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Paweł Wolański 1,5 , Georgian Badicu 6 and Eugenia Murawska-Ciałowicz 1,*

����������
�������

Citation: Kaczmarek, A.; Kaczmarek,

M.; Ciałowicz, M.; Clemente, F.M.;
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Simple Summary: Studies describing the effects of various forms of exercise and age on muscle
regeneration were reviewed. Satellite cells are a heterogeneous group of cells that includes stem
cells and skeletal muscle progenitor cells. Each skeletal muscle fiber has its own pool of satellite
cells that remain inactive until the muscle is damaged. Minor damage within the cell membrane of
muscle fibers is patched by fusing intracellular vesicles with the damaged sarcolemma. More severe
muscle damage initiates a multistep regeneration process in which satellite cells play an essential
role. The condition that initiates the cascade of reactions is the formation of inflammation at the
structural discontinuity site, resulting in satellite cell activation. The multitude of reactions and
pathways occurring during this process means that many different substances are involved in it
and control it. Not all of them are well-understood yet. In parallel, the body’s own population of
satellite cells is being rebuilt so that more fibers can be regenerated in the future. Athletes and the
elderly are primarily at risk for muscle damage, and pathologies in muscle fiber regeneration cause
serious diseases.

Abstract: The population of satellite cells (mSCs) is highly diversified. The cells comprising it differ
in their ability to regenerate their own population and differentiate, as well as in the properties they
exhibit. The heterogeneity of this group of cells is evidenced by multiple differentiating markers
that enable their recognition, classification, labeling, and characterization. One of the main tasks of
satellite cells is skeletal muscle regeneration. Myofibers are often damaged during vigorous exercise
in people who participate in sports activities. The number of satellite cells and the speed of the
regeneration processes that depend on them affect the time structure of an athlete’s training. This
process depends on inflammatory cells. The multitude of reactions and pathways that occur during
the regeneration process results in the participation and control of many factors that are activated
and secreted during muscle fiber damage and at different stages of its regeneration. However, not all
of them are well understood yet. This paper presents the current state of knowledge on satellite cell-
dependent skeletal muscle regeneration. Studies describing the effects of various forms of exercise
and age on this process were reviewed.
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1. History of Studies on Satellite Cells

The invention of the electron microscope in the 1930s sparked a revolutionary advance
in research. The same was true for studies on mammalian muscle tissues. Specifically,
satellite cells were first reported in the second half of the 20th century. In 1961, Alexander
Mauro, a Rockefeller Institute scientist who studied frogs’ tibial muscles under an electron
microscope, published a paper demonstrating the existence of mononuclear cells located
peripherally between the sarcolemma and the basement membrane. He called them satellite
cells [1]. That same year, in London, Bernard Katz also observed similar-looking cells
during his studies on afferent nerve fiber endings in frog muscles [2]. Subsequent scientists
tried to find out more about the structure, genesis, and role of these newly discovered
cells. In 1966, Ishikawa made an unsuccessful attempt to describe the mSC structure [3].
Three years later, Kelly and Zacks showed that Ishikawa had confused satellite cells with
connective tissue cells by calling them “fibroblast-like.” In the same paper, they described
the histogenesis of the muscle tissues of rats’ intercostal muscles as an example [4].

In the following years, by labeling the tibialis anterior muscle cells of 14- to 17-day-old
rats with a radioactive nucleoside (3H-thymidine), Moss and Leblond (1971) observed
that the nuclei of multinucleated myofibers were derived from mSCs that were capable of
mitotic divisions [5]. Observations of the mouse upper limb lumbrical cells made seven
and 30 days after birth led to the conclusion that fewer and fewer satellite cells undergo
fusion with muscle fibers as mice age. The rate of division of these cells did not decrease
until the mice were three weeks old. In contrast, after the third week, mSC proliferation
ceased, and they entered a quiescent state [6]. As early as during the discovery of satellite
cells, Mauro postulated that they could participate in skeletal muscle regeneration [1]. This
was eventually confirmed in 1975 by studies using phase-contrast microscopy [7].

In 1986, it was discovered that muscle injury causes satellite cells to exit the G0 phase
and resume cell division [8]. Following these studies, researchers searched for factors that
affect differentiation and the activation and deactivation of mitotic divisions of muscle
satellite cells. One of the earliest agents studied was transforming growth factor-β (TGFβ).
Studies have investigated its inhibitory effect on mSC differentiation [9]. The course
of myogenesis in mammals has been established by observing mouse embryogenesis.
During these observations, it was found that the first mSCs appeared under the basement
membrane of the muscle on day 17 of fetal life [4].

Throughout the 1990s, many published studies described the role of various proteins
in myogenesis, including myogenic regulatory factors (MRFs) and Pax7 in mSCs [10,11].
A 1990 paper by Bischoff addressed how the position of mSCs in the muscle affects their
sensitivity to myogenic factors. It was shown that the niche in which satellite cells reside
has an important influence on their performance [12].

In 2005, single myofibers with adherent mSCs were transplanted into irradiated mice
that could not regenerate muscle. In this study, satellite cells were shown to have stem cell
characteristics in that they were capable of regenerating their own population. Subsequent
experiments helped understand the mechanism of mSC populations’ self-renewal process
(asymmetric division) [13].

2. Pax7 Characterizes Inactive mSCs

Pax7 transcription factor belongs to a group of nine proteins encoded by Pax genes
whose name comes from the DNA-binding domain called “paired.” These proteins have
important functions during organogenesis, cell division, and differentiation. Over the
centuries, the structures of these proteins have changed little, and their homologs are found
in the proteomes of numerous animals, from simple organisms, such as nematodes, to
insects, amphibians, fish, birds, or mammals [14]. The Pax7 protein is found in the cell
nuclei of inactive satellite cells and in all human mSCs. This protein is responsible for
regulating the division and differentiation of these cells [15]. Its effects include influencing
myogenic determination protein 1 (MyoD1) and myogenic factor 5 (Myf5), which belong
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to MRFs [16]. The expression of the gene encoding this protein decreases in activated
satellite cells [15].

In a study in mice that lacked the operational Pax7 gene (Pax7−/−), this factor was
shown to maintain satellite cell populations after birth [16]. Although no significant differ-
ences in muscle thickness or appearance were observed in Pax7−/− and wild-type mice,
only a small percentage of the Pax7−/−-type mice reached adulthood. Survivors showed
impaired growth and significant muscle tissue loss caused by a lack of functional mSCs [17].

3. Inflammatory Processes Involved in Muscle Regeneration

Mature skeletal muscle cells are characterized by high stability and are not subject to
mitotic divisions [18]. Minor damage within the cell membranes of muscle fibers is patched
by the fusion of intracellular vesicles with damaged sarcolemma. Caveolin 3, dysferlin, and
one of two calpains (m or µ) are involved in this process. [19,20]. Severe muscle damage
initiates a multistep regeneration process in which satellite cells play an essential role [21]
(Figure 1).
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—inflammatory cells.

Skeletal muscle fibers can be damaged by denervation, ischemia, or mechanical dam-
age caused by (for example) the effect of high temperature. Intensive training, exposure to
toxins, and genetic mutations that cause degenerative muscle diseases (including muscular
dystrophies) may also cause this kind of damage [22]. Due to the disruption of the cell
membrane of the muscle fiber, the concentration of Ca2+ ions increases rapidly inside the
muscle fiber. This, in turn, activates proteolytic enzymes (calpain-calcium-dependent,
non-lysosomal cysteine proteases) that digest the structural protein molecules of the dam-
aged fibers. From damaged cells, the molecules of compounds normally present in the
sarcoplasm enter the bloodstream. These compounds include creatine kinase, myosin
heavy chain, lactate dehydrogenase, troponins, myoglobin, and beta-galactosidase [23].

Necrosis occurring in damaged muscle stimulates inflammatory processes—for ex-
ample, the cascade activation of the complement system and an increase in the synthesis
of proinflammatory cytokines [24]. Destroyed cells are phagocytosed by neutrophils and
macrophages that migrate to the damage site [22,23]. The entire process begins with the
stimulation of selectin family protein synthesis by tumor necrosis factor-α (TNF-α) and
interleukin-1β (IL-1β). These substances promote the influx of neutrophils to the injury
site, which takes 1–6 h [25]. The chemokines interleukin-6 (IL-6) and interleukin-8 (IL-8)
also contribute.
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Furthermore, neutrophil granulocytes secrete chemoattractants, resulting in the accu-
mulation of two macrophage subpopulations at the injured muscle site [26]. The first of
these is characterized by proinflammatory properties due to the secreted cytokines (TNF-α,
IL-1β). The number of proinflammatory macrophages peaks approximately 24 h after
fiber injury.

A defining feature of proinflammatory macrophages is the expression of the CD68
membrane protein, and their function is to remove the debris remaining after cell necrosis.
The second subpopulation of macrophages is the anti-inflammatory group, which reaches
its maximum concentration within two to four days after injury. Their properties are due to
the secretion of cytokines that inhibit inflammatory processes—for example, interleukin-10
(IL-10). Unlike proinflammatory macrophages, they synthesize the CD163 protein (which is
their marker) instead of the CD68 protein. The function of these macrophages is to protect
newly created structures from proteolytic agents. In addition, macrophages stimulate
satellite cell division [27]. Importantly, when the immune response is not triggered, satellite
cells do not appear to be involved in regeneration [28].

4. Presence of MyoD1 and Myf5 Is Characteristic of Proliferating Satellite Cells

Satellite cells start dividing once anti-inflammatory scavenger cells appear in the
muscle (i.e., on the second day after the injury occurs). Activation includes the satellite
cells in the immediate vicinity of the resulting damage, as well as all cells adjacent to the
damaged fiber. Activated mSCs migrate to the damage site, where the regeneration process
continues [29]. The membranes of quiescent satellite cells contain the CD34 glycoprotein,
which belongs to a family of adhesion proteins, the sialomucins. Immediately after satellite
cell activation, there is a sharp decrease in CD34 production, allowing the molecules to
adhere to each other less strongly and move more easily [30]. Researchers have observed
that satellite cells can move not only within the same fiber but also between fibers and even
between muscles. Such movement allows these cells to overcome basement membrane and
connective tissue barriers [31].

Satellite cells undergoing division—called myogenic precursor cells (MPCs)—produce
MRFs [21]. MRFs are characteristic of mSCs that have awakened from their quiescent state,
and the expression of these factors occurs in an ordered sequence. In one study, MyoD1
and Myf5 were the first MRFs observed during the initial phase of mSC activation and
division. In-depth analyses of single cells on the first day after injury show that some
satellite cells begin to synthesize MyoD1 first, while others synthesize Myf5 first. On the
other hand, the simultaneous expression of both factors occurs on the following day [10].
The appearance of both MRFs is necessary for satellite cells to exit the quiescent state.
Cells in which no further MRFs are produced—and in which MyoD1 and Myf5 levels are
decreased—revert to the pool of quiescent cells [32]. It is believed that MyoD1 expression
determines MPC differentiation [33].

Megeney et al. [34] showed that cell division is not impaired in MyoD1−/− mutant
mice, though an accumulation of myoblasts was observed at the muscle injury site. How-
ever, these myoblasts do not differentiate into mature muscle cells. After examining them
under an electron microscope, the authors did not report any abnormalities in their appear-
ance [34]. However, Sabourin, et al. [35] demonstrated a different appearance of in vitro
cultured mouse MyoD1−/− cells. Compared to MyoD1+/+ cells, which were rounded, the
mutant cells were flat and star-shaped [35]. In another study, another team of researchers
showed that MyoD1−/− muscles have branched muscle fibers, indicating an abnormal
regeneration process within these myofibers [36]. These abnormalities may result from an
imbalance between the satellite cells that stop proliferating, returning to the G0 phase of
the cell cycle, and those that rapidly divide [33–35].

Asakura et al. [37] made an interesting discovery after injecting satellite cells into the
tibialis anterior muscles of mice from the SCID/beige model that had been damaged by
cardiotoxin (CTX). A significantly higher number of transplanted MyoD1−/− cells survived
in the regenerating muscle compared with the wild type. The difference was threefold after
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24 h. Not only were there more of them, but they easily formed multinucleated myofibers
and replenished the pool of quiescent satellite cells. The results of this experiment suggest
that MyoD1 may regulate apoptosis, as a vast number of transplanted wild-type myofibers
underwent programmed death during differentiation. The researchers tested this by
subjecting the cells of both lines to UV radiation, which damages DNA. More apoptotic
cells were shown in the wild-type MyoD1+/+ line than in fibers lacking this factor [37].

The characteristic phenotype of mice lacking Myf5 is muscle fiber hypertrophy, and
proliferation is impaired in Myf5−/− myoblasts. In contrast, Myf5 deletion does not affect
the initial abundance of satellite cells. It is likely that the presence of Myf5 in the mSC
determines which cell type it will differentiate into. In vivo studies have revealed that
mSCs lacking Myf5 are more likely to differentiate into fibroblasts or adipocytes than
into myofibers [38]. Additionally, it is postulated that Myf5 promotes the restoration
of its own cell population by inhibiting the expression of MyoD1, thereby inhibiting
further differentiation [31].

Previous studies suggest a distinct role of MyoD1 and Myf5 in muscle regeneration.
MyoD1 has an overarching function in the initiation of cell differentiation, whereas Myf5 is
involved in myoblast proliferation. The functions of these factors in adult myoblasts overlap
with their roles during embryogenesis [39,40]. It can be speculated that the determination
of muscle precursor cell development depends on whether MyoD1 or Myf5 expression
is predominant. As an example of the dominance of MyoD1 factor expression, Myf5−/−

myoblasts showed early cell differentiation [21]. In contrast, the behavior of MyoD1−/−

myoblasts—in which increased proliferation and differentiation occurred with a significant
delay—may serve as an example of a program path that is presumably followed by cells
with Myf5 overexpression [32,33].

The expression of a protein that is crucial for cell differentiation—and, therefore, the
regeneration of the MyoD1 proteins—is strictly controlled by the serum response factor
(SRF). It binds to the DNA sequence recognized by SRF (SRE), which is located in the
promoter of the myoD1 gene [41,42]. In proliferating myoblasts, low levels of MyoD1 are
maintained by specific cyclin-induced reactions between cyclin-dependent kinase-4 and
MyoD1 [43]. These compounds lead to the phosphorylation and subsequent degradation of
the MyoD1 factor [44]. A decrease in the expression of genes, inducing cell division, results
in the expression of myogenesis-enhancing factor-2 (MEF-2). As it competes with SRF for
a binding site to the SRE sequence, it promotes MyoD1 expression and makes the cells
enter the differentiation pathway [42]. By binding to gene promoters, MyoD1 facilitates the
transcription of proteins that are characteristic of striated muscle tissue, such as M-cadherin.
It also causes changes in the spatial arrangement of chromatin, thus allowing transcription
proteins to subsequently bind to it [45].

5. Myogenin and Myf6 have Essential Roles in mSCs Differentiation

Early in cellular differentiation, MyoD1 initiates the formation of another MRF: myo-
genin. This occurs through the interaction of MyoD1 with enzymes that acetylate and
deacetylate the gene promoter of this protein [46,47], and this process is controlled by Myf5
and MEF2 [31,47]. Myogenin expression is responsible for Pax7 inactivation in differen-
tiating myoblasts [48]. This factor was also shown to enhance the formation of muscle
cell-specific proteins whose expression was initiated by MyoD1 [49].

Myogenin is the only one among the four MRFs whose absence in fetal life leads to
severe abnormalities in the development of muscle tissue, resulting in death soon after
birth. The conclusion is that, just as the other factors compensate for each other’s effects,
myogenin cannot be replaced by any of them. This situation changes immediately after
birth. When gene encoding becomes inactive, this protein does not significantly affect
the function of either myofibers or satellite cells. As a result, its role is taken over by
other MRFs [50].

The last of the MRFs synthesized during differentiation is myogenic factor-6 (Myf6),
the name of which is used interchangeably with muscle regulatory factor-4 (MRF4). Similar
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to myogenin, this MRF promotes cell division. Myf6 expression is regulated by MyoD1
and Myf5, and it is characteristic of terminal differentiation stages [36,46].

6. Fusion Is the Final Stage of Muscle Fiber Regeneration

MPC fusion is the final stage of muscle fiber regeneration following muscle damage.
These cells either integrate with damaged fibers or fuse to form new syncytia (Figure 1).
The latter process occurs in two stages. First, several myoblasts fuse to form a small de
novo filament. Then, during maturation, more cells are recruited to the newly formed fiber,
increasing the diameter of the spindle; this process is accompanied by increased contractile
protein expression [21]. This process is complex and requires the participation of numerous
molecules capable of reorganizing the structure of the intracellular cytoskeleton.

Over the years, it has been shown that the myoblast fusion process cannot take place
without the involvement of transmembrane proteins responsible for cell-cadherin adhesion.
Their action, in turn, is dependent on Ca2+ ions. Among the members of this family,
M-cadherin plays the most important role in the formation of multinucleated myotubes
during both embryonic myogenesis and regeneration [51,52]. This has been confirmed by
numerous in vivo and in vitro studies.

This protein is found in mice and humans in most myofibers and satellite cells at dif-
ferent development stages. Muscle damage increases M-cadherin expression [52,53]. A sig-
nificant reduction in M-cadherin expression was observed in injury-activated MyoD1−/−

satellite cells that could not integrate into fibers [33,34]. However, this protein is not
irreplaceable, as the authors of the study in mice with disabled M-cadherin expression
demonstrated. No abnormalities in muscle recovery after CTX injection were observed in
these animals. The role of cadherin has been most likely compensated by other proteins
from this family [54].

M-catherin is not the only adhesive protein responsible for the interaction of myoblasts.
The most important adhesion proteins involved in the muscle fiber regeneration (without
which the fusion of newly formed cells with existing fibers or with each other would not
take place) are CD9, CD81, alpha-3, alpha-7, alpha-10, and beta-1 integrins, as well as
vascular cell adhesion molekule-1 (VCAM-1) [55]. It is also likely that M-calpain, a Ca2+

ion-dependent proteinase, contributes to MPC fusion by reorganizing the cytoskeleton [56].
However, the mechanism of this process is still unknown.

One of the substrates for calpains is desmin, and mice with the desmin−/− phenotype
have been shown to have impaired regeneration and delayed cell fusion [57]. It has also
been shown that satellite cells associated with the fiber differentiate into several myoblasts
(equal to the number of nuclei of each satellite cell) within four to five days of fiber
injury [58]. In mice, the first regenerated or newly formed muscle fibers are observed
approximately five to seven days after injury [59]. These fibers are typically thinner than
others, and their cell nuclei are centrally located. This changes during myofiber maturation
as they move to the peripheral parts of the myotome [60].

In addition to muscle and satellite cells, connective tissue, an integral part of the
muscle, is involved in mSC-dependent skeletal muscle regeneration. More specifically,
these are mesenchymal stem cell-derived fibroblasts (collagen synthesis, organization of
extracellular structures), adipocytes (which replace myofibers in some muscle diseases and
during aging), and adipocyte and fibroblast progenitor cells [61].

7. Satellite Cell Self-Renewal

Satellite cells can divide in three different ways. First, symmetric division may result
in two undifferentiated cells with stem cell characteristics. Second, two differentiating cells
may be formed. Third, asymmetric division results in the formation of one undifferentiated
and one differentiating cell [62]. The ability to reconstitute their own populations via
undifferentiated progenitor cells is a distinctive feature of satellite cells. Presumably,
maternal DNA strands are responsible for determining the fate of newly formed cells. One
of them provides immortality [63].
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To revise this hypothesis, Conboy et al. [64] damaged mouse muscles and injected
them with a thymidine analog compound two days later, which the cells used during
replication. Before the next cell division, they repeated this activity using a different
thymidine analog. By analyzing mSCs extracted from muscle prepared with this method,
the researchers found that selective inheritance of maternal DNA strands occurred in some
of them. In addition, they observed that in most cases, the parental strands were found in
cells that reproduced the mSC population [64].

The mechanism that controls the proliferation of mSCs is the Notch protein signaling
pathway (Figure 2). It is activated by Delta and Jagged ligands. Their interaction causes
the Notch intracellular domain (NICD) to detach from the participation of γ-secretase.
NICD enters the cell nucleus, where it induces the transcription of target genes with
the participation of other factors. The Numb protein, a Notch receptor antagonist, is
one of the compounds unevenly distributed between progenitor cells during asymmetric
division, which may determine their fate. That cell exhibits a high concentration of Numb
ligand and inhibits the Notch pathway, causing it to increase Myf5 factor and desmin
levels and differentiate. The second Numb-depleted cell recreates a population of inactive
satellite cells.
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This was demonstrated in an ex vivo cell culture that contained myofibers and
mSCs [65]. Studies on mice in which green fluorescence protein (GFP) synthesis depended
on Pax7 gene expression confirmed the effect of the Notch signaling pathway on its future.
Notch pathway activity was high in cells that contained abundant GFP (Pax7+). GFP
(Pax7-) detection decreased as Notch pathway activity decreased, whereas MyoD1 and
myogenin expression increased as cells differentiated [66].

Whether a cell replenishes the mSC pool or undergoes differentiation is influenced
by the division plane of the maternal cell. This has been observed in muscle cell cultures
with mSCs attached to them. A progeny cell composition analysis for Myf5 factor revealed
that one in ten Pax+ cells lacked Myf5 expression (Pax+/Myf5−). The majority of the
remaining cells were Pax+/Myf5+ mSCs. Cells lacking Myf5 divide symmetrically and
asymmetrically, but they do not differentiate and renew the mSC population. Furthermore,
they do not lose contact with the basement membrane of the myofiber (Figure 3).
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ferentiated cells (Pax7+/Myf5−) (blue cell); II—symmetrical division resulting in two cells renewing the population of
undifferentiated cells (2x Pax7+/Myf5−); III—symmetrical division resulting in two differentiating cells (2x Pax7+/Myf5+).

The researchers decided to use Pax7+/Myf5+ and Pax7+/Myf5− cells in another
experiment to test their biological properties. Each was separately transplanted into
Pax7−/− mice that were mSC−deficient due to impaired proliferation. Between 20 and
60 newly created fibers were formed when Myf5+ mSCs were administered, which is
significantly more than in muscles into which Myf5− mSCs were transplanted. In this
case, the number of new fibers did not exceed 20. Administered Pax7+/Myf5+ were
far more likely to differentiate than to participate in niche cell restoration. Additionally,
when comparing Pax7+/Myf5− cells with Pax7+/Myf5+, only the former could move in
the muscle [13].

The Pax7 protein is also vital to the process of self-renewal; its high level is maintained
both in inactive cells and proliferating ones, after which its expression decreases under the
influence of myogenin, which is characteristic of differentiating cells [67]. Among the cells
synthesizing the Pax7 protein and the MyoD1 factor, some did not reach the next stage (i.e.,
differentiation). A closer look using a thymidine analog revealed that the Pax7/MyoD1−

cells were the same cells that had normally expressed MyoD1 previously. MyoD1 activity
decreased in these cells, and subsequent MRFs specific for cellular differentiation were
not synthesized.

The researchers assumed that this cell lineage is responsible for self-renewal [67–69].
The same conclusions were reached by other authors, who additionally observed changes in
the expression of nestin—a protein whose high level, as with Pax7, persists in inactive cells
and those undergoing division, while decreasing during differentiation. Some researchers
used transgenic mice in which GFP synthesis was coupled to nestin synthesis for this experi-
ment. They found that nestin and Pax7 were present in population-renewing mSCs [40,68].

8. Satellite Cells and Physical Activity

After intense exercise—specifically, exercise that causes eccentric stretching of the
muscle fibers—people may experience pain, increased tension, and limited mobility in
the area of the exercised muscle. This phenomenon is referred to as delayed-onset muscle
soreness syndrome (DOMS) [70]. Pain discomfort usually appears 12 to 48 h after exercise
and reaches its maximum on the second or third day, after which it gradually subsides
until the pain is completely gone. This lasts anywhere from a few days to a week [71].
Micro-damage occurs in the muscles due to intense exercise, constituting a signal to
start the fiber regeneration process, which depends on satellite cells. The timing of pain
coincides with inflammatory processes, which are the first stage of regeneration. The
influx of neutrophils and (subsequently) macrophages to the injury site—along with the
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presence of inflammatory mediators—increases the sensitivity of neural tissue (specifically,
nociceptors), which is thought to be the cause of pain [72].

The mitotic activity of mSCs can be stimulated by exercise in the form of strength
(resistance) or endurance training (e.g., running). The changes in mSC activity and muscle
appearance observed in subjects during a cycle of progressive running training indicate
alternating fiber damage with regenerative processes [73]. This is reflected in the increased
number of mSCs [74]. In an experiment in which subjects underwent regular exercise,
an increase in mSCs was demonstrated as early as four days after the first exercise unit.
Elevated levels of these mSCs were maintained in skeletal muscles throughout the entire
training period. mSC levels started declining after completion of the exercises [75].

Human trials have demonstrated similarities and differences in the relationship be-
tween the type of exercise performed and the number of satellite cells. Therefore, clear
conclusions cannot be drawn about these trials.

Resistance training is considered the primary method for increasing muscle mass.
Nederveen et al. [76] analyzed the effects of a single bout of exercise and 16 weeks of
resistance training on satellite cell activation. Satellite cell activity was detected when Pax7
and 4′, 6-diamidino-2-phenylindole (DAPI) (a marker used to stain cell nuclei) and/or
Pax7, MyoD, and DAPI were observed together, as visualized by immunofluorescence.

An examination of the MyoD protein’s presence showed that, when tested before the
16-week training regimen, the number of cells with an activated MyoD gene (Pax7+/MyoD+)
increased significantly 24 h after a single strength training session. In contrast, at the end of
the 16-week experiment, significant differences were obtained after 24 and 72 h had passed.
The increase was greater in the second case, suggesting that the organism had adapted to
chronic exercise training, and indicating improved muscle regeneration processes due to a
cycle of resistance training. The same study also found a positive effect from the training
cycle on muscle capillarization. This improves the availability of ingredients necessary for
muscle regeneration with the participation of mSC, thus improving the overall process [76].

The problems associated with satellite cell activity’s dependence on the type of exercise
were also analyzed by Hyldahl et al. [77]. However, this study focused on comparing
the effects of concentric and eccentric contraction on mSCs. The number of satellite cells
increased in muscles subjected to an eccentric workout, but not in those subjected to a
concentric workout.

A similar dependence on the type of contraction was observed in several parameters
related to muscle damage, which were taken to be the expression of Xin (a skeletal muscle-
specific protein whose concentration increases in proportion to the degree of muscle
damage) and the disruption of extracellular matrix adhesion. The authors hypothesized
that muscle injury-related changes in the extracellular matrix might regulate satellite cell
activation and proliferation [77].

Differences in eccentric and concentric training were also studied by Farup et al. [78].
However, they broadened the issue to include protein supplementation. Twenty-two
young men were divided into two groups of 11 participants each. Each followed the same
resistance training program for 12 weeks, with each participant performing a concentric
workout with one leg and an eccentric workout with the other (legs were chosen randomly
to avoid the possible influence of single-leg dominance). The differences between the
groups consisted of different dietary supplementation—the study group received 19.5 g of
whey protein in combination with 19.5 g of carbohydrates, while the control group received
a calorically equivalent placebo (39 g of carbohydrates).

Concentric training induced a significant increase in the number of satellite cells in
the test and control groups and in both types of muscle fibers. Eccentric training induced
an increase in mSCs in type I fibers in both groups; no significant change occurred in the
number of mSCs in type II fibers, regardless of supplementation. There was also an increase
in the ratio of mSCs to muscle cell nuclei in the group receiving protein supplementation,
which was not the case in the control group.
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The number of nuclei increased in type I fibers in all studied groups when the densities
of cell nuclei were compared among different types of muscle fibers. Interestingly, concern-
ing type II fibers, the group taking protein supplementation experienced an increase in
the number of nuclei only for those who performed concentric training. Conversely, the
increase occurred only in the group performing eccentric training in the placebo group.

These results indicate a clear dependence of mSC activity and cell nuclei accumulation
on both types of resistance training and supplementation. This is especially true for type II
fibers, as changes in type I fibers occurred regardless of the intervention type [78].

The reciprocal effect of different forms of exercise is also not insignificant. Babcock et al. [79]
conducted a study in which a group of eight young men was subjected to two types of
training: resistance training and mixed training (resistance training combined with aerobic
exercise). Resistance training increased the number of satellite cells in the muscle fibers
significantly more than mixed training. It was observed that aerobic exercise co-occurring
in the training cycle with resistance exercises lessened the increase in the number of mSC in
relation to the response after the resistance training itself. Therefore, the authors suggested
that adding aerobic exercise to resistance training may reduce the muscle gains expected
after resistance exercise [79].

Also, the ages of the people undergoing training can influence the results. Snijders et al. [80]
studied the effects of a single resistance training session on satellite cell numbers and
activation in relation to age. The number of satellite cells in type II fibers, relative to
baseline values, in young and elderly subjects changed significantly 48 and 72 h after
exercise, respectively. Myostatin content in both fiber types decreased 12, 24, and 48
h after exercise. However, at one and two days, the decrease was significantly higher
among the younger subjects. The response of satellite cells to microdamage associated with
completed muscle work was delayed with age. However, it was not impossible, confirming
the presence of satellite cell activity in adult muscles and its potential involvement in
muscle hypertrophy [80].

In an effort to compare the effects of resistance and endurance training on human
skeletal muscles, Verney et al. [81] conducted a study involving elderly participants. Their
upper bodies were subjected to resistance training, and their lower bodies were subjected
to endurance training. The entire experiment lasted 14 weeks. Similar increases were
observed in the number of mSCs in the deltoid muscle and the vastus lateralis muscle.
However, as there was no repeatability in this experiment (because different muscles were
tested), it cannot be assumed that the outcome was affected solely by the type of training.

A similar study in rodents also showed that changes in satellite cell numbers did not
depend on the type of training, as both endurance and strength training increased the mSC
pool [82]. The regenerative potential of the exercised muscle increased along with this
pool. However, this does not always translate directly into muscle mass gains. Resistance
training increases such gains [72,83], while endurance training can sometimes decrease
them [84]. This correlates with a change in the number of muscle fiber nuclei [81,82],
meaning that whether muscle mass increases or decreases does not depend entirely on the
number of mSCs in the muscle.

Based on the effect of workout type on muscle mass gain and the problem of the
occurrence of sarcopenia in the elderly, proper form and the reciprocal relationship be-
tween resistance and endurance training must be considered when selecting exercises for
them. Inappropriately designed endurance exercise can have an effect opposite to the
desired effect [85].

Shefer et al. [86] obtained different results when they studied the effects of endurance
training on rats of different ages and both sexes. The number of satellite cells was higher
in young animals of both sexes than in old animals (exercise and non-exercise groups,
respectively). There was also an apparent sex difference, as young and elderly males had
more satellite cells than the corresponding female age groups. More satellite cells were
observed in animals subjected to exercise in each of the studied groups, with the increase
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being the greatest in young males [86]. It seems that a moderate intensity of endurance
training is essential to increasing the number of mSCs.

The study by Murach et al. [87] showed that the impact of resistance training on the
mSC population depended on the muscle fitness level. The number of satellite cells after
resistance training in the untrained muscle increased at a much higher rate than after a cycle
of endurance exercise. This demonstrates the evident influence of the cellular environment
on the proliferative activity of satellite cells. It is also noteworthy that the reserve of
inactive satellite cells was significantly higher after the 12-week endurance training cycle
than before it. The authors hypothesized that resistance training programs presented a
greater challenge for the untrained muscle at the cellular level. In a muscle accustomed
to concentric endurance exercise, an increased reserve of satellite cells correlates with
relatively little change in proliferative activity [87].

In addition to the type of exercise and age of the patients, the activity and number of
stem cells depend on the broader environment. It appears that the type of muscle fiber
may affect the number of activated mSCs that occur with it, although previous studies
have not demonstrated conclusive results. Experiments in rodents comparing the satellite
cell content of muscles predominantly composed of fast-contracting fibers with muscles
composed mostly of slow-contracting fibers showed that type I fibers have more mSCs
in untrained muscle than type II myofibers [82,86]. In contrast, no difference was found
between type I and type II fibers when mSC content was tested in the vastus lateralis
muscles of young, untrained humans [88–90]. However, after exercise, the number of
mSCs increases significantly more in type II myofibers than in type I [82,91] owing to the
observed hypertrophy of type II fibers after resistance training [85].

Cermak et al. [92] analyzed changes in the numbers of satellite cells before and after
exercise in relation to individual types of muscle fibers in a group of young men practicing
sports recreationally. There were no statistically significant differences in satellite cell
content or activity in the type I and type II fibers in the biopsy taken before training. In the
specimens obtained 24 h after training (when considering the mixed muscle type), there
were no significant changes in the number of cell nuclei, the number of satellite cells, or
their activity. However, when considering these values in the context of individual fiber
types, the number and activity of satellite cells increased significantly in type II fibers
(Delta like non-canonical Notch ligand 1 (DLK1) expression was taken as its determinant).
Meanwhile, the values did not significantly change in type I fibers [92].

The number and function of mSCs also depend on other non-muscle cells. Mackey et al. [93]
studied the interaction between satellite cells and fibroblasts in muscles damaged by
electrostimulation-induced contractions. The numbers of fibroblasts and satellite cells
increased at successive time intervals, and their mutual ratio changed. It was approximately
1.8 in favor of fibroblasts in the control group, increasing to 2.7 after 30 days. High levels of
satellite cells after 30 days corresponded with a significant number of immature muscle
fibers (labeled due to expression of neonatal or embryonic myosin).

The authors also cultured muscle cells in media containing different ratios of fibrob-
lasts and satellite cells. The experiment showed that fibroblasts and mSCs interact not only
on muscle fibers but also on each other. Specifically, satellite cells suppress the expression
of certain collagen types, and fibroblasts regulate the maturation of satellite cells [93]. These
findings are supported by a study in which the fibroblast pool was genetically reduced in
mice, resulting in premature maturation of satellite cells [94]. These findings suggest the
need to further investigate the interrelationship between satellite cells and fibroblasts, as
well as the role they play in muscle recovery after exercise-induced damage.

Nielsen et al. [95] studied the effect of restricted blood flow in exercised muscles on
mSC population. Twenty young, healthy men were divided into two groups: a study group
that exercised with partial blood flow restriction (achieved by a compression cuff placed on
the proximal aspect of the thigh) and a control group that exercised identically but without
blood flow restriction. There was a three- to four-fold increase in Pax7+ expression in the
study group when compared to their pre-workout values. The number of cell nuclei per
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muscle fiber also increased. Meanwhile, none of these values showed significant statistical
changes in the control group.

Moreover, the muscle fiber cross-sectional area increased by 30–40% from baseline
values. This increase was comparable in both groups in the biopsy taken on the eighth day
of training, with the study group sustaining the increase on the third and tenth days after
stopping training. Conversely, there was a marked decrease in the control group.

Having observed changes in the cross-sectional area of muscle fibers and in the number
of cell nuclei, the authors hypothesized that the number of nuclei is the limiting factor for
skeletal muscle hypertrophy, as it determines the volume of cytoplasm at which the cell
will lose its ability to transcribe mRNA. However, the mechanism of such a significant
effect of hypoxia on skeletal muscle hyperoxia itself remains unexplored [95].

The influence of physical activity on satellite cell population is multifactorial. It
depends on type of activity, age of subject, protein supplementation, sex, and many other
variables, some of them remaining unclear. Some recent papers oppose each other in terms
of results, which suggests the need for further investigation.

9. Satellite Cells and Age

Aging processes occur in all living organism tissues. The changes that can be observed
involve both morphology and function. Mass and contractile force decrease, and the muscle
nerves in skeletal muscles degenerate. These processes start, and are reflected at, the level
of reactions and transformations occurring in a single cell.

Rosenberg introduced the term “sarcopenia” in 1989, modifying it eight years later.
Currently, sarcopenia is defined as a decrease in muscle mass and an accompanying
decrease in muscle strength. Sarcopenia is a physiological sign of aging [96]. Studies show
that it affects about 25% of people between the ages of 50 and 70 and 40% of people above
the age of 80 [97]. The first symptoms are usually noticed after the age of 60. It is believed
that the degeneration of α-motoneurons, resulting in the atrophy of entire motor units, is
the cause of age-related reduction in muscle mass. These reductions are accompanied by
demyelinating changes within axons. Furthermore, the numbers of nerve endings, vesicles,
and receptors at synapses decrease.

Degenerative changes include motor end plates, which result in impaired and slowed
nerve conduction, followed by denervation, which, combined with muscle cell atrophy,
leads to permanent damage within the striated muscle tissue [98]. The denervated fibers
are reinnervated by undamaged neighboring neurons. This process is called innervation,
or reinnervation, and is often observed in older people. Unfortunately, it is not flawless.
Occasionally, a small motoneuron starts innervating a fiber that is capable of rapid conduc-
tion, resulting in impaired muscle fiber recruitment during contraction and, consequently,
impaired strength [99].

Experiments in rats have shown that, in many cases, the denervated fast-contracting
fiber is reinnervated by motoneurons of slow-contracting units, causing their phenotype
to change [100]. Histological observations have confirmed that large type II b fibers are
the first to be damaged, and their mass is reduced significantly before the age of 80 years.
Degradation of the slow-contracting units is also evident later. In cases where reinnervation
cannot occur (or where denervation occurs too rapidly and the body cannot keep up with
reinnervating the damaged areas), muscle cells are subject to atrophy and are replaced
by fibrous cartilage tissue and adipose tissue [101]. These muscle changes, among other
things, are responsible for the slower and less precise motions experienced by the elderly.

Testosterone also decreases with age, and such decreases are associated with mus-
cle mass loss, reduced function, and decreased muscle strength. Testosterone hormone
replacement therapy suppresses these phenomena, at least partially. The same is true for
estrogen in women [102]. After the age of 30, the concentration of growth hormones in
the human body begins to decline. In the elderly, low levels of these hormones increase
myostatin expression, which inhibits mSC division. The regeneration of damaged muscle
is also impaired, contributing to sarcopenia [103].
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IGF-I levels in satellite cells also decrease in old age. Studies in which IGF-I was
administered into atrophically changed aged rat muscles confirm that this factor increases
the number of satellite cells and promotes muscle regeneration [104]. Observations are
inconsistent regarding whether the number of satellite cells decreases with age.

Reductions in the number of mSCs have been observed in studies conducted in
mice [105]. However, in another study, no significant differences were found in the number
of mSCs when comparing the muscles of young and old rats [106]. The fact that different
species of animals, different muscle types, and different age groups have been tested makes
it difficult to draw conclusions from these experiments.

However, researchers agree that the proliferative potential of mSCs decreases with
age [104]. This is related not so much to a decrease in their number as to changes in the
microenvironment of aging muscles and, thus, in the niche specific for mSCs [107]. These
changes are primarily associated with decreased concentrations of various factors that
disrupt the regeneration process at various stages [104,105].

On the other hand, the sensitivity of mSCs to environmental signals also decreases.
A group of scientists analyzed one of these signaling agents in 2003 and described the
effect of age on Notch pathway activation. The muscles of young subjects, in which Numb
protein levels were artificially increased, showed impaired muscle regeneration associated
with early mSC differentiation.

The same regeneration pattern occurred in the muscles of elderly individuals. Based
on this, the researchers ventured a step further: using an artificial ligand for Notch receptors
in aged muscle, they obtained the same regeneration level as in young individuals. Per
the above discussion, the number of Notch receptors does not change with age, and the
impaired regeneration in aging muscles is associated with decreases in the number of
Delta ligands [108].

Heterochronic parabiosis is a treatment that seems to support the hypothesis that
the mSC environment, not the processes within it, has the greatest influence on skeletal
muscle regeneration activity. This procedure involves fusing the circulatory systems of
two organisms. When an old mouse was paired with a young individual, the former
experienced a better regeneration of the previously damaged muscle than before the
circulatory fusion. Conversely, the efficiency of the restoration process decreased in the
young mouse. To ensure that regeneration processes in older mice were not related to
whole cell transport, the researchers labeled young individuals ”GFP.” Satellite cells from
old mice were labeled ”GFP-.” After the treatment, GFP detection did not demonstrate the
presence of this protein in older mice. Hence, the environmental influences changed the
mSCs’ fate. The same effects were obtained in the 1980s by researchers who transplanted
part of the muscle of an older mouse into a young one and vice versa. However, they could
not exclude the influence of intracellular processes in their experiments, which was finally
achieved in 2005 [107].

Changes in the Wnt pathway—more specifically, the presence of its activators in
the bloodstream—are observed in older subjects. Consequently, muscle progenitor cells
lose their linear specificity with age. Therefore, instead of becoming myofibers, they
increasingly start differentiating into fibroblasts or adipocytes, which contributes to the
decreased functionality of the human muscular system [109].

Some researchers have traced the loss of function in aging mSCs to changes at the
proteome level. The system that degrades damaged proteins includes lysosomes, autolyso-
somes, proteasomes, and chaperones. As people age, these structures no longer function as
efficiently as they used to, causing residual degraded proteins to accumulate in cells, which
often have toxic effects on those cells [110]. Cells that remain in a resting phase, including
mSCs, are the most vulnerable to toxins.

The body’s aging process is often attributed to free radicals. Their destructive effects
on mitochondrial membranes appear to increase with age as the efficiency of antioxidant
mechanisms decreases. Studies have shown that type II fibers are more prone to free radical
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destruction than type I fibers, and damaged mitochondria are more frequently observed
in them [111].
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2008, 73, 261–265.
71. Barnett, A. Using Recovery Modalities between Training Sessions in Elite Athletes. Sports Med. 2006, 36, 781–796. [CrossRef]
72. Proske, U.; Morgan, D.L. Muscle damage from eccentric exercise: Mechanism, mechanical signs, adaptation and clinical

applications. J. Physiol. 2001, 537, 333–345. [CrossRef]
73. McCormick, K.M.; Thomas, D.P. Exercise-induced satellite cell activation in senescent soleus muscle. J. Appl. Physiol. 1992, 72,

888–893. [CrossRef]
74. Kadi, F.; Thornell, L.-E. Concomitant increases in myonuclear and satellite cell content in female trapezius muscle following

strength training. Histochem. Cell Biol. 2000, 113, 99–103. [CrossRef] [PubMed]
75. Kadi, F.; Charifi, N.; Denis, C.; Lexell, J.; Andersen, J.L.; Schjerling, P.; Olsen, S.; Kjaer, M. The behaviour of satellite cells in

response to exercise: What have we learnd from human studies? Pflug. Arch. 2005, 451, 319–327. [CrossRef] [PubMed]

http://doi.org/10.1177/002215540104900405
http://www.ncbi.nlm.nih.gov/pubmed/11259448
http://doi.org/10.1084/jem.184.2.609
http://doi.org/10.1038/sj.emboj.7600958
http://doi.org/10.1016/j.ydbio.2008.07.024
http://doi.org/10.1007/s004410051280
http://www.ncbi.nlm.nih.gov/pubmed/10199979
http://doi.org/10.1242/dev.117.4.1409
http://www.ncbi.nlm.nih.gov/pubmed/8404540
http://doi.org/10.1242/jcs.00110
http://doi.org/10.1128/MCB.22.13.4760-4770.2002
http://doi.org/10.1007/s004410100366
http://doi.org/10.1006/excr.2002.5653
http://doi.org/10.5603/FHC.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22532150
http://www.ncbi.nlm.nih.gov/pubmed/8209136
http://doi.org/10.1097/BOR.0b013e32834bac92
http://www.ncbi.nlm.nih.gov/pubmed/21934499
http://doi.org/10.1016/j.ceb.2004.09.004
http://doi.org/10.1126/science.154.3753.1202
http://doi.org/10.1016/S1534-5807(02)00254-X
http://doi.org/10.1002/stem.775
http://doi.org/10.1083/jcb.200312007
http://doi.org/10.1016/j.ydbio.2006.12.026
http://doi.org/10.1016/j.ydbio.2010.01.006
http://www.ncbi.nlm.nih.gov/pubmed/20079729
http://doi.org/10.2165/00007256-200636090-00005
http://doi.org/10.1111/j.1469-7793.2001.00333.x
http://doi.org/10.1152/jappl.1992.72.3.888
http://doi.org/10.1007/s004180050012
http://www.ncbi.nlm.nih.gov/pubmed/10766262
http://doi.org/10.1007/s00424-005-1406-6
http://www.ncbi.nlm.nih.gov/pubmed/16091958


Biology 2021, 10, 1056 17 of 18

76. Nederveen, J.P.; Snijders, T.; Joanisse, S.; Wavell, C.G.; Mitchell, C.J.; Johnston, L.M.; Baker, S.K.; Phillips, S.M.; Parise, G. Altered
muscle satellite cell activation following 16 wk of resistance training in young men. Am. J. Physiol. Integr. Comp. Physiol. 2017, 312,
R85–R92. [CrossRef] [PubMed]

77. Hyldahl, R.D.; Olson, T.; Welling, T.; Groscost, L.; Parcell, A.C. Satellite cell activity is differentially affected by contraction mode
in human muscle following a work-matched bout of exercise. Front. Physiol. 2014, 5, 485. [CrossRef] [PubMed]

78. Farup, J.; Rahbek, S.K.; Riis, S.; Vendelbo, M.H.; de Paoli, F.; Vissing, K. Influence of exercise contraction mode and protein
supplementation on human skeletal muscle satellite cell content and muscle fiber growth. J. Appl. Physiol. 2014, 117, 898–909.
[CrossRef] [PubMed]

79. Babcock, L.; Escano, M.; D’Lugos, A.; Todd, K.; Murach, K.; Luden, N. Concurrent aerobic exercise interferes with the satellite cell
response to acute resistance exercise. Am. J. Physiol. Integr. Comp. Physiol. 2012, 302, R1458–R1465. [CrossRef]

80. Snijders, T.; Verdijk, L.; Smeets, J.; McKay, B.R.; Senden, J.M.G.; Hartgens, F.; Parise, G.; Greenhaff, P.; Van Loon, L.J.C. The
skeletal muscle satellite cell response to a single bout of resistance-type exercise is delayed with aging in men. Age 2014, 36, 1–15.
[CrossRef]

81. Verney, J.; Kadi, F.; Charifi, N.; Féasson, L.; Saafi, M.A.; Castells, J.; Piehl-Aulin, K.; Denis, C. Effects of combined lower body
endurance and upper body resistance training on the satellite cell pool in elderly subjects. Muscle Nerve 2008, 38, 1147–1154.
[CrossRef]

82. Smith, H.K.; Merry, T.L. Voluntary resistance wheel exercise during post-natal growth in rats enhances skeletal muscle satellite
cell and myonuclear content at adulthood. Acta Physiol. 2012, 204, 393–402. [CrossRef]

83. Bruusgaard, J.C.; Johansen, I.B.; Egner, I.M.; Rana, Z.A.; Gundersen, K. Myonuclei acquired by overload exercise precede
hypertrophy and are not lost on detraining. Proc. Natl. Acad. Sci. USA 2010, 107, 15111–15116. [CrossRef] [PubMed]

84. Hoppeler, H.; Howald, H.; Conley, K.; Lindstedt, S.L.; Claassen, H.; Vock, P.; Weibel, E.R. Endurance training in humans: Aerobic
capacity and structure of skeletal muscle. J. Appl. Physiol. 1985, 59, 320–327. [CrossRef]

85. Martin, N.R.; Lewis, M.P. Satellite cell activation and number following acute and chronic exercise: A mini review. Cell. Mol.
Exerc. Physiol. 2012, 1, e3. [CrossRef]

86. Shefer, G.; Rauner, G.; Yablonka-Reuveni, Z.; Benayahu, D. Reduced Satellite Cell Numbers and Myogenic Capacity in Aging Can
Be Alleviated by Endurance Exercise. PLoS ONE 2010, 5, e13307. [CrossRef] [PubMed]

87. Murach, K.A.; Walton, R.G.; Fry, C.S.; Michaelis, S.L.; Groshong, J.S.; Finlin, B.S.; Kern, P.A.; Peterson, C.A. Cycle training
modulates satellite cell and transcriptional responses to a bout of resistance exercise. Physiol. Rep. 2016, 4, e12973. [CrossRef]

88. Kadi, F.; Charifi, N.; Henriksson, J. The number of satellite cells in slow and fast fibres from human vastus lateralis muscle.
Histochem. Cell Biol. 2006, 126, 83–87. [CrossRef] [PubMed]

89. Snijders, T.; Verdijk, L.B.; Beelen, M.; McKay, B.R.; Parise, G.; Kadi, F.; van Loon, L.J. A single bout of exercise activates skeletal
muscle satellite cells during subsequent overnight recovery. Exp. Physiol. 2012, 97, 762–773. [CrossRef] [PubMed]

90. Verdijk, L.B.; Koopman, R.; Schaart, G.; Meijer, K.; Savelberg, H.H.; van Loon, L.J. Satellite cell content is specifically reduced in
type II skeletal muscle fibers in the elderly. Am. J. Physiol. Endocrinol. Metab. 2007, 292, 151–157. [CrossRef]

91. Verdijk, L.B.; Gleeson, B.G.; Jonkers, R.A.M.; Meijer, K.; Savelberg, H.H.C.M.; Dendale, P.; van Loon, L.J. Skeletal Muscle
Hypertrophy Following Resistance Training Is Accompanied by a Fiber Type-Specific Increase in Satellite Cell Content in Elderly
Men. J. Gerontol. Ser. A Boil. Sci. Med. Sci. 2009, 64, 332–339. [CrossRef] [PubMed]

92. Cermak, N.M.; Snijders, T.; McKay, B.R.; Parise, G.; Verdijk, L.B.; Tarnopolsky, M.A.; Gibala, M.J.; Loon, L.J. Eccentric exercise
increases satellite cell content in type II muscle fibers. Med. Sci. Sports Exerc. 2013, 45, 230–237. [CrossRef]

93. Mackey, A.; Magnan, M.; Chazaud, B.; Kjaer, M. Human skeletal muscle fibroblasts stimulate in vitro myogenesis and in vivo
muscle regeneration. J. Physiol. 2017, 595, 5115–5127. [CrossRef] [PubMed]

94. Murphy, M.M.; Lawson, J.A.; Mathew, S.; Hutcheson, D.A.; Kardon, G. Satellite cells, connective tissue fibroblasts and their
interactions are crucial for muscle regeneration. Development 2011, 138, 3625–3637. [CrossRef] [PubMed]

95. Nielsen, J.L.; Aagaard, P.; Bech, R.D.; Nygaard, T.; Hvid, L.G.; Wernbom, M.; Suetta, C.; Frandsen, U. Proliferation of myogenic
stem cells in human skeletal muscle in response to low-load resistance training with blood flow restriction. J. Physiol. 2012, 590,
4351–4361. [CrossRef]

96. Fulle, S.; Protasi, F.; Di Tano, G.; Pietrangelo, T.; Beltramin, A.; Boncompagni, S.; Vecchiet, L.; Fanò, G. The contribution of reactive
oxygen species to sarcopenia and muscle ageing. Exp. Gerontol. 2004, 39, 17–24. [CrossRef]

97. Faulkner, J.A.; Larkin, L.M.; Claflin, D.R.; Brooks, S.V. Age-related changes in the structure and function of skeletal muscles. Clin.
Exp. Pharmacol. Physiol. 2007, 34, 1091–1096. [CrossRef]

98. Jang, Y.C.; van Remmen, H. Age-associated alterations of the neuromuscular junction. Exp. Gerontol. 2011, 46, 193–198. [CrossRef]
99. Erim, Z.; Beg, M.F.; Burke, D.T.; De Luca, C.J. Effects of Aging on Motor-Unit Control Properties. J. Neurophysiol. 1999, 82,

2081–2091. [CrossRef]
100. Pette, D.; Staron, R.S. Myosin isoforms, muscle fiber types, and transitions. Microsc. Res. Tech. 2000, 50, 500–509. [CrossRef]
101. Lexell, J. Evidence for Nervous System Degeneration with Advancing Age. J. Nutr. 1997, 127, 1011S–1013S. [CrossRef] [PubMed]
102. Araujo, A.B.; Wittert, G.A. Endocrinology of the aging male. Best Pr. Res. Clin. Endocrinol. Metab. 2011, 25, 303–319. [CrossRef]

[PubMed]
103. Ryall, J.; Schertzer, J.D.; Lynch, G.S. Cellular and molecular mechanisms underlying age-related skeletal muscle wasting and

weakness. Biogerontology 2008, 9, 213–228. [CrossRef] [PubMed]

http://doi.org/10.1152/ajpregu.00221.2016
http://www.ncbi.nlm.nih.gov/pubmed/27834290
http://doi.org/10.3389/fphys.2014.00485
http://www.ncbi.nlm.nih.gov/pubmed/25566087
http://doi.org/10.1152/japplphysiol.00261.2014
http://www.ncbi.nlm.nih.gov/pubmed/25103976
http://doi.org/10.1152/ajpregu.00035.2012
http://doi.org/10.1007/s11357-014-9699-z
http://doi.org/10.1002/mus.21054
http://doi.org/10.1111/j.1748-1716.2011.02350.x
http://doi.org/10.1073/pnas.0913935107
http://www.ncbi.nlm.nih.gov/pubmed/20713720
http://doi.org/10.1152/jappl.1985.59.2.320
http://doi.org/10.7457/cmep.v1i1.e3
http://doi.org/10.1371/journal.pone.0013307
http://www.ncbi.nlm.nih.gov/pubmed/20967266
http://doi.org/10.14814/phy2.12973
http://doi.org/10.1007/s00418-005-0102-0
http://www.ncbi.nlm.nih.gov/pubmed/16283361
http://doi.org/10.1113/expphysiol.2011.063313
http://www.ncbi.nlm.nih.gov/pubmed/22327327
http://doi.org/10.1152/ajpendo.00278.2006
http://doi.org/10.1093/gerona/gln050
http://www.ncbi.nlm.nih.gov/pubmed/19196907
http://doi.org/10.1249/MSS.0b013e318272cf47
http://doi.org/10.1113/JP273997
http://www.ncbi.nlm.nih.gov/pubmed/28369879
http://doi.org/10.1242/dev.064162
http://www.ncbi.nlm.nih.gov/pubmed/21828091
http://doi.org/10.1113/jphysiol.2012.237008
http://doi.org/10.1016/j.exger.2003.09.012
http://doi.org/10.1111/j.1440-1681.2007.04752.x
http://doi.org/10.1016/j.exger.2010.08.029
http://doi.org/10.1152/jn.1999.82.5.2081
http://doi.org/10.1002/1097-0029(20000915)50:6&lt;500::AID-JEMT7&gt;3.0.CO;2-7
http://doi.org/10.1093/jn/127.5.1011S
http://www.ncbi.nlm.nih.gov/pubmed/9164286
http://doi.org/10.1016/j.beem.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21397200
http://doi.org/10.1007/s10522-008-9131-0
http://www.ncbi.nlm.nih.gov/pubmed/18299960


Biology 2021, 10, 1056 18 of 18

104. Chakravarthy, M.V.; Davis, B.S.; Booth, F.W. IGF-I restores satellite cell proliferative potential in immobilized old skeletal muscle.
J. Appl. Physiol. 2000, 89, 1365–1379. [CrossRef] [PubMed]

105. Shefer, G.; Van de Mark, D.P.; Richardson, J.B.; Yablonka-Reuveni, Z. Satellite-cell pool size does matter: Defining the myogenic
potency of aging skeletal muscle. Dev. Biol. 2006, 294, 50–66. [CrossRef] [PubMed]

106. Brooks, N.E.; Schuenke, M.D.; Hikida, R.S. No change in skeletal muscle satellite cells in young and aging rat soleus muscle. J.
Physiol. Sci. 2009, 59, 465–471. [CrossRef]

107. Conboy, I.M.; Conboy, M.J.; Wagers, A.J.; Girma, E.R.; Weissman, I.L.; Rando, T. Rejuvenation of aged progenitor cells by exposure
to a young systemic environment. Nat. Cell Biol. 2005, 433, 760–764. [CrossRef]

108. Conboy, I.M.; Conboy, M.J.; Smythe, G.M.; Rando, T.A. Notch-Mediated Restoration of Regenerative Potential to Aged Muscle.
Science 2003, 302, 1575–1577. [CrossRef]
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