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It is well established that resistance training increases muscle mass. Indeed, there is
evidence to suggest that a single session of resistance training is associated with an
increase in muscle protein synthesis in young adults. However, the fundamental
mechanisms that are involved in regulating muscle protein turnover rates after an
acute bout of physical exercise are unclear. Therefore, this reviewwill briefly focus on
summarizing the potential mechanisms behind the growth of skeletal muscle after
physical exercise. We also present mechanistic differences that may exist between
young and older individuals during muscle protein synthesis and breakdown after
physical exercise. Pathways leading to the activation of AKT/mTOR signals after
resistance exercise and the activation of AMPK signaling pathway following a HIIT
(High intensity interval training) are discussed.
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Introduction

Skeletal muscle atrophy is characterized by a net negative protein balance, while muscle
growth results from a positive protein yield (Carbone and Pasiakos, 2019). Resistance exercise
(RE) is the most often used intervention to increase muscle size (Borde et al., 2015; Benito et al.,
2020). Current guidelines for physical activity by the American College of Sports Medicine and
the American Heart Association recommend performing muscle-strengthening activities at
least twice a week during non-consecutive days. Indeed, several studies have reported that an
acute bout of RE increases muscle protein synthesis in young adults (Brook et al., 2016; Damas
et al., 2016). However, the mechanisms that are involved in muscle protein turnover rates after
physical exercise are still poorly understood. Therefore, the purpose of this brief review will be
to summarize the potential mechanisms behind the growth of skeletal muscle after physical
exercise. That is, we will briefly focus on the acute effect of RE and high intensity interval
training (HIIT) on muscle protein synthesis and muscle protein breakdown. The present brief
review will discuss both of these types of exercises with a focus on their impact on key pathways
of skeletal muscle adaption. We will also bring new insight to the literature by identifying
different mechanistic pathways of muscle protein turnover rates after physical exercise between
young and older individuals. A literature search was conducted on the PubMed database using
the following keywords: Physical Activity or Acute Exercise or High Intensity Interval Training
or Resistance Training or Muscle Protein Synthesis or Muscle Protein Breakdown or Muscle
Protein Turnover AND Young Adults or Older Adult or Aging or Seniors. All languages and
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article types were included in the search in order to maximize the
number of articles found. The reference lists of all the articles found
were assessed in order to identify other articles not found during the
literature search. No other exclusion criteria were used.

Skeletal muscle adaptation after acute
resistance exercise

Skeletal muscle is highly adaptive tissue and sensitive to various
stimuli, such as mechanical stress (e.g., exercise) (Petrella et al., 2006).
It is well established that RE represents a mechanical stressor to the
skeletal muscle, which initiates muscle hypertrophy by activating
anabolic signaling pathways and consequently increases muscle
protein synthesis (MPS) (Williamson et al., 2003; Cunningham
et al., 2007). By activating MPS, muscle mass increase, improving
muscle strength and functional capacity especially in the older
population (Benito et al., 2020). Hence, muscle growth is a slow
process as rates of protein synthesis needs to exceed rates of protein
breakdown. Although RE is a well-known stimulus for muscle
hypertrophy in younger adults (Miller et al., 2014), various studies
in older adults (65 years and above) found that the fractional synthetic
rate (FSR) of muscle protein is diminished following an acute bout of
RE (Mayhew et al., 2009; Fry and Rasmussen, 2011). That is, unlike
young adults, studies have shown that older adults are not able to
increase muscle protein FSR 3 h post-exercise (Paddon-Jones et al.,
2004) or even 24 h after an acute RE bout (Mayhew et al., 2009; Fry
et al., 2011). Interestingly, it has been noted that baseline fasting FSR
does not differ between the age groups suggesting that the response to

acute RE in older adults is attenuated, which may be due to the
inability of the muscle to increase the stimulation of MPS (Mayhew
et al., 2009). A recent study assessed specifically myofibrillar protein
synthesis (myoPS) over a 10-week RE and found that myoPS after the
first bout of RE was primarily directed towards exercise-induced
muscle damage (Damas et al., 2016). RE-induced myoPS and
muscle damage seem to decrease throughout the RE program and
only in the later phases of RE the myoPS is more likely to contribute to
muscle hypertrophy (Damas et al., 2016). myoPS is a more detailed
version of the synthesis rates occurred in the muscle and measured
from muscle biopsy tissue. Another important factor is the initial
fitness level of participants. It has been shown that in participants who
engage in resistance and endurance exercise on a daily basis, the
muscle protein FSR does not increase after an acute bout of RE to the
same extend as in untrained individuals (Damas et al., 2016). The
latter notion is in accordance with a finding that acute RE induced
muscle damage is greater in untrained than in trained individuals
(Gibala et al., 2000).

Muscle protein synthesis

The key pathway regulating protein synthesis is the mammalian
target of rapamycin complex 1 (mTORC1) pathway (Figure 1)
(Miyazaki et al., 2011). The activity of mTORC1 can be controlled
by different factors, such as mechanical signaling (exercise), growth
factors [e.g., insulin-like growth factor (IGF-1)] and amino acid
availability. IGF-1 seems to have a long-term positive impact on
muscle mass and strength by increasing in the muscle and blood

FIGURE 1
Pathways leading to the activation of AKT/mTOR signals after resistance exercise.
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circulation following 10 weeks of resistance training in frail older
adults (Signh et al., 1999). In addition, acute resistance exercise seems
to attenuate mRNA IGF-1 expression by increasing up to 62%
following only eight sets of squats in young adults (Bamman et al.,
2001). IGF-1 seems to aslo increase in blood circulation during and
right after explosive resistance training in young men and women)
(Nindl B.C et al., 2012). Results shows that the increase is instant in
total IGF-I (pre-exercise = 546 ± 42, mid-exercise = 585 ± 43, post-
exercise = 597 ± 45, p < .05) (Nindl et al., 2012). It was also reported
that acute RE results in an increase in the local expression of IGF-1,
well known to activate Akt and mTORC1 (Bamman et al., 2001).
However, the exact upstream factors leading to mTORC1 activation in
response to mechanical stimulation (e.g., RE) are still partly
understood. It has been suggested that there is a mechanosensitive
signaling pathway likely involving integrins and acting through
phosphatidic acid (PA) and focal adhesion kinase (FAK) that can
activate mTORC1 after RE (Brook et al., 2016). The main downstream
targets of activated mTORC1 are ribosomal protein s6p70 kinase
(S6K1) and eukaryotic initiation factor 4E-binding protein (4E-BP1),
which further regulate protein synthesis and ribosomal biogenesis
(Koopman et al., 2006; Camera et al., 2016; Chaillou, 2017). Some
studies demonstrated that within 1 h, 4 h (Kumar et al., 2009), or even
24 h after an acute RE training older adults do not exhibit any changes
in mTORC1, S6K1 and 4E-BP1 phosphorylation, whereas their
younger counterparts display an increase in mTOR activation
already 3 h after RE, and an increase in phosphorylation of
S6K1 and 4E-BP1 6 h after an acute RE bout (Fry et al., 2011). The

reason for the diminished or delayed protein synthesis after an acute
bout of RE in older adults is not clear, some studies suggest attenuated
mTOR phosphorylation and its downstream targets S6K1 and 4E-BP1
(Kumar et al., 2009; Fry et al., 2011), whereas others do not
(Drummond et al., 2008; Mayhew et al., 2009). However, only
young participants showed a positive correlation between
S6K1 phosphorylation and myofibrillar protein synthesis (Kumar
et al., 2009). The discrepancy between studies may depend on the
structure of the experimental protocol as well as the assessment of the
type of protein synthesized (e.g., mixed or myofibrillar) (Brook et al.,
2016). Another molecule that is activated likely through an integrin
dependent pathway after an acute bout of RE and could be potentially
involved in MPS is extracellular signal-regulated kinase (ERK1/2)
(Moore et al., 2011; Callahan et al., 2014). ERK1/2 can activate
(increase in phosphorylation) the eukaryote initiation factor 4E
(eIF4E) independently of mTORC1 via its downstream target
mitogen-activating protein kinase-interacting kinase 1 (MNK1)
(Slack, 2017). ERK1/2 can also potentially activate ribosomal
protein S6 (rpS6) through p90 ribosomal S6 kinase (het Veld et al.,
2015) as well as directly promote mTORC1 activity (Miyazaki et al.,
2011; Fry et al., 2013; Slack, 2017). A study in older adults showed that
although mTORC1 was activated after an acute bout of RE, the
expression of ERK1/2 was not (Drummond et al., 2008;
Williamson et al., 2010). They postulated that delayed protein
synthesis seen in the older adults may be due to inadequate
stimulation of both pathways concurrently (Drummond et al.,
2008) and that perhaps ERK1/2 is involved in the later phase of

FIGURE 2
Activation of AMPK signaling pathway following aerobic exercise.
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RE. Although older people do not show any changes in MPS as a
response to acute RE (Drummond et al., 2008; Mayhew et al., 2009;
Stec et al., 2016), they do present muscle hypertrophy after chronic RE,
suggesting that muscle mass gain in the aged muscle requires longer
time-period of RE due to reduced sensitivity to mechanical stimuli
(Bamman et al., 2007; Mayhew et al., 2009; Li et al., 2012). These
studies propose that attenuated protein synthetic response to repeated
bouts of RE may contribute to the altered adaptation of the aging
muscle (Damas et al., 2016; Stec et al., 2016). It should be noted that
increased protein synthesis also depends on the translational
efficiency, which relies on translational capacity. The translational
capacity of myofibers is mainly determined by the quantity of
ribosomes. However, it is important to note that increased
transcription does not always lead to successful protein synthesis as
alterations in post-transcriptional modification can negatively affect
protein abundance in the cell (Kosek et al., 2006). The latter notion
goes along with findings in older adults, where diminished FSR
response to unaccustomed acute RE was not in accordance with
the translation initiation signaling pathways, which was not
affected by age (Mayhew et al., 2009), suggesting that muscle
protein FSR may be regulated post-transcriptionally (Phillips et al.,
1997). It has been suggested that RE can increase translational capacity
by affecting ribosome biogenesis where increased number of
ribosomes can facilitate mRNA translation and expedite myofiber
hypertrophy (Cartee et al., 2016; Stec et al., 2016). Indeed, recent
evidence demonstrated that the degree to which myofiber can
hypertrophy seems to be related to translation capacity (e.g.,
ribosomal quantity) (Figueiredo et al., 2015). Older subjects are
proposed to have reduced ability to activate ribosome biogenesis
following RE (Stec et al., 2016). A study showed that 24 h after
first bout of RE aging muscle did not exhibit increased expression
of precursor rRNA and ribosomal protein as seen in the young, despite
that protein expression levels did not differ between the groups at
baseline (Stec et al., 2016). Although aging muscle appears to accrue
ribosomes, it is not known if they are functionally intact (Stec et al.,
2016), which would consequently impact translational capacity. These
findings suggest that attenuated ribosome biogenesis in older subject
may be a potential mechanism contributing to blunted hypertrophy
response to RE in the aged muscle (Stec et al., 2016). Thus, since there
is no need to increased rDNA template, this may further limit the
addition of new myonuclei to the myofiber (Cartee et al., 2016).
Nevertheless, not all old subjects have the same hypertrophic response
to RE. Some older subjects have a better hypertrophic response to the
first bout of RE, where the rate of translational initiation is increased
leading to elevated translational efficiency (Wagenmakers et al., 2006;
Mayhew et al., 2009). This finding is in accordance with increased
ribosome protein synthesis that appears within 24 h of RE (Stec et al.,
2016). The need for more ribosome protein synthesis may drive the
addition of new monnuclei. Thus, mechanotranduction and IGF-I are
known to activate satellite cells for myonuclear accretion. However, it
is important to mention that only one bout of exercise is unlikely to
increase the number myonuclei by much (Burkholder, 2007).
Although MPS does not correlate with hypertrophy after the initial
bout of RE, the increased ribosomal biogenesis seen at an early stage of
RE in high responders may be important to maximize the long-term
RE induced hypertrophy (Kim et al., 2007). The delayed hypertrophic
response to RE may also depend on the translational capacity of an
individual, where some people may need numerous bouts of RE to
reach the same mRNA content as individuals who greatly increase

mRNA content already after the first bout of RE (Stec et al., 2016). It
needs to be also noted that the time point at which muscle biopsy is
taken after RE or throughout a time-course of RE represents an
important factor as protein and mRNA expression are post-
exercise time dependent (Stec et al., 2016).

Muscle protein breakdown

RE can also lead to protein degradation, especially within the first
few hours after an acute bout of RE (Biolo et al., 1995). A study showed
that protein fractional breakdown rate (FBR) peaked 3 h post-exercise
and gradually decreased to resting rates within 48 h (Phillips et al.,
1997). In the latter study there was a positive correlation between FSR
and FBR, the net protein balance was negative, which may be due to
the fasted state of the participants (Phillips et al., 1997). Although
protein FSR has been shown to be impaired in old age, FBR seems not
to change with increasing age (Fry et al., 2013). It has been further
postulated that protein FBR, which represents a source of amino acids
(AA) for FSR in fasted state, may be reduced and hence no change in
protein FSR was observed (Phillips et al., 1997). Protein breakdown is
regulated through the ubiquitin proteasome system (UPS), where
specific E3 ubiquitin ligases, Atrogin-1 and Muscle-RING-finger
protein 1 (MuRF1), which are regulated by transcription factor
Forkhead box O (FoxO), ubiquitinate a targeted protein for
degradation (Raue et al., 2007; Abruzzo et al., 2010; Pugh et al.,
2015). Interestingly, both MuRF1 and Atrogin-1 mRNA have been
shown to be upregulated in octogenarian women, while young women
only displayed an increase in MuRF1 mRNA expression after an acute
bout of RE (Raue et al., 2007). This finding suggests that very old
muscle (>80 years of age) has a greater proteolytic response, which
may promote protein breakdown after RE (Raue et al., 2007;
Williamson et al., 2010) and suggest the presence of age-related
alterations of the protein kinase B (Akt) pathway, which
phosphorylation may be insufficient to suppresses FoxO during an
anabolic stimuli (Raue et al., 2007; Williamson et al., 2010; Fry et al.,
2013). Other studies additionally suggested that the activation of the
UPS may be required for the repairment of contractile proteins after
an acute bout of RE-induced muscle damage (Borgenvik et al., 2012;
Damas et al., 2016). However, despite evidence that the aging muscle
has a higher proteolytic rate (Pennings et al., 2012), in advanced age
(>80 years of age) the ubiquitin-proteasome mediated gene expression
appears to be down regulated (Cuthbertson et al., 2005; Casperson
et al., 2012). This could occur due to alterations in translational
capacity (e.g., ribosomal quantity and quality) or due to alterations
in post-translational modifications that affect protein structure and
function. A study in octogenarian women showed that older inactive
women have an increased expression of FOXO3A and MuRF1, but
with no change in Atrogin-1 when compared to young controls
(Cuthbertson et al., 2005). Another important pathway involved in
MPB is the autophagosomal-lysosomal system. It has been
demonstrated that in older people after an acute bout of RE,
markers of autophagy are reduced (Glynn et al., 2010; Fry et al.,
2013). Microtubule-associated protein light chain 3 (LC3) is a protein
used to monitor autophagy. It has been widely used to monitor the
number of autophagosomes as well as autophagic activity. A study
showed that the expression of cytosolic microtubule-associated
protein 1 light chain 3 (LC3B-I) did not change after exercise,
while the autophagosomal membrane-associated form (LC3B-II)
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reduced, furthermore, the conversion of LC3B-I to LCB3-II also
decreased (Glynn et al., 2010; Fry et al., 2013). This suggests that
the autophagic response is reduced after an acute bout of RE in older
individuals, which may contribute to the accumulation of misfolded
and damaged proteins (Fry et al., 2013).

High intensity interval training (HIIT)

Maintenance of optimal muscle power and cardiorespiratory
fitness (CRF) are the most effective prevention strategies that
individuals can engage in during advancing age (Karlsen et al.,
2017). Exercise intensity levels appear to be an important
determinant of muscular adaptation to the selected physical activity
(e.g., resistance exercise or endurance exercise). Because of the positive
effects of aerobic high intensity training on CRF leading to reduced
risks for cardiovascular disease (Karlsen et al., 2017), a new type of
exercise program called high intensity interval training (HIIT) has
gained a lot of attention (Boutros et al., 2019).

HIIT is a time-efficient training method characterized by repeated
bouts of short aerobic activity at high intensities (e.g., 85%–95% of
maximal heart rate or 80%–90% of VO2 max) with short resting
periods or low intensity bouts allowing recovery (Karlsen et al., 2017;
Robinson et al., 2017). HIIT is suggested to combine some parts of
endurance exercise (EE) and RE as it activates aerobic adaptation and
involves high intensity muscle contraction (Bell et al., 2015).
Therefore, because of the marked loss of muscle mass and strength
in the older adult population, HIIT should be supplemented with RE
with a focus on lower limbs. However, different physical demands
from RE and EE result in different muscular and cellular adaptations.
As previously described, RE induces the activation of
mTORC1 pathways, which leads to increased protein synthesis and
eventually to muscle hypertrophy. Conversely, EE activates AMPK,
which induces the expression of PGC1-α and consequent regulation of
oxidative metabolism and mitochondrial biogenesis. AMPK is a
negative regulator of mTORC1 and an activator of the FOXO
transcription factor family which govern in large part MPB
(Figure 2). It is important to note that AMPK activation is one
many pathways leading to PGC-1a activation upon EE. Calcineurin
activation by prolonged cytosolic calcium oscillations is likely as
important as AMPK activation leading to the activation of PGC-1a.
Some (Hawley, 2009; Farup et al., 2012), but not all (Apró et al., 2013;
Murach and Bagley, 2016) studies showed that the combination of
traditional EE and RE has a negative impact on muscle adaptation,
where AMPK activation after EE interferes with the activation of
mTORC1 pathway induced by RE. Hence, the timing of each type of
exercise is important to gain positive effects/adaptations induced by
both RE and EE (Murach and Bagley, 2016). Interestingly, acute bout
of RE has shown to increase AMPK expression, but only in untrained
subjects (Drummond et al., 2008; Coffey and Hawley, 2017). In
addition, older muscle after a single bout of RE seems to exhibit
greater levels of AMPK, which may contribute to the delayed protein
synthesis (Drummond et al., 2008). A study in younger adults showed
that acute HIIT followed immediately after RE does not interfere with
RE-related adaptations (Pugh et al., 2015). They found that markers of
mitochondrial biogenesis were greatly increased in the RE + HIIT
program compared to only RE. However, they did not find any change
in the expression of signaling molecules downstream of mTORC1
(e.g., S6K1 and 4E-BP1) (Pugh et al., 2015), suggesting attenuated

protein synthesis. Another study in older adults separately assessed the
impact of acute RE and HIIT on MPS (Bell et al., 2015). They found
that HIIT significantly increases MPS although to a lesser extend as
RE. Interestingly, only HIIT seemed to stimulate sarcoplasmic protein
synthesis 24 h after exercise and it has been contemplated that
increased mitochondrial protein synthesis may contribute to the
high sarcoplasmic protein fractional synthesis rate (FSR) (Bell
et al., 2015). Indeed, 12 weeks of HIIT and RE in older men
resulted in increased mitochondrial FSR as well as mitochondrial
biogenesis and consequently increased mitochondrial oxidative
capacity and improved CRF (Robinson et al., 2017). However,
increased muscle strength was noticed only after RE and not in
HIIT (Robinson et al., 2017). The later finding may be due to the
short recovery period in older men after each HIIT session, which may
attenuate development of muscle strength (Herbert et al., 2015). From
the former study, it appears that HIITmay induce muscle hypertrophy
to a certain degree in older adults by potentially inducing similar
muscle damage as RE and stimulate MPS (Schoenfeld, 2012; Bell et al.,
2015; Damas et al., 2016). Another study in octogenarian men that
combined RE and HIIT (RE + HIIT) for 9 weeks showed improved
muscle strength, functional capacities (e.g., walking speed) and aerobic
capacity (Guadalupe-Grau et al., 2017). Nonetheless, future studies
should assess the effect of acute RE +HIIT and long-term RE+HIITon
alterations inmusclemass andmuscle protein synthesis in older adults aswell
as the degree towhichHIITmay attenuate adaptive responses induced byRE.
The combination ofRE andHIIT in a single session seem to serve as a feasible
and time effective exercise regime for older adults. However, there is still lack
of consensus about the intensity and duration that should be applied to very
old individuals (>80 years of age). The increased loss of muscle mass and
strength in the older adult population could limit exercise at high intensity,
especially in the case of frail older individuals or very old participants who are
at a higher risk of falls. Therefore, the structure of HIIT should be tailored to
the individual’s needs. Indeed, it is important to give them enough time to
recover between intervals so that they are able to perform the exercise session
in a safemanner.Given the extreme exercise regime ofHIIT it is doubtful that
the older adult population could safely or practically adopt this type of
exercise, hence, proper intensity level and supervision of the training program
are important factors contributing to reach maximal benefits from HIIT.

Even though resistance and endurance exercise training induce
numerous positive effects, the adaptation processes vary between
individuals. It is therefore important to consider the initial fitness
level as untrained individuals have a greater capacity to initiate

TABLE 1 Activated protein following acute resistance exercise.

Activated protein following acute 1
resistance exercise

Young Old

Muscle protein synthesis

mTORC1 ↑↑↑ ↑
ERK1/2 ↑↑↑ ↔
S6K1 ↑↑↑ ↑
Ribosomal protein ↑↑↑ ↑

Muscle protein breakdown

MuRF1 ↑↑ ↑↑↑
Atrogin-1 ↔ ↑↑
LC3B-1 NS ↓
AMPK ↑ ↑↑↑

Frontiers in Physiology frontiersin.org05

Hajj-Boutros et al. 10.3389/fphys.2022.1106425

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1106425


molecular signaling after physical activity (Coffey and Hawley, 2017).
Age also has a great importance on the adaptations following acute
exercise (Table 1). Indeed, the latter was demonstrated by findings
where acute bouts of RE induced AMPK phosphorylation (Dreyer
et al., 2006; Koopman et al., 2006) and EE activated mTOR signaling
(Wilkinson et al., 2008).

Conclusion

Acute physical exercise, in particular RE, has been shown to
increase MPS. However, the mechanisms that are involved in
muscle protein turnover rates after acute physical exercise are still
poorly understood. Indeed, a key pathway in regulatingmuscle protein
synthesis and breakdown is the mammalian target of rapamycin
complex 1 (mTORC1) pathway. The activation of AMPK signaling
pathway also seem to be implicated. However, the mechanistic
pathways seem to differ between older and younger individuals.
Furthermore, even though RE induces numerous positive effects,
the adaptation processes vary between individuals. It is important
to consider clinical characteristics of the targeted group including age
and initial fitness level as untrained individuals have a greater capacity
to initiate molecular signaling after the initial bout of RE (Coffey and
Hawley, 2017). However, it is still difficult to predict that everyone will
respond similarly to a given type of exercise, especially in the older

population where adaptational processes get altered and the response
to exercise becomes even more complex.
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