on
Sarcopenia in Older People (EWGSOP), the European Society for Clinical Nutrition and Metabolism
Special Interest Groups (ESPEN-SIG) and the International Working Group on Sarcopenia (IWGS)
are working together in order to provide a clear definition of sarcopenia. It is considered to be a
syndrome characterized by progressive and generalized loss of skeletal muscle mass and strength
with a risk of adverse outcomes including physical disability, poor quality of life and, ultimately,
death [56]. In particular, the EWGSOP has identified a number of parameters that allow identifying
three different degrees of sarcopenia: presarcopenia, stage characterized by low muscle mass without
impact on muscle strength or physical performance; sarcopenia, stage characterized by low muscle
mass, plus low muscle strength or low physical performance; and severe sarcopenia, the stage in
which all three criteria of the definition are met (low muscle mass, low muscle strength and low
physical performance) [56]. This distinction in these three levels of sarcopenia can be very useful
in the management of patients suffering from sarcopenia, in order to identify the most appropriate
treatments to the individual case. It is also important to well identify the selection criteria for patients
involved in clinical trials and to establish a core outcome set to be used in all clinical trials of sarcopenia,
as reported by some authors [57]. Sarcopenia increases 14% in those aged between 65 and 70 years
and 53% after 80 years. It is, therefore, a typical expression of ageing but it is not an exclusive status
of the elderly. In fact, it can develop as consequence of conditions such as disuse, malnutrition and
cachexia [58–60]. Furthermore, sarcopenia can be associated in comorbidity with other diseases such
as obesity, osteoporosis, type 2 diabetes, insulin resistance and cirrhosis, and in young patients with
inflammatory diseases [59,61–64]. In clinical practice, identifying the causes of sarcopenia, even if
not always evident, is very useful for management and therapy of the disease. Anyway, it is crucial
to distinguish sarcopenia in primary (or age-related), in which no other cause save aging itself are
found, and secondary, in which one or more other causes are evident [56]. Lastly, sarcopenia needs to
be distinguished from cachexia. Cachexia is a multifactorial syndrome characterized by severe body
weight, fat and muscle loss and increased protein catabolism due to several diseases. Factors that
determine cachexia could be anorexia and metabolic alterations such as increased muscle proteolysis
and impaired carbohydrate, protein and lipid metabolism. Increased inflammatory status is also
considered. Cachexia is clinically relevant since it increases patients’ morbidity and mortality [65].
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7. Ageing
Ageing is characterized by a decline in physical function in daily activities resulting in reduced
quality of life. The decline of motor activity is linked to muscle weakness and atrophy. Sarcopenia
is one of the main indicators of ageing and, as reported above, is characterized by loss of skeletal
muscle mass and strength [2,36]. The decline of muscle strength is due to the progressive decrease in
anabolism with an increase in catabolism, as well as to the reduced muscle regeneration capacity [36].
In age-related sarcopenia, a reduced number of satellite cells have been highlighted [66,67].
Furthermore, the activation of satellite cells in response to muscle damage decreases in elderly [68].
In ageing, the muscle fiber is altered in many morphological characteristics as a result of molecular
events involving different cytoplasmic organelle. The sarcoplasmic reticulum shows alterations
that have an impact in its ability to store Ca++ ions decreasing, and, thus, its effectiveness in
excitation-contraction coupling [69]. The unbalanced muscle protein turnover is associated with
the quality of myofilaments [70]. For example, the reduction in myosin protein content may be related
to abnormal myostatin gene transcription or reductions in translation and protein synthesis leading
to a lower myosin concentration [2]. In addition, post-translational modifications of myosin may
result in myofilament dysfunction [2]. Oxidative modification of myosin may disrupt the binding
of the myosin head to the actin filament, reducing the number of actin-myosin cross-bridges and,
thus, limiting strength and power generation [2,71]. Age-related alterations are also associated with a
loss of mitochondrial content and function [72]. The unbalanced muscle protein turnover and tissue
remodeling are associated with impaired muscle cell recruitment and apoptosis [73]. Apoptosis is a
programmed cell death mechanism that may have an important role in aging of skeletal muscle [37,74].
Apoptotic stimuli that can be considered as initiators of the apoptotic signaling in aged skeletal muscle
are several and different, among them oxidative stress, Ca++ and TNF-α [73,75]. Increased oxidative
stress, typical of aging, alters the balance between degradation and resynthesis of skeletal muscle
proteins [76] and also determines mitochondrial dysfunction and apoptosis by activating some major
signaling pathways, leading to reduction in muscle mass and strength [37,77]. TNF-α can induce
apoptosis in muscle fibers; indeed, increased synthesis of TNF-α in aged skeletal muscle is a molecular
signal activating death receptors on the cell surface membrane [37,78]. Lastly, ageing is also associated
with increased DNA fragmentation and cleaved caspase-3 in rat skeletal muscle [74]. Data from
literature show that sarcopenia, with loss of muscle mass and strength, is higher in men when
compared to women [79,80]. Furthermore, the loss of muscle strength in ageing is more evident in
older people forced to immobilization; conversely, it can be less evident in relation to the level of daily
physical activity [81,82].
8. Conclusions
Skeletal muscle has multiple functions and provides the basic activities of the locomotor
system in daily life. Thus, good maintenance and homeostasis of skeletal muscle are fundamental
for the prevention of certain diseases and psychological stress caused by possible disability.
Particularly, in some pathological conditions and in ageing, physical exercise could improve
performance of skeletal muscle, avoiding sarcopenia. The goal of this review is to give an overview of
the morphology of skeletal muscle from development to ageing so that both clinical and non-clinical
readers can improve their knowledge about skeletal muscle.
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