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Abstract: In the last 15 years, it emerged that the prac-
tice of regular physical activity reduces the risks of many 
diseases (cardiovascular diseases, diabetes, etc.) and it is 
fundamental in weight control and energy consuming to 
contrast obesity. Different groups proposed many molec-
ular mechanisms as responsible for the positive effects of 
physical activity in healthy life. However, many points 
remain to be clarified. In this mini-review we reported 
the latest observations on the effects of physical exer-
cise on healthy skeletal and cardiac muscle focusing on 
muscle stem cells. The last ones represent the fundamen-
tal elements for muscle regeneration post injury, but also 
for healthy muscle homeostasis. 

Interestingly, in both muscle tissues the morphological 
consequence of physical activity is a physiological hyper-
trophy that depends on different phenomena both in dif-
ferentiated cells and stem cells. The signaling pathways 
for physical exercise effects present common elements 
in skeletal and cardiac muscle, like activation of spe-
cific transcription factors, proliferative pathways, and 
cytokines. More recently, post translational (miRNAs) or 
epigenetic (DNA methylation) modifications have been 
demonstrated. However, several points remain unre-
solved thus requiring new research on the effect of exer-
cise on muscle stem cells.

Keywords: Stem cell; Physical exercise; Cardiac muscle; 
Skeletal muscle.

Abbreviations:
VO2max, Maximal Oxygen Volume.
AMP, Adenosine MonoPhosphate.
PKD, Protein Kinase D.
MAPKs, Mitogen-Activated Protein Kinases.
VEGF, Vascular Endothelial Growth Factor.
IGF, Insulin Growth Factor.
HRV, Heart Rate value

1  Introduction
The World Health Organization (WHO) has recently pub-
lished latest recommendations on physical activity for 
health, evidencing how physical inactivity is the fourth 
leading risk for global mortality after high blood pressure, 
tobacco use and high blood glucose [1]. 

On the other side, in the last 15 years, it has been 
shown that the practice of regular physical activity 
reduces the risks of cardiovascular diseases, diabetes, 
colon cancer, breast cancer and depression. Moreover, 
physical exercise has been demonstrated to be fundamen-
tal in weight control and energy expenditure to contrast 
the increase of obesity. 

Pedersen and Saltin, in 2015 [2], elegantly reviewed 
the role of exercise as adjuvant therapy for 26 chronic 
diseases covering various aspects of the medical subjects 
(neurology, psychiatry, metabolism, cardiology, diseases 
of the locomotor apparatus). They also proposed the 
mechanisms that stand behind the positive effects of phys-
ical activity on these pathologies. However, the molecular 
players and pathways are still under debate. In fact physi-
cal exercise induces molecular adaptations like release of 
growth factors, cytokines and hormones that have thera-
peutic effects, improving both regeneration and function 
of many organs (i.e. skeletal muscles, bone, heart, lung, 
brain). The first effect of physical exercise is obviously 
found on cardiac and skeletal muscles where a crucial 
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role in organ homeostasis is assumed by stem cells. In this 
mini-review we will describe the effect of physical exer-
cise on skeletal and cardiac muscles focusing on the roles 
of physical exercise in activation of skeletal and cardiac 
muscle stem cells.

2  Exercise and training modalities
Before discussing the effect of physical exercise on 
muscle, in this paragraph, we summarize the different 
training modalities reported in this mini-review. 

Aerobic (endurance) training is referred to exercises 
performed in aerobic conditions when glucose metab-
olism depends on oxygen. Generally, aerobic training 
induces adaptations of the cardiovascular and respira-
tory systems. In particular, aerobic training alters extrin-
sic modulation of the heart and improves intrinsic pump 
capacity [3] together with a variety of metabolic and mor-
phological changes, comprising mitochondrial biogenesis 
and fast-to-slow skeletal muscle fiber-type conversion. 
It also increases muscle capillary density. Example of 
aerobic sports are cycling, marathon and triathlon. On the 
contrary, resistance exercise alludes to an exercise per-
formed with weight or over-load in anaerobic condition. 
The last one induces muscle hypertrophy together with 
changes in muscle architecture and in the central nervous 
system [4]. Snijders et al. [5] showed that muscle fiber 
hypertrophy that occurs after prolonged resistance train-
ing in older men depends from Type II muscle fiber capil-
larization suggesting the importance of systemic released 
factors. 

Resistance exercise decreases cardiac parasympa-
thetic modulation suggesting an increased risk for car-
diovascular dysfunction in young healthy adults. Resist-
ance exercise training appears to have no effect on resting 
Heart Rate Value (HRV) in healthy young adults, while it 
may improve parasympathetic modulation in middle-aged 
adults with autonomic dysfunction [6].

Eccentric exercise is performed when the load placed 
on muscle is greater than the tension that can be created 
within the sarcomere determining the lengthening of the 
muscle. Eccentric contractions are present predominantly 
during participation in planned resistance exercise with 
loads like body-building; however, they also commonly 
occur during activities of daily living such as lifting 
and lowering heavy items or walking downstairs. While 
repeated shortening of muscle can increase endurance 
and fatigue resistance, exercise, that continually elon-
gate muscles can increase sarcomere myofibrillar content, 

sarcomere number, and the muscle’s ability to generate 
force. These beneficial effects are now considered for 
designing therapeutic interventions to improve the rate 
and efficiency of skeletal muscle healing following injury.

Concentric exercise, instead, provokes shortening of 
the sarcomeres and transfer of force from muscle to the 
body’s lever system [4]. An example of concentric exercise 
is uphill walking. Generally, it is counter posed to down-
hill walking that is considered eccentric exercise.

Concerning the cardiovascular effect of the eccentric 
and concentric training Isner-Orobeti et al. [7] evidenced 
that, in case of a similar mechanical power, eccentric 
muscle work induces lower metabolic and cardiovascular 
responses than concentric muscle work. However, when 
both exercise modes are performed at a similar level of 
VO2max, a greater cardiovascular stress is observed during 
eccentric muscle work. This observation induces the need 
of cautious interpretation of the heart rate values for train-
ing load management between eccentric and concentric 
muscle work.

3  Skeletal muscle and physical 
activity
Skeletal muscle has the fundamental role of maintaining 
skeletal architecture and locomotion [8] but also repre-
sents a huge site for glycogen synthesis [9] and amino-acid 
deposits [10]. Exercise induces molecular and cellular 
adaptations that lead to a general amelioration of physi-
cal performance. 

Muscle homeostasis and metabolism depend on 
protein synthesis/degradation and activity of muscle stem 
cells. While total muscle protein synthesis and degrada-
tion seem to depend mainly on nutrition, physical exercise 
seems to act both on protein synthesis/degradation and 
on satellite cells. The role of protein metabolism is evident 
for muscle contraction speed. This parameter is very dif-
ferent among muscles where the structural fundamental 
component is myosin (protein) that is present both in slow 
and fast isoforms. Recent studies clarified that the impor-
tant factor for this fast to slow protein switch is duration of 
training that should not be less than one year [11].

At level of the entire muscle, the principal effect of 
exercise is represented by hypertrophy that can be pro-
duced both by new satellite cell fusion or by increased 
protein synthesis. Probably, when an acute stimulus 
occurs (i.e. strong exercise with eccentric contractions) 
satellite cells are activated and contribute to hypertrophy 
increasing myonuclei number and fiber size, thus mim-
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icking the regeneration pathway in response to damage. 
Differently, gradual exercise does not activate satellite 
cells and functional over-load induces a muscle growth 
response via protein synthesis alone [12].

Another important factor to consider in muscle home-
ostasis regulation is age. Metabolic and molecular regula-
tion of responses to nutrition and physical exercise (both 
resistance and aerobic) in older and young people have 
been recently reviewed  [13]. 

Cycling induces muscle hypertrophy as outcome of an 
increase in protein net balance both in older and young 
people but timing of this remains unknown [14]. 

Due to the slower hypertrophy rate of cycling training 
it is plausible that this practice requires a longer period 
to increase muscle mass compared to typical endurance 
training. Interestingly, while the effect on muscle hyper-
trophy is similar in older and young people, the strength 
gain is higher in older adults. Considering that muscle 
metabolism decreases with age leading to reduction of 
muscle mass, cycling would represent a plausible sport 
for older adults in presence of adequate medical advices. 
Instead, for young people, higher intensity intermittent 
cycling seems to be required to reach strength gain [15]. 

Concerning the link between physical exercise and 
age, it has to be mentioned that physical exercise opposes 
to age-induced sarcopenia. In fact, beside hypertrophy, 
the first effect of a training protocol is the fiber–type adap-
tation meaning a change from fast fiber to slow fiber asso-
ciated with the release of reactive oxygen species. This 
causes an indirect protective role, stimulating produc-
tion of anti-oxidant enzymes that are effective in muscle 
contractile dysfunction and fatigue. Furthermore, these 
phenomena are generated independently from the train-
ing intensity and have been observed both in fast fibers 
rich muscles (like tibialis anterior) and slow fibers rich 
muscles (like soleus) [16]. 

Although the molecular mechanisms that provoke 
this condition are still unknown some hypothesis have 
been formulated like: imbalance between protein synthe-
sis and degradation, decrease in the size of type II fibers 
[17] and decrease in satellite cell content of type II fibers 
[18]. Since physical activity seems to act on all these levels, 
possible roles of physical activity to contrast aging sarco-
penia have emerged, but not completely clarified. Sarco-
penia has also been related to mitochondrial dysfunction 
[19], because it has been observed that mitochondrial DNA 
damage led to muscle wasting. 

Importance of mitochondria and Calcium related pro-
teins in sarcopenia has been evidenced also in Zampieri 
et al. 2016 [20] who showed that electrical stimulated-de-
pendent effects on skeletal muscle size and force are asso-

ciated with mitochondrial proteins involved in Calcium 
homeostasis (i.e. Mitochondrial Calcium Uniporter, MCU).

The effect of exercise on muscle hypertrophy has 
been demonstrated in myostatin null mice (MSTN-/-) with 
reduced muscle function. These mutant mice develop 
an increased muscle mass in the adulthood [21]. In this 
paper authors demonstrated that endurance exercise like 
running or swimming reduced muscle fiber size towards 
wild type values after exercise, increased muscle oxida-
tive properties, capillary density and, most importantly, 
improved muscle force of myostatin null mice. Thus, 
endurance exercise can improve impaired skeletal muscle 
function of myostatin negative mice confirming the posi-
tive role of physical activity on skeletal muscle function.

Notably, also aerobic exercise has revealed an ana-
bolic potential comparable to resistance exercise by alter-
ing protein metabolism and inducing skeletal muscle 
hypertrophy [22].

Possible roles for miRNAs (also called miRs) as 
intermediates for the effect of resistance exercise train-
ing have been proposed from different groups [23-26]. 
MicroRNAs are small non-coding RNAs (about 22 nucle-
otides) that negatively modulate gene expression at the 
post-transcriptional level by blocking translation or 
inducing degradation of mRNAs. Interestingly, all groups 
observed a down-regulation of mature isoforms of the 
miRs. In particular, McCarthy et al (2007) [24] showed a 
decrease of miR-1 e miR133a in mice. Davidsen et al. 2011 
[25] observed, in humans, a down-regulation of miR-26a, 
miR-29a e miR-378 concomitantly to an up-regulation 
of miR-451. Finally, Mueller et al. [26] found, in elderly 
people, a decrease of miR-1 in parallel with an up-regula-
tion of IGF-1.

On the contrary a single bout of resistance exercise 
followed by cycling determined a significant increase in 
miR-23a-3p (~90%), miR-23b-3p (~39%), miR-133b (~80%), 
miR-181-5p (~50%), and miR-378-5p (~41%) at 4 hours 
post-exercise [27].

A recent review by Masi et al. (2016) [28] reports the 
gene expression regulations by exercise-related miRs. 
Possible miRs targets have been suggested as well: 1) sig-
naling pathways regulated by Calcium, AMP and PKD; 
2) class IIa histone deacetylases; 3) muscle specific tran-
scription factors (i.e. MyoD, Myogenin); 4) mitochondrial 
targets (mitochondrial transcription factor A (mtTFA) and 
Forkhead box J-3 (FoxJ-3)/MEF-2c); 5) MAPKs; 6) Runx1, 
Sox9, Pax3; 7) VEGF and IGF-1.

Collectively, these results evidence an emerging posi-
tion for miRNAs in muscle metabolism regulation by phys-
ical activity. However further studies to clarify the roles of 
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micro-RNAs in skeletal muscle training adaptation will be 
necessary. 

Effects of physical exercise are also exerted through 
epigenetic alterations of DNA such as DNA de-methyla-
tions. Barrès et al. [29] showed that acute exercise induced 
transient DNA demethylation in the promoter region of 
Peroxisome proliferator activated receptor gamma (Pparg), 
Peroxisome proliferator activated receptor gamma coacti-
vator-1alpha (Ppargc-1α), Pyruvate dehydrogenase kinase 
4 (Pdk4), and Peroxisome Proliferator activated recep-
tor delta (Ppard). These modifications corresponded to 
an up-regulation of these genes and reduced the risks of 
developing metabolic diseases.

Moreover, several authors have shown that, during 
perinatal development, mechanical stimuli might alter 
the epigenetic program, which has consequences for gene 
transcription and functional outcomes of the fetus [30]. 
Therefore, it is possible that physical training during preg-
nancy is associated with epigenetic regulation of critical 
genes in early life. 

Finally, Gehlert et al. [31] recently showed that resist-
ance exercise modulated nuclear and sarcoplasmic levels 
of SUMO-1 protein thus regulating muscle protein degra-
dation and modifying muscle protein metabolism.

4  Skeletal muscle stem cells
Physical activity represents a continuous prod both for 
the entire muscle and satellite cells. Stem cells have been 
operatively defined as cells that are capable to self-regen-
eration giving origin to a cell that differentiates in a spe-
cific type and a cell identical to the mother. Satellite cells 
represent the principal reservoir of stem cells in skeletal 
muscle. Other skeletal muscle stem cells are mesenchy-
mal-like stem cells, mesoangioblasts/pericytes, side pop-
ulation cells (SP cells), Skeletal Muscle Induced Pluripo-
tent Stem Cells. 

5  Satellite cells
In 1961 Alexander Mauro described, for the first time, 
satellite cells [32]. They are characterized by an exiguous 
cytoplasm, almost assuming the shape of the nucleus and 
localized in the peripheral region of the skeletal muscle 
fibers. Unlike other stem cells, satellite cells reside in a 
quiescent state and move to an activated state in response 
to damage or to stimuli coming from their microenviron-
ment or from systemic circulation. In this chapter we shall 

analyze the effects of physical exercise on human and 
rodent satellite cells. 

Moving from a quiescent to an activated state implies 
gene expression profile changes [33]. In particular, quies-
cent satellite cells are characterized by the homogeneous 
expression of PAX7 and, partially, of Myf5 transcription 
factors. Activated cells engage differentiation or prolifer-
ation pathways. Proliferating cells (also called myogenic 
precursor cells) express MyoD and Myf5. Entrance in the 
differentiated state determines downregulation of PAX7 
and upregulation of Myogenin that, together with MyoD, 
will turn on muscle specific contractile genes like MEF2. 
Notably, the activated state of satellite cells is reversible 
permitting the return to a quiescent condition that is fun-
damental to maintain the stem cell pool. 

One important effect of physical exercise regards the 
quantity of satellite cells. In fact, some groups observed 
an increase of satellite cell number from 9 hours to 24 
hours post resistance exercise [34-37], determining muscle 
hypertrophy [34]. The activation process of satellite cells 
takes place within 24 hours from exercise. Also, a signif-
icant increase both in total and activated satellite cells 
was observed after 11 weeks of resistance training [38]. 
In rats a significant increase in satellite cell total content 
was observed 72 hours after eccentric exercise (running) 
[39]. Oishi et al. [40] showed an increase of satellite cell 
number and activity in rats after 4 weeks of running.

At molecular level, increased mRNA expression of 
PAX7, DLK1, NCAM, MYF5, MYOD and MYOGENIN were 
observed after 12 weeks of resistance training [41]. 

Finally, Macaluso et al. [42] postulated that phys-
ically active people, who has higher maximal oxygen 
volume (VO2max), has higher number of satellite cells. 
However, without injury, physical activity does not seem 
to stimulate fusion, but only proliferation of satellite cells. 
Instead, Frese et al. [43] reported a significant increase 
of fused myonuclei in human muscle biopsies of cyclists 
after resistance training. McKenzie et al. [44] proposed 
that satellite cell proliferation and myonuclear fusion 
occur under carbohydrate supplementation conditions, 
while protein supplementation stimulate muscle recovery 
and increased MyHC I and II fiber size minimizing the sat-
ellite cell involvement. 

Recently, PGC-1a have been proposed to have an indi-
rect role on sensitivity of satellite cells to exercise. In par-
ticular, PGC-1 null satellite cells have a higher propensity 
for activation and proliferation [45]. 

Another important component of satellite cell activa-
tion is Ca2+ ion that, through Calcineurin, regulates sat-
ellite cell transcription factors like MyoD, and MEF2 [46, 
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47]. Ca2+ is also important for cell cycle stage regulation in 
satellite cells via Calpains [47]. 

In conclusion, increase in the number and activity of 
satellite cells was found independently from the type of 
exercise suggesting that all the mechanical stimuli induce 
similar mechanisms on satellite cells.

Resistance type exercise is the best non-pharmaco-
logical intervention to reduce skeletal muscle loss asso-
ciated to age or disease like cancer [48]. However, so far, 
the molecular mechanisms that stand behind this effect 
are still not completely understood. Thus further investi-
gations on the related signaling pathways are warranted. 

Quiescent and activated satellite cells differ, also, in 
metabolic status since the former have fewer mitochon-
dria and a glycolytic metabolism compared to activated 
cells; moreover quiescent cells repair DNA damage more 
efficiently than their progeny [49]. 

Relation between muscle mitochondrial health and 
exercise has been evidenced by Taivassalo et al. [50] which 
examined the mitochondrial genotype in mature myofib-
ers of patients with mitochondrial disease, following 
either an eccentric or concentric Resistance Training inter-
vention and found a significant increase in the amount of 
wild type mitochondrial DNA together with a dramatic 
decrease in the proportion of COX-negative muscle fibers. 
This process depends on activated satellite cells that fuse 
to form new fibers [51]. The incorporation of satellite cell 
derived mitochondria explains the increase in wild type 
mitochondrial DNA (gene shifting). This was supported 
by the studies demonstrating that 12 weeks of resistance 
training induced an increase in muscle strength, myofiber 
damage and regeneration, NCAM-positive and COX-pos-
itive satellite cells and oxidative capacity in adults with 
mitochondrial DNA deletions [52, 53]. According to 
these authors mitochondrial DNA mutations, eventually 
occurred in satellite cells, are lost during muscle stem cell 
activation and proliferation.  In general, this evidence 
supports the hypothesis that resistance training acts as 
a mitochondrial DNA shifting activating satellite cells. 
Further studies are necessary to quantify the extent of this 
phenomenon and the intensity of the exercise that is an 
important determinant of mitochondrial function.

Interestingly, Murach et al. [54] showed that resistance 
training induced coordinated gene expression pattern to 
promote adaptation of muscle to training.

Finally, a single bout of resistance exercise 24h after 
16 weeks of resistance training activated satellite cells 
(increased number of Pax7/MyoD positive nuclei) and 
enhanced capillary density in both type I and type II fibers 
suggesting that satellite cell response to resistance exer-

cise is accompanied by increased muscle fiber capillari-
zation [55].

Endurance exercise induces inflammatory-myogenic 
processes during skeletal muscle recovery [56]. Thus, 
effect of physical exercise is exerted also by the produc-
tion of many inflammatory cytokines.

Cytokines represent a large family of proteins that 
mediate intercellular communications both in the local 
microenvironment and in systemic circulation. mRNA 
levels of Interleukin 1b (IL-1b), Interleukin 6 (IL-6), Inter-
leukin 7 (IL-7), Interleukin 8 (IL-8), Interleukin 10 (IL-10) 
were up-regulated following resistance and eccentric 
exercises, but only IL-6 protein was found to be up-reg-
ulated in response to exercise [57]. It is mainly localized 
in type II fibers [58]. Interestingly, also other cytokines 
like VEGF and MCP-1 were up-regulated in muscle stem 
cells in response to exercise. VEGF was found in the peri-
cytes that surround the capillaries of skeletal muscle [59] 
while MCP-1 is secreted by macrophages and satellite cells 
[60]. Unfortunately, the mechanisms that regulate skele-
tal muscle and satellite cell function in response to these 
cytokines are still not understood [61], thus more research 
on this topic is needed. For an extensive review regard-
ing a role for inflammation in the regenerative response 
to exercise, please refer to Saclier et al. [62]. Together with 
cytokines secretion, we have to remember that another 
important consequence of exercise is angiogenesis. In 
particular, a balance between pro- and anti-angiogenic 
factors (not all clarified) has to be maintained for vascular 
homeostasis. This topic is thoroughly reviewed by Olfert 
et al. [63].

Finally, the possible role of miRNAs in the regulation 
of satellite cells by physical exercise was investigated. It 
was demonstrated by two independent groups (Poless-
kaya et al., 2013; Hashemi Gheinani et al., 2015) [64, 65] 
that a particular miRNA (miR-199a-5p) inhibits the expres-
sion of several components of the Wnt signaling pathway 
that, in turn, regulates satellite cell maintenance and 
differentiation. Over-expression of these components of 
Wnt pathway during muscle regeneration resulted in the 
enhancement of the reparative process, generating more 
fibers of bigger caliber, independently from an effect on 
new myoblasts proliferation or differentiation. 

6  Non-satellite cells 
Beside satellite cells, resident stromal cells have been 
identified both in human and mouse skeletal muscle. 
These cells express myogenic potential but represent a 



 Muscle stem cell and physical activity   149

heterogeneous population with different progenitors that 
directly or indirectly contribute to repair and remodel 
skeletal muscle after injury or disease. A recent review 
on the role of satellite and non-satellite cells for skeletal 
muscle therapy came from Rudnicki’s group [66]. Briefly, 
Side Population cells (SP), Mesoangioblasts/Pericytes, 
Bone Marrow Hematopoietic Stem Cells, Bone Marrow 
Mesenchymal Stem Cells, Adipose tissue-derived mesen-
chymal stem cells (ADMSC), Embryonic Stem cells (ES) 
and Induced-Pluripotent Stem cells (iPS) are under atten-
tive consideration in muscle cell therapy.

We here shall analyze only the non-satellite stem cells 
that were shown to be involved in training adaptation pro-
cesses. In particular, although limited, it has been demon-
strated on the following cells: human skeletal muscle per-
icytes [67, 68] and human Mesenchymal Sca1+ CD45- cells 
[69].

Muscle Pericytes are located on the basal membrane 
of vessels and are characterized by the expression of 
alkaline phosphatase (ALP), nerve/glial antigen 2 (NG-2) 
proteoglycan, CD146 [68,70]. Recently, Kostallari and col-
leagues [71] demonstrated that pericytes promoted sat-
ellite cell maintenance and post-natal myogenesis, thus 
playing a fundamental role in sustaining muscle stem cell 
niche. 

After 3 hours from a single bout of eccentric exer-
cises pericyte cell number remained unaltered,  but the 
cells showed a significant increase in NF-kB activity [72] 
which is found to be involved in proliferation of endothe-
lial cells in vitro and secretion of inflammatory molecules 
like MCP-1 and IL-8 [73]. In accordance, De Lisio et al. [67] 
found that, after 24 hours or 12 weeks from eccentric exer-
cise, the quantity of pericytes in human muscle was unal-
tered. Instead, after 12 weeks of concentric exercise, NG2+ 
ALP+ cell number diminished [68]. 

Mesenchymal stem cells (MSCs) are a multipotent cell 
population located in a number of tissues of all the body 
and able to differentiate along the osteogenic, adipogenic 
and chondrogenic lineages [74]. They are positive for the 
cell surface markers CD105, CD73, CD90 and negative for 
CD45, CD34, CD14, or CD11b, CD79 or CD19, and HLA-DR.

In murine skeletal muscle a mesenchymal popula-
tion with multi-lineage potential and labelled by Sca1 was 
found increased 24h post exercise but it did not give rise 
to new fibers suggesting that these cells might have a dif-
ferent role post-exercise [75]. In humans, PDGFRα positive 
mesenchymal cells increased following both concentric 
and eccentric training as well as differentiating satellite 
cells [68]. However, new fibers derived from mesenchymal 
stem cell were not found confirming that role of mesen-
chymal stem cells could be the regulation of satellite cell 

pool expansion through the release of paracrine factors. 
In fact the prevailing hypothesis is that mesenchymal 
stem cells are responsible for transfer the signal turned 
on following exercise. Further studies will be necessary to 
reveal the starting molecules and the mediators secreted 
by mesenchymal stem cells in this process. 

7  Cardiac muscle cells and physical 
activity 
The American Heart Association recommends that 
people perform moderately intense exercise for at least 
30 minutes 2-3 days a week. In fact, exercise has several 
effects that benefit the heart and blood circulation. These 
positive effects include the decrease of fat levels helping 
weight loss programs, the reduction of inflammation 
and the maintenance of blood vessels flexible and open. 
In fact, sedentary people have a 35% greater risk, with 
respect to physically active people, of developing high 
blood pressure. Together with physical activity healthy 
eating is another successful mean of reaching and main-
taining heart-healthy levels of fitness, weight and heart 
physiology [76]. 

Different authors suggested that the effects of exercise 
on cardiac tissue and vessels are dependent on  frequency, 
intensity and duration of the exercise itself [77-79].

The principal effects of physical exercise in the heart 
are cardiac hypertrophy and an increased angiogenesis 
[80]. 

Cardiac hypertrophy following sustained physical 
exercise is due to an increase in left ventricular wall thick-
ness and in the size of cardiomyocytes that are responsi-
ble for generating contractile force of the heart [81]. This is 
defined as physiological hypertrophy and is characterized 
by typical or even higher cardiac function. These char-
acteristics are grouped under the definition of “athlete’s 
heart.” In contrast, pathological cardiac hypertrophy 
occurs in response to a series of stimuli, such as myocar-
dial infarction, valve disease and dilated cardiomyopathy. 
Recently, it emerged that there is a “grey zone” between 
physiological and pathological hypertrophy that should 
be studied to distinguish these two hypertrophy types [82].

Physiological hypertrophy has a protective effect 
against some cardiovascular diseases such as ischemic 
injury. It is characterized by reduced cardiac apoptosis and 
by the down-regulation of cardiac fetal genes like α-MHC 
and sarcoplasmic reticulum Ca2+ ATPase (SERCA2a) [83-
86]. Moreover, a complex network of cardiac transcription 
factors, like GATA4, GATA6, Csx/Nkx2.5, MEF2 is activated 
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by physical exercise and induces physiological hypertro-
phy [87, 88].

Positive effects of physical exercise have been reported 
also on aging heart. Two different studies on rats by Kwak 
et al. showed that exercise training significantly attenu-
ated age-induced increases of apoptosis in ventricles, as 
indicated by lower DNA fragmentation, TUNEL-positive 
staining, and caspase-3 cleavage, when compared with 
ventricles from the age-matched sedentary group [89, 90]. 

In the heart, the reported signaling molecules of 
physical exercise are Insulin Growth Factor 1 (IGF-1) and 
Neuregulin 1 (NRG-1) [91-94]. IGF increases cardiac tel-
omerase activity and stimulates Phosphatidylinositol-3 
kinase (PI3K)-RAC-alpha serine/threonine-protein kinase 
(AKT1) pathway; while NRG-1 activates cardiac transcrip-
tion factors. 

Recently, it has been reported by numerous studies 
that miRNAs play significant roles in cardiac pathophys-
iology, cardiovascular development and cardiac regen-
eration [95-97]. An emerging role for miRNAs in transla-
tion of exercise effect in heart has been recently reviewed 
in Fernandes et al. [80]. In particular, aerobic exercise 
reduces cardiac fibrosis through activation of miR-29, 
increases angiogenesis by miR-26 and, finally, regulates 
renin-angiotensin system through the miRNAs-27a/b and 
-143. Moreover, many miRNAs are involved in cardiac cell 
growth and survival and they are differently regulated by 
aerobic sports. For example swimming activated miRNA-1, 
-21, -27a/b, -29a/c, -30e, -99b, -100, -124, -126, -133a/b, -143, 
-144, -145, -208a, and -222, while running increased levels 
of miRNA-1, -26, -27a, -133, -143, -150, and -222. 

Role of miRs in cardiac hypertrophy has been reviewed 
by Xu et al. [98] that also suggested possible targets like 
Fatty acid elongation pathway, Arrhythmogenic Right 
Ventricular Cardiomyopathy (ARVC) and ECM-receptor 
pathway.

Another miRNA, miR-214, is decreased upon resist-
ance training, leading to increased left ventricular myocyte 
width and volume in rats [99]. Finally, circulating miRNAs 
may also play a relevant role in the physiological exercise 
response. These miRNAs, like miR-106a, -30b, -146, -338 
and -21, are secreted or released from cells into the blood 
and play important roles in intercellular communication. 
Circulating miRNAs may be especially intriguing in the 
exercise response because they could potentially help 
drive similar effects, such as cellular proliferation, across 
multiple organ systems [100, 101]. 

8  Heart stem cells and physical 
activity
Although the principal player of cardiac hypertrophy is 
the enlargement of differentiated cardiomyocytes, Leite 
et al. [102] recently demonstrated that also c-kit+ cardiac 
stem cells (CSC) participate to cardiac hypertrophy gen-
erated by physical exercise. c-Kit+ CSC have been first 
reviewed 10 years ago [103]. Now the scientific community 
is convinced that the heart is an organ able to regenerate, 
although with a very low rate (1% per year at the age of 
25) [104] and cardiac stem cells represent the principal 
players of this phenomenon. 

Regarding the relationship between heart stem cells 
and physical exercise the first effect is the increase of 
cardiac stem cell number, through IGF-1-Akt signaling that 
induce cardiac stem cell proliferation [105].

Another important consequence of regular physi-
cal training is the increase of vascular nitric oxide (NO) 
concentration. NO is responsible for vasodilation, which 
results in the lowering of peripheral resistance and 
increase of perfusion [106]. In particular, it has been 
demonstrated by many authors that the shear stress gen-
erated with physical exercise increases intracellular level 
of the endothelial nitric oxide synthase (eNOS), the main 
source of NO. The up-regulation of this enzyme results as a 
complex pattern of intracellular regulation both in cardiac 
stem cells and endothelial progenitors [107], thus influ-
encing both cardiac hypertrophy and increasing angio-
genesis.

Endothelial progenitors are crucial for the increased 
capillary density observed both in heart and skeletal 
muscle following physical exercise and recently reviewed 
in Wilson et al. 2016 and Schuler et al. 2013 [77, 106]. 
Together with endothelial progenitors, also CD34+ circu-
lating angiogenic cells contribute to vascular structures 
and their function is regulated by endurance exercise 
[108]. Other stem cells like bone marrow progenitors or 
induced pluripotent stem cells are under high consid-
eration for cardiovascular repair [109], but their role in 
cardiac hypertrophy induced by physical exercise has not 
been clarified yet.

9  Conclusions
Physical activity is one of the most important factor to 
maintain general health population. Thus, long-term 
compliances need to be proposed to make it really effec-
tive on a large scale. 
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Benefits of physical exercise have been evidenced in 
many anatomical systems (musculo-skeletal, cardiovas-
cular, digestive, etc.). In this mini-review, we analyzed 
the effect of physical exercises on skeletal and cardiac 
muscles focusing on muscle stem cell activation by physi-
cal activity. Interestingly, the morphological consequence 
of physical activity both in skeletal muscle and heart 
is hypertrophy (Figure 1A-B). In particular, in skeletal 
muscle activated satellite cells fuse with the existing fibers 
leading to an increase of fiber size. In the heart, physical 
exercise increases the width of cardiomyocytes and, in 
parallel, activates cardiac stem cells. While for skeletal 
muscle the effect of physical exercise is becoming more 

and more clear, in the myocardium definitive data are still 
lacking. This is probably due to the different accessibility 
between skeletal and cardiac muscle. In particular, while 
many assays are possible in skeletal muscle by a single 
biopsy, this is not possible in the human heart. 

Different training types (aerobic, resistance) seem to 
have similar effects like hypertrophy even if the signaling 
pathways are different.

Indeed the molecular signature of physical exercise 
effects presents common elements both in differentiated 
and in quiescent stem cells like: activation of specific tran-
scription factors, proliferative pathways, and cytokines 
secretion. Also mitochondrial DNA has been shown to 

Figure 1: Schematic representation of the effects of physical activity on skeletal muscle and heart.
Panel A: muscle is shown like a cylinder with inside poly-nucleated fibers. Physical activity determines a morphological hypertrophy of 
muscle due to the increase in fiber numbers, in nuclei number per fiber and fiber size. Together with muscle hypertrophy, exercise induces 
proliferation of endothelial cells and release of pro-angiogenic and anti-angiogenic factors whose balance contributes to muscle adaptation 
to physical exercise. SC, Satellite Cells; 
Panel B: A schematic heart section is shown. Physical exercise determines cardiac hypertrophy (due to the increase of cardiomyocyte 
length, activation of cardiac stem cells and microvascular remodeling).

RV, Right Ventricle; LV, Left Ventricle; IGF, Insulin Like Growth Factor 1; NRG-2, Neuregulin-2; NO, Nitric Oxide; CSCs, Cardiac Stem Cells; 
EPCs, Endothelial Progenitor Cells. In both panels, possible molecular mediators are reported.
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have a role in stem cell activation. More recently, post 
translational modulations (miRNAs) or epigenetic (DNA 
modifications) have also been demonstrated. 

However, although many players have been identi-
fied, we think that several points remain unresolved thus 
requiring new research on the effect of exercise on muscle 
stem cells. Finally, research has advanced in therapeutic 
use of exercise, but more definitive protocols of training 
need to be established for general healthy population 
to identify the best exercise strategy in terms of inten-
sity, volume, and timetable, also taking into account the 
overall physical condition of the subject.
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