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How to explain exercise-induced phenotype from
molecular data: rethink and reconstruction based
on AMPK and mTOR signaling
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Abstract

During endurance and resistance exercise training, AMPK and mTOR signaling were known as selective pathways
implicating the differentiation of exercise-induced phenotype in skeletal muscle. Among the previous studies,
however, the differences in exercise protocol, the individuality and the genetic heterogeneity within species make it
difficult to reach a consistent conclusion in the roles of AMPK and mTOR signaling. In this review, we aim not to
reanalyze the previous articles and present the research progress of AMPK and mTOR signaling in exercise, but to
propose an abstract general hypothesis for exercise-induced phenotype. Generally, exercise- induced skeletal muscle
phenotype is independent of one and a few genes, proteins and signaling pathways. Convergent adaptation will
better summarize the specificity of skeletal muscle phenotype in response to a single mode of exercise. Backward
adaptation will open a new concept to illustrate the process of exercise-induced adaptation, such as mitochondrial
quality control and muscle mass homeostasis.
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Adaptability is essential for survival of lives. Exercise-
induced physiological adaptation is often demonstrated by
changes in molecules, cells, and organ systems. In skeletal
muscle, endurance exercise often increases mitochondrial
content and type I myofibers and induces a switch of
myofibers from type 2x to type 2a. Resistance exercise
often increases muscle protein synthesis and muscle size.
All of these changes based on gene expression profile are
summarized as exercise-induced phenotype (Figure 1).
Endurance and resistance exercise represent extremes on
exercise-induced adaptation and produce markedly differ-
ent phenotypes that are mediated by a complex interplay
between AMP-activated kinase (AMPK) and mammalian
target of rapamycin (mTOR) signaling (Egan and Zierath,
2013). Exercise physiologists provided a large number
of publications to describe the exercise-induced phenotype,
they engaged in dissecting the molecular pathways in order
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to explain: how does human acquire aerobic endurance and
muscle strength from endurance and resistance exercise?
What gene or protein is important and indispensable for
exercise-induced phenotype? With the increase of the
publications in this field, it is more and more difficult to
guarantee the consistency and validity of exercise-induced
phenotype in different studies. How to summarize these
molecular evidences and make a story is important
for exercise physiologist to understand exercise-induced
phenotype.
Molecules and genes determine exercise-induced
phenotype: really?
Booth and Laye (2009) claimed that a misunderstanding
of physiology led to incomplete or wrong functional des-
ignations of genes in some cases (Booth and Laye, 2009).
Normal physiology should define not only the processes in
a non-stressed state but also the capacity of the organism
to respond to stressors that disrupt homeostasis. Genes
are always selectively activated or deactivated for survival
and successful response to stresses. Physical exercise, as
a stressor, is used to better demonstrate the complete func-
tion of some genes. Gene knockout (KO) or knockdown
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Figure 1 General schematic for exercise-induced adaptation in physiology: from genotype to phenotype. Based on a primary genotype, a
multiple of signaling pathways are ready to be selected for exercise adaptation. The changes in ROS (Reactive Oxygen Species) level, Ca2+ uptake
and release, AMP/ATP ratio and hormone release widely activate or deactivate the downstream pathways during exercise. In response to a single
bout of exercise, the underlying pathway is not specific and selective. Repetition of stimulation cycles of exercise leads to an amplification of the
cell signaling and thus to the changes in gene expression profile, i.e. exercise-induced phenotype.
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to restrict its roles in unstressed state may make the
organism deprived of the optimal response in stressful
conditions. Probably, the animal with gene modification
selects the alternative pathway that is enough to respond
to exercise stress. In most studies, gene modification failed
to change the effects of exercise on muscle mass (Hamilton
et al., 2010; Matheny et al., 2009), muscle-fiber switch
(Geng et al., 2010; Zechner et al., 2010), mitochondrial
biogenesis (Philp et al., 2011; Saleem et al., 2009), and
insulin sensitivity (Lira et al., 2010). These findings suggest
a theoretical model of functional compensation between
genes. Further, Booth and Laye (2009) denied a popular hy-
pothesis: ‘exercise pill’/‘exercise mimetic’. Exercise-induced
phenotype in physiology is accomplished by integrating
gene, cell, tissue, organ and systems during chronic adapta-
tions to different types of exercise such as resistance and
endurance. Thus, exercise-induced phenotype could not be
mimicked by a drug or gene modification targeting a single
or few molecules. For example, AMPK was both activated
by exercise and 5-Aminoimidazole-4- carboxamide1-β-D-
ribofuranoside (AICAR). However, the exercise responses
differed from those observed with AICAR: plasma fatty acid
(FA) and glycerol rose sharply with exercise, whereas FA fell
and glycerol was unchanged with AICAR (Rantzau et al.,
2008). We always think that exercise capacity is determined
by some key genes, because they are found to control
cellular metabolism, mitochondrial biogenesis, conversion
of muscle fiber type, and protein synthesis, etc. However,
knockout or knockdown animals show us that key exercise
gene is unlikely to exist. The so-called “exercise-sensitive
gene activities” are only the results, not the causes, of
exercise adaptation. In other word, without the so-called
exercise gene, exercise training still induces cellular pheno-
type to meet the demands for corresponding exercise
or muscle contraction. For example, while PKB/Akt and
AMPKα2 activities are essential for Akt substrate of
160 kDa (AS160) phosphorylation during insulin- and
AICAR-stimulated glucose uptake in L6 myotubes, neither
kinase is indispensable for the effects of muscle contraction
on AS160 phosphorylation (Kramer et al., 2006). Inter-
estingly, AS160-Thr(649)Ala knock-in impairs insulin-
stimulated glucose uptake in skeletal muscle, rather
than contraction and AICAR-stimulated glucose uptake
(Ducommun et al., 2012). In conclusion, cellular and mo-
lecular phenotype for exercise capacity is always acquired
from regular exercise or muscle contraction; it is absurd to
use drug and gene modification to mimic exercise-induced
phenotype in vivo, while they partly produce functional
and molecular phenotype for exercise capacity (Momken
et al., 2011; Narkar et al., 2008).
Numerous studies demonstrated that aerobic exercise

increased mitochondrial biogenesis in skeletal muscle.
Further, these studies aimed to investigate genetic and
molecular response to exercise and thus set up the bio-
chemical coupling between exercise and mitochondrial
biogenesis. The method is to build exercise protocol of
animals and observe the biochemical and molecular
changes versus sedentary animals, finally these changes
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will be integrated to interpret mitochondrial biogenesis.
Cell signaling provides a basic framework for understanding
the integration of mitochondrial biogenesis and function
(Scarpulla, 2008). However, we are facing puzzles and
challenges. For example, in-vivo mouse models show
that p53 plays an important role in determining both
basal aerobic exercise capacity and its improvement by
training (Wang et al., 2012). p53 promotes aerobic metabol-
ism and exercise capacity by using different mitochondrial
genes and mechanisms in a tissue-specific manner (Park
et al., 2009). In p53KO mice, Saleem, A. and colleagues
observed diminished mitochondrial content in mixed muscle
and lowered PGC-1α protein levels in gastrocnemius
muscle. p53-null animals displayed greater fatigability
and less endurance than wild-type (WT). However, the
adaptive responses in mitochondrial content to running
were similar in WT and KO mice (Saleem et al., 2009).
These findings suggest that p53 is not required for
exercise-induced mitochondrial biogenesis, there must
be an alternate mediator that leads to mitochondrial
biogenesis. Such important but not required genes or
mediators were observed frequently in exercise-induced
mitochondrial biogenesis. We suggest that drug treatment
or gene modification sometimes makes us misunderstand
exercise-induced phenotype within human normal physi-
ology. The reason is that the genetically modified mice are
treated equally to the wild-type animals and even human
under the condition of exercise. We can’t predict the
unknown adverse effects of drug and genetic modification
in addition to its ability to enhance exercise capacity.
Unfortunately, people believe that molecular modification
can exclusively produce exercise endurance and muscle
strength, therefore the drug is often abused to promote
protein synthesis and red blood cells in games and gymna-
siums. Transgenic athletes may also appear in the future.
Misunderstanding of exercise-induced phenotype really
threatens our health, because the known changes in
molecular level are not sufficient for integrated exercise-
induced phenotype.

Resistance and endurance exercise: convergent
evolution/adaptation?
Exercise can be classified into two subtypes: endurance
and resistance. As we know, exercise- induced phenotype
in cell and tissue is determined by exercise protocol.
Generally, resistance exercise results in an increase in
muscle mass and size, and endurance exercise results in
an increase in muscle capillary density, mitochondrial pro-
tein, fatty acid-oxidation enzymes, and more metabolically
efficient forms of contractile and regulatory proteins (Baar,
2006). However, concurrent training, training for both
muscle strength and endurance, suppressed some of the
adaptations to strength or endurance training alone in
some studies (Bell et al., 2000; Glowacki et al., 2004;
Leveritt et al., 1999). There may be a direct molecular
blockade hindering the development of the concurrent
training phenotype. Therefore, exercise physiologists
propose the following pathways: 1) endurance exercise >>>
AMPK/PGC-1α signaling>>> mitochondrial biogenesis,
this pathway suggests that a selective activation of the
AMPK-PGC-1α signaling may explain endurance training
adaptations, such as mitochondrial biogenesis (Atherton
et al., 2005; Nader, 2006; Reznick and Shulman, 2006;
Winder et al., 2006); 2) resistance exercise >>> Akt/TSC2/
mTOR signaling >>> cell growth and protein synthesis,
this pathway suggests that a specific activation of PKB-
TSC2-mTOR cascade may explain some resistance training
adaptations, such as increased protein synthesis and muscle
growth (Atherton et al., 2005; Baar, 2006; Nader, 2006);
3) endurance exercise >>> AMPK/TSC2/mTOR signal-
ing >>> inhibited cell growth and protein synthesis, this
pathway suggests that a negative regulation of mTOR activ-
ity byAMPK may explain why endurance exercise damages
the effects of resistance exercise in muscle growth (Ng
et al., 2012; Reiter et al., 2005). Together, selective activa-
tion of AMPK/PGC-1α or Akt/TSC2/mTOR signaling
can explain specific adaptations to endurance or resistance
training in skeletal muscle. Recently, this assumption is
more and more unconvincing. Endurance exercise also
enhanced muscle protein synthesis and elevated mTOR
signaling in human (Mascher et al., 2011). 10 days of
intensified endurance training attenuated AMPK and
mTOR signaling, but AMPK and mTOR phosphoryl-
ation increased in response to acute endurance exercise
(Benziane et al., 2008). On the other hand, strength train-
ing increased the protein content of AMPK subunits
(α1,β2,γ1), which thus influence metabolism and improve
energy homeostasis in trained muscle (Wojtaszewski et al.,
2005). AMPK activation and a reduced phosphorylation of
4E-BP1 contribute to the inhibition of muscle protein syn-
thesis during resistance exercise. However, muscle protein
synthesis increased in association with an activation of
PKB, mTOR, S6K1 and eEF2 by 1-2 h post-exercise
(Dreyer et al., 2006). Moreover, endurance and resistance
exercise showed a similar time course for Akt-mTOR-S6K
phosphorylation during the initial 60-min recovery period
after divergent contractile stimuli (Camera et al., 2010).
In summary, the hypothesis of selective activation of cell
signaling is untenable. The current data strongly indicate
that cellular and molecular responses to exercise is very
complicated and integrated beyond this hypothesis.
Endurance exercise is defined by higher oxygen up-

take, lower muscle contraction force and mitochondria-
dependent energy production. Thus, endurance exercise
usually improves oxygen utilization and oxidative capacity
and increases mitochondrial biogenesis in skeletal muscle.
However, these improvements do not depend on the genes
controlling mitochondrial biogenesis and oxidation, such
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as AMPKα (Jorgensen et al., 2005), PGC-1α (Leick et al.,
2008) and p53 (Saleem et al., 2009). Lack of PGC-1α
reduced expression of Cytc, COXI, and ALAS1 in resting
muscle. However, PGC-1α is not required for exercise
training-induced increases in ALAS1, COXI, and Cytc
expression, showing that factors other than PGC-1α
can exert these adaptations (Leick et al., 2008). Also, the
improvement of mitochondrial morphology and antioxi-
dant defense in response to endurance exercise occurs
independently of PGC-1α function (Geng et al., 2010).
For example again, IL-6-deficient mice showed reduced
mitochondrial respiration and enzyme activity. However,
endurance training still enhanced mitochondrial biogenesis
in gastrocnemius muscle. AMPK activation by IL-6 ap-
peared to be dispensable for the mitochondrial biogenic
responses to chronic treadmill exercise (Li et al., 2011a).
The key protein deacetylase, sirtuin 1 (SIRT1), is a master
regulator of mitochondrial biogenesis in skeletal muscle,
primarily via its ability to deacetylate and activate PGC-1α
(Aquilano et al., 2010; Gurd, 2011; Li et al., 2011b).
However, SIRT1 deacetylase activity is not required for
deacetylation of PGC-1α or mitochondrial biogenesis in
skeletal muscle during exercise (Menzies et al., 2012; Philp
et al., 2011). Chronic electrical stimulation of cultured
skeletal muscle increased slow myosin heavy chain I
(MHCI) and decreased fast MHCII expression at mRNA
and protein levels, indicating a fast-to-slow myofiber
switch. Calcineurin upregulates MHCI expression via
nuclear factor of activated T cells (NFATc1) during fast-
to-slow switch of muscle fiber. However, the calcineurin
signaling and MHCI gene are activated by repetition of
the rapid high-amplitude calcium transients rather than
by a sustained elevation of resting Ca2+ concentration. This
means that a sustained elevation of calcineurin activity is
not available for the formation of slow muscle fiber.
In addition, reactive oxygen species (ROS) is supposed
to mediate exercise-induced mitochondrial biogenesis
(Gomez-Cabrera et al., 2008), because Vitamin E and
α-lipoic acid supplementation suppresses skeletal muscle
mitochondrial biogenesis after endurance training (Strobel
et al., 2011). However, high-dose antioxidant vitamin C
supplementation does not prevent acute exercise-induced
increases in markers of skeletal muscle mitochondrial
biogenesis (Wadley and McConell, 2010). These results
suggest us that neither the basal level of ROS and [Ca2+]i
nor the presence of some key genes can determine whether
exercise activates mitochondrial biogenesis. Repetition of
stimulation cycles with proper intensity, like endurance
exercise, leads to an amplification of the cell signaling and
thus to an increase in mitochondrial content during
extended periods of endurance exercise. For endurance
exercise, increased oxygen uptake is loaded in cell and
consumed only in mitochondria, drug treatment or gene
modification to target a single or few molecules unlikely
disrupt the predestined outcome: “aerobic exercise >>>
increased oxygen uptake >>> increased mitochondrial
biogenesis”.
Resistance and strength exercise is characterized by

higher muscle contraction force and glycolysis-dependent
ATP production. Morphologically, eccentric or concentric
strength training leads to differed muscle adaptations.
As compared to eccentric strength training, concentric
strength training is more likely to lead to pronounced
increases in muscle size and muscle hypertrophy (Yasuda
et al., 2012). Eccentric exercise induces a greater reduction
in muscle force production capability and muscle conduc-
tion velocity than concentric exercise (Piitulainen et al.,
2011). Eccentric muscle contraction induces greater
oxidative stress in skeletal muscle, because migrating
inflammatory cells enhanced generation of ROS (Kon et al.,
2007). The current findings fail to indicate the molecular
and cellular effects of different types of strength training.
As compared to endurance exercise, it is very clear that
strength training increases protein synthesis and muscle
size. Thus, resistance exercise is usually used to improve
anaerobic capacity and increase muscle mass and strength.
The phosphatase and tensin homologue (PTEN) is critical
to activate PI3K/Akt pathway and thus increase muscle
mass and growth by altering the level of PI(3,4,5)P(3). Fol-
lowing chronic resistance exercise, however, hypertrophy
of skeletal muscles was similar between PTEN(−/−) and
PTEN(+/+) animals. Neither PI3K activation nor PTEN is
required for overload-induced skeletal muscle growth
(Hamilton et al., 2010). Skeletal muscle strength gains
from resistance training is independent of circulating
insulin-like growth factor (IGF)-I, although upregulation
of IGF-I contributes to the growth of muscle that occurs
during resistance training (Matheny et al., 2009). The role
of mTOR in muscle protein synthesis is ambiguous.
Resistance exercise increased muscle protein synthesis
and translation of eukaryotic initiation factor 2B (eIF2B)
in a mTOR-dependent manner, because this effect was
blocked by rapamycin (Kubica et al., 2005). However, the
increased anabolic response to resistance exercise is main-
tained after 4 days of hindlimb unloading, this effect was
not blocked by rapamycin (Fluckey et al., 2004). Contrarily,
high resistance training frequency augmented inflammatory
signaling cascades, the key mediators of anabolic me-
tabolism were strongly suppressed (Coffey et al., 2007).
Therefore, skeletal muscle mass may be determined by
the timing of resistance exercise-induced overload and
recovery. Contrary to our previous hypothesis, resistance
exercise also enhances the molecular signaling of mito-
chondrial biogenesis in human skeletal muscle. Concurrent
training is beneficial for the adaptation of muscle oxidative
capacity (Wang et al., 2011). Concurrent training-induced
acute stimulation of mitochondrial protein synthesis, phos-
phorylation of Akt and mTOR and PGC-1α expression are
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equivalent to either single mode (resistance or endurance)
(Donges et al., 2012). The protein complex, mTORC1, can
also promote the expression of nuclear genes encoding
mitochondrial proteins (NUGEMPs) in resting muscle via
the interaction of the mTORC1 components and PGC-1α
(Carter and Hood, 2012; Cunningham et al., 2007). Disrup-
tion of this complex by rapamycin lowered mitochondrial
membrane potential, oxygen consumption, and ATP
synthetic capacity. mTOR contributes to mitochondrial
biogenesis independently of its identified targets (Schieke
et al., 2006). Thus, AMPK and mTOR should be highly
coordinated, rather than antagonistic, to regulate muscle
growth and mitochondrial biogenesis. Generally, AMPK-
activated mitochondrial biogenesis and metabolic remod-
eling during endurance exercise is also a process of muscle
protein synthesis depending on mTOR signaling(D’Souza
et al., 2007; Ramanathan and Schreiber, 2009), because
AMPK signaling is less specific for differentiated exercise
(Vissing et al., 2013). If so, what proteins should be
synthetized during endurance training, what proteins should
be synthetized during resistance training?
The current findings suggest that mitochondrial biogen-

esis is a form of “convergent adaptation” in response to
endurance exercise, because exercise-induced mitochon-
drial biogenesis occurs independently of drug and gene
modification. Likewise, increased muscle mass and protein
synthesis is a form of “convergent adaptation” in response
to resistance exercise. Therefore, gene knockout and drugs
failed to disrupt mitochondrial biogenesis and muscle
growth in many exercise cases. Next, AMPK was acutely
activated to increase catabolism during the course of exer-
cise (Lee-Young et al., 2008; McConell et al., 2008), and
mTOR was activated to mediate anabolism during recovery
(Dreyer et al., 2010; Mascher et al., 2011; Moore et al.,
2011). This mode of activation caters to energy demands
during and after exercise. We suppose that the molecular
events for exercise-induced phenotype mostly occur after
exercise and during recovery, thereby leading to specific
adaptation to endurance or resistance exercise. Endurance
exercise increases gene expression selectively for mito-
chondrial proteins and enzymes and type I muscle fiber,
resistance exercise increases gene expression selectively
for muscle growth and anaerobic metabolism and type II
muscle fiber (Figure 2). Why? Mounier, R. et al. revealed
the diverse functions of the two catalytic isoforms of
AMPK, AMPKα1 plays a predominant role in the control
of muscle cell size and AMPKα2 mediates muscle
metabolic adaptation (Mounier et al., 2011). AMPKα1
is preferentially activated in skeletal muscle following
resistance exercise in the absence of metabolic adaptations
(McGee et al., 2008). AMPKα2 is usually activated in
skeletal muscle to increase mitochondrial biogenesis
and metabolic adaptations following endurance exercise
(Birk and Wojtaszewski, 2006; Lee-Young et al., 2009;
McGee et al., 2003), even if its activity is not essential
for increased skeletal muscle fatty acid oxidation (Miura
et al., 2009). Recently, Vissing, K. et al. revealed that
mTOR signaling is preferentially activated after single-bout
strength exercise. However, they found no changes in basal
levels of signaling proteins after 10 weeks of endurance or
strength training (Vissing et al., 2013). All of these authors
tried to found the specificity of the molecular pathway
for muscle fiber switch, but the current findings are not
convincing because their conclusions can’t stand against
the convergent effects of specific exercise, especially when
drugs and transgenic mice are used to disrupt the exercise’s
effects. Although we have not found the molecular pathway
determining muscle fiber switch, the interplay between
endurance exercise and resistance exercise is visible, which
is closely linked to myofiber-type transformation. Except
the adverse effects of endurance exercise on muscle growth,
heavy resistance training was found to damage skeletal
muscle metabolism. Resistance training significantly de-
creased insulin-mediated glucose uptake in skeletal muscle
(Andersen et al., 2003). Herein, we aim not to ignore the
importance of AMPK/PGC-1α for mitochondrial biogen-
esis and Akt/TSC2/mTOR for protein synthesis in resting
skeletal muscle. We suppose that they are only selectable,
not indispensable, for exercise-induced skeletal muscle re-
modeling. In other word, their roles in skeletal muscle
adaptation can be replaced by unknown signaling path-
ways under the stress of single-type exercise (Figure 2).

From mitochondrial biogenesis to autophagy:
backward adaptation?
Increasing findings indicate that exercise adaptation
includes not only assimilation such as mitochondrial
biogenesis and muscle protein synthesis, and also dissimila-
tion such as protein degradation, autophagy and apoptosis.
Previously, more attention was paid to assimilation rather
than dissimilation. Really, both of them were concurrently
regulated by AMPK and mTOR. Therefore, it is not correct
to confine exercise-induced phenotype exclusively to
mitochondrial biogenesis and muscle growth, even if the
increase in mitochondrial content and muscle mass is the
final outcome of various types of exercise. Herein, we de-
fine exercise-induced dissimilation as a term of “backward
adaptation”. During aging, muscle unloading, and exercise
detraining, skeletal muscle backward adaptation is charac-
terized by reduced muscle mass and mitochondrial content
versus control group. However, this is not what we hope
to discuss in this review. We hope to take mitochondrial
quality control for example and set up a novel hypothesis
to explain the process of exercise-induced phenotype.
Autophagy refers to a process of degradation of cytosolic

components by the lysosome. Autophagy is strongly in-
duced at starvation conditions and during exercise (He
et al., 2012; Li et al., 2012; Nair and Klionsky, 2011). The



Figure 2 General hypothesis for convergent adaptation: endurance exercise versus resistance exercise in skeletal muscle. Skeletal
muscle mitochondrial biogenesis is a form of “convergent adaptation” in response to endurance exercise, independent of p53, AMPKalpha and
PGC-1alpha. Increased muscle mass and protein synthesis is a form of “convergent adaptation” in response to resistance exercise, independent of
PTEN, IGF-1 and rapamycin. Endurance exercise increases gene expression selectively for mitochondrial proteins and enzymes and type I muscle
fiber, resistance exercise increases gene expression selectively for muscle growth, anaerobic metabolism and type II muscle fiber. PGC-1α,
peroxisome proliferator activated receptor-gamma coactivator 1 alpha; AMPKα, α subunit of AMP- activated kinase complex; PTEN, phosphatase
and tensin homologue; IGF-1, insulin-like growth factor 1.
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autophagy leads to bulk degradation of proteins, organelles
including mitochondria, whose building blocks are recycled
for energy supply and the synthesis of components essential
for survival (Todde et al., 2009). In unstressed cells, autoph-
agy at basal level is important for the turnover of long-lived
proteins and organelles as it can remove exhausted, re-
dundant or unwanted components. Selective elimination
of mitochondria by autophagy (i.e. mitophagy), in conjunc-
tion with mitochondrial biogenesis, regulates the changes
in steady-state mitochondrial number that are required to
meet metabolic demand. Recent studies strongly suggest
that autophagy including mitophagy plays an important
role in maintaining mitochondrial function (Valentin-Vega
and Kastan, 2012), skeletal muscle mass (Masiero et al.,
2009) and insulin sensitivity (Codogno and Meijer, 2010).
Either nutritional or genetic approaches can remove dys-
functional organelles and ameliorate muscular dystrophy
via activation of the autophagic flux (Grumati et al., 2011a).
Proper activation of autophagy is important for muscle
homeostasis during exercise (Grumati et al., 2011b),
because the induction of autophagy post- exercise is
beneficial to eliminate damaged organelles and maintain
cellular homeostasis (Nair and Klionsky, 2011). Although
autophagy is a process of proteolysis, disruption of autoph-
agy cannot prevent unloading-induced muscle loss, instead
promote the loss of muscle and mitochondrial disorders
(Masiero et al., 2009; Sandri, 2010). Autophagy may in part
mediate the beneficial effects of exercise in neurodegenera-
tion, adult neurogenesis and improved cognitive function
(He et al., 2012). Therefore, we cannot exclusively identify
exercise-induced phenotype as the outcome of assimilation.
AMPK and mTOR, which are considered essential to

activate mitochondrial biogenesis and muscle protein
synthesis, also interconnect and regulate autophagy (Alers
et al., 2012). Generally, AMPK associates with, and phos-
phorylates, unc-51-like kinase 1 (ULK1), this modification
is required for the induction of autophagy after glucose
deprivation. When nutrients are plentiful, the mTORC1
complex phosphorylates ULK1, preventing its association
and activation by AMPK (Egan et al., 2011). Mitochondria-
generated ROS induces autophagy mediated by the AMPK
pathway under starvation conditions (Li et al., 2012).
During endurance exercise, AMPK triggered a coordinated
activation of autophagy, ubiquitin-proteasome pathway
and mitochondrial remodeling (Jamart et al., 2012). Exer-
cise increased phosphorylation of AMPK, which stimulates
autophagy via suppression of mTOR phosphorylation and
protein synthesis, immediately after exercise (Ogura et al.,
2011). AMPK both triggers the acute destruction of defect-
ive mitochondria through a ULK1-dependent stimulation
of mitophagy, as well as stimulates mitochondrial biogen-
esis through PGC-1α dependent transcription (Mihaylova
and Shaw, 2011). In a word, exercise-activated AMPK
does not exclusively lead to mitochondrial biogenesis. So
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does PGC-1α. Expressing PGC-1α in muscle increased the
number of lysosomes and autophagosomes (Takikita et al.,
2010). These data point to the role of PGC-1α as a master
regulator for organelle biogenesis - not only for mitochon-
dria but also for lysosomes and autophagosomes. Contrary
to these results, increased PGC-1α levels in skeletal muscle
prevented muscle wasting by reducing apoptosis, au-
tophagy, and proteasome degradation (Wenz et al., 2009).
Elevated PGC-1α prevented the acceleration of proteolysis
induced by starvation and the induction of autophagy via
a constitutively active FoxO3. Increasing muscle PGC-1α
levels by AICAR prevented loss of mitochondria, although
it failed to block loss of muscle mass (Brault et al., 2010).
Anyway, PGC-1α regulates not only mitochondrial bio-
genesis but also autophagic degradation via unknown
pathways. The scientists have found a positive correlation
between mTOR signaling and muscle mass (Katta et al.,
2010; Lang et al., 2012; Winbanks et al., 2012), and a nega-
tive correlation between mTOR signaling and autophagy
(Alers et al., 2012; Park et al., 2011), suggesting a leading
and indispensable role of mTOR signaling in muscle
growth. Therefore, mTOR signaling was identified strongly
to cause muscle hypertrophy during resistance exercise
(Atherton et al., 2005; Mayhew et al., 2009; Wilkinson
et al., 2008). If so, why does endurance exercise-induced
mTOR signaling lead to mitochondrial biogenesis, rather
than muscle hypertrophy? Does autophagy play a role in
Figure 3 General hypothesis for exercise-induced backward adaptatio
kinase, AMP-activated kinase (AMPK) and mammalian target of rapamycin (
and thus balance mitochondrial biogenesis and mitophagy, muscle growth
AMPK and mTOR signaling. Autophagic responses to acute and chronic ex
mitochondrial biogenesis and protein synthesis, this hypothesis is expected
exercise not induce the increase in mitochondrial content? why does mTO
muscle mass? Upon the activation of AMPK and mTOR, skeletal muscle aut
phenotype. Ulk1, unc-51-like kinase 1.
endurance exercise-induced phenotype? Little is known
about the downstream mechanisms of AMPK/mTOR
signaling. Based on the current findings, we suppose
that AMPK and mTOR concurrently control autophagy
and muscle protein synthesis and thus balance mitochon-
drial biogenesis and mitophagy during exercise adaptation.
Autophagic responses to acute and chronic exercise will
be so important for exercise-induced phenotype as mito-
chondrial biogenesis and protein synthesis (Figure 3).

Conclusion
In summary, AMPK and mTOR signaling are not con-
vincing enough to differentiate the molecular pathways
towards exercise-induced phenotype. Among the previous
studies, the differences in exercise protocol, the individu-
ality and the genetic heterogeneity within species make it
difficult to reach a consistency in conclusion remarks. Lack
of adequate appreciation of exercise’s complexities prompts
us to propose a novel hypothesis to explain our results at
molecular level. In this review, we aim not to summarize all
of the previous articles and present the research progress of
this field, but to evaluate the paradox among the previous
arguments and reconstruct our hypothesis for exercise-
induced adaptation. We propose that exercise-induced
phenotype is independent of one and a few genes, proteins
and signaling pathways. Convergent adaptation will better
illustrate the specificity of exercise-induced phenotype
n: mitochondrial biogenesis versus autophagy. As an upstream
mTOR) concurrently control autophagy and protein synthesis in cell,
and autophagy. Both endurance and resistance exercise activate

ercise will be so important for exercise-induced phenotype as
to clearly explain: why does AMPK activation during resistance
R activation during endurance exercise not induce the increase in
ophagy is surely involved in the development of exercise-induced
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under a single mode of exercise. Backward adaptation will
open a new thought for exercise-induced adaptation. They
will become a target theoretical hypothesis proposed to be
confirmed or overturned in the future.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
ZQ: study design, drafting manuscript; XZ: Drafting image, review of the
literature. SD: Study design, approving the final manuscript. All authors read
and approved the final manuscript.

Acknowledgements
This work was supported by grants from the National Natural Science
Foundation of China (Grant No. 31171142, 31300977).

Author details
1Key Laboratory of Adolescent Health Assessment and Exercise Intervention,
Ministry of Education, East China Normal University, Shanghai 200241, China.
2College of Physical Education and Health, East China Normal University,
Shanghai 200241, China. 3Department of Traditional Chinese Medicine,
Changhai Hospital, Shanghai 200438, China.

Received: 2 December 2013 Accepted: 17 December 2013
Published: 28 December 2013

References
Alers S, Loffler AS, Wesselborg S, Stork B (2012) Role of AMPK-mTOR-Ulk1/2 in the

regulation of autophagy: cross talk, shortcuts, and feedbacks. Mol Cell Biol
32(1):2–11

Andersen JL, Schjerling P, Andersen LL, Dela F (2003) Resistance training and
insulin action in humans: effects of de-training. J Physiol 551(Pt 3):1049–1058

Aquilano K, Vigilanza P, Baldelli S, Pagliei B, Rotilio G, Ciriolo MR (2010)
Peroxisome proliferator-activated receptor gamma co-activator 1alpha
(PGC-1alpha) and sirtuin 1 (SIRT1) reside in mitochondria: possible direct
function in mitochondrial biogenesis. J Biol Chem 285(28):21590–21599

Atherton PJ, Babraj J, Smith K, Singh J, Rennie MJ, Wackerhage H (2005) Selective
activation of AMPK-PGC-1alpha or PKB-TSC2-mTOR signaling can explain
specific adaptive responses to endurance or resistance training-like electrical
muscle stimulation. Faseb J 19(7):786–788

Baar K (2006) Training for endurance and strength: lessons from cell signaling.
Med Sci Sports Exerc 38(11):1939–1944

Bell GJ, Syrotuik D, Martin TP, Burnham R, Quinney HA (2000) Effect of concurrent
strength and endurance training on skeletal muscle properties and hormone
concentrations in humans. Eur J Appl Physiol 81(5):418–427

Benziane B, Burton TJ, Scanlan B, Galuska D, Canny BJ, Chibalin AV, Zierath JR,
Stepto NK (2008) Divergent cell signaling after short-term intensified
endurance training in human skeletal muscle. Am J Physiol Endocrinol Metab
295(6):E1427–E1438

Birk JB, Wojtaszewski JF (2006) Predominant alpha2/beta2/gamma3 AMPK
activation during exercise in human skeletal muscle. J Physiol
577(Pt 3):1021–1032

Booth FW, Laye MJ (2009) Lack of adequate appreciation of physical exercise’s
complexities can pre-empt appropriate design and interpretation in scientific
discovery. J Physiol 587(Pt 23):5527–5539

Brault JJ, Jespersen JG, Goldberg AL (2010) Peroxisome proliferator-activated
receptor gamma coactivator 1alpha or 1beta overexpression inhibits muscle
protein degradation, induction of ubiquitin ligases, and disuse atrophy. J Biol
Chem 285(25):19460–19471

Camera DM, Edge J, Short MJ, Hawley JA, Coffey VG (2010) Early time course of
Akt phosphorylation after endurance and resistance exercise. Med Sci Sports
Exerc 42(10):1843–1852

Carter HN, Hood DA (2012) Contractile activity-induced mitochondrial biogenesis
and mTORC1. Am J Physiol Cell Physiol 303(5):C540–547

Codogno P, Meijer AJ (2010) Autophagy: a potential link between obesity and
insulin resistance. Cell Metab 11(6):449–451

Coffey VG, Reeder DW, Lancaster GI, Yeo WK, Febbraio MA, Yaspelkis BR, Hawley
JA (2007) Effect of high-frequency resistance exercise on adaptive responses
in skeletal muscle. Med Sci Sports Exerc 39(12):2135–2144
Cunningham JT, Rodgers JT, Arlow DH, Vazquez F, Mootha VK, Puigserver P
(2007) mTOR controls mitochondrial oxidative function through a
YY1-PGC-1alpha transcriptional complex. Nature 450(7170):736–740

D’Souza AD, Parikh N, Kaech SM, Shadel GS (2007) Convergence of multiple signaling
pathways is required to coordinately up-regulate mtDNA and mitochondrial
biogenesis during T cell activation. Mitochondrion 7(6):374–385

Donges CE, Burd NA, Duffield R, Smith GC, West DW, Short MJ, Mackenzie R,
Plank LD, Shepherd PR, Phillips SM, Edge JA (2012) Concurrent resistance and
aerobic exercise stimulates both myofibrillar and mitochondrial protein
synthesis in sedentary middle-aged men. J Appl Physiol 112(12):1992–2001

Dreyer HC, Fujita S, Cadenas JG, Chinkes DL, Volpi E, Rasmussen BB (2006) Resistance
exercise increases AMPK activity and reduces 4E-BP1 phosphorylation and
protein synthesis in human skeletal muscle. J Physiol 576(Pt 2):613–624

Dreyer HC, Fujita S, Glynn EL, Drummond MJ, Volpi E, Rasmussen BB (2010)
Resistance exercise increases leg muscle protein synthesis and mTOR
signalling independent of sex. Acta Physiol (Oxf) 199(1):71–81

Ducommun S, Wang HY, Sakamoto K, MacKintosh C, Chen S (2012) Thr649Ala-AS160
knock-in mutation does not impair contraction/AICAR-induced glucose transport
in mouse muscle. Am J Physiol Endocrinol Metab 302(9):E1036–E1043

Egan B, Zierath JR (2013) Exercise metabolism and the molecular regulation of
skeletal muscle adaptation. Cell Metab 17(2):162–184

Egan D, Kim J, Shaw RJ, Guan KL (2011) The autophagy initiating kinase ULK1 is
regulated via opposing phosphorylation by AMPK and mTOR. Autophagy
7(6):643–644

Fluckey JD, Dupont-Versteegden EE, Knox M, Gaddy D, Tesch PA, Peterson CA
(2004) Insulin facilitation of muscle protein synthesis following resistance ex-
ercise in hindlimb-suspended rats is independent of a rapamycin-sensitive
pathway. Am J Physiol Endocrinol Metab 287(6):E1070–E1075

Geng T, Li P, Okutsu M, Yin X, Kwek J, Zhang M, Yan Z (2010) PGC-1alpha plays a
functional role in exercise-induced mitochondrial biogenesis and angiogen-
esis but not fiber-type transformation in mouse skeletal muscle. Am J Physiol
Cell Physiol 298(3):C572–C579

Glowacki SP, Martin SE, Maurer A, Baek W, Green JS, Crouse SF (2004) Effects of
resistance, endurance, and concurrent exercise on training outcomes in men.
Med Sci Sports Exerc 36(12):2119–2127

Gomez-Cabrera MC, Domenech E, Romagnoli M, Arduini A, Borras C, Pallardo FV,
Sastre J, Vina J (2008) Oral administration of vitamin C decreases muscle
mitochondrial biogenesis and hampers training-induced adaptations in
endurance performance. Am J Clin Nutr 87(1):142–149

Grumati P, Coletto L, Sandri M, Bonaldo P (2011a) Autophagy induction rescues
muscular dystrophy. Autophagy 7(4):426–428

Grumati P, Coletto L, Schiavinato A, Castagnaro S, Bertaggia E, Sandri M, Bonaldo
P (2011b) Physical exercise stimulates autophagy in normal skeletal muscles
but is detrimental for collagen VI-deficient muscles. Autophagy
7(12):1415–1423

Gurd BJ (2011) Deacetylation of PGC-1alpha by SIRT1: importance for skeletal
muscle function and exercise-induced mitochondrial biogenesis. Appl Physiol
Nutr Metab 36(5):589–597

Hamilton DL, Philp A, MacKenzie MG, Baar K (2010) A limited role for PI(3,4,5)P3
regulation in controlling skeletal muscle mass in response to resistance
exercise. PLoS One 5(7):e11624

He C, Sumpter RJ, Levine B (2012) Exercise induces autophagy in peripheral
tissues and in the brain. Autophagy 8(10):1548–1551

Jamart C, Francaux M, Millet GY, Deldicque L, Frere D, Feasson L (2012)
Modulation of autophagy and ubiquitin-proteasome pathways during
ultra-endurance running. J Appl Physiol 112(9):1529–1537

Jorgensen SB, Wojtaszewski JF, Viollet B, Andreelli F, Birk JB, Hellsten Y, Schjerling
P, Vaulont S, Neufer PD, Richter EA, Pilegaard H (2005) Effects of alpha-AMPK
knockout on exercise-induced gene activation in mouse skeletal muscle.
Faseb J 19(9):1146–1148

Katta A, Kundla S, Kakarla SK, Wu M, Fannin J, Paturi S, Liu H, Addagarla HS,
Blough ER (2010) Impaired overload-induced hypertrophy is associated with
diminished mTOR signaling in insulin-resistant skeletal muscle of the obese
Zucker rat. Am J Physiol Regul Integr Comp Physiol 299(6):R1666–R1675

Kon M, Tanabe K, Lee H, Kimura F, Akimoto T, Kono I (2007) Eccentric muscle
contractions induce greater oxidative stress than concentric contractions in
skeletal muscle. Appl Physiol Nutr Metab 32(2):273–281

Kramer HF, Witczak CA, Fujii N, Jessen N, Taylor EB, Arnolds DE, Sakamoto K,
Hirshman MF, Goodyear LJ (2006) Distinct signals regulate AS160
phosphorylation in response to insulin, AICAR, and contraction in mouse
skeletal muscle. Diabetes 55(7):2067–2076



Qi et al. SpringerPlus 2013, 2:693 Page 9 of 10
http://www.springerplus.com/content/2/1/693
Kubica N, Bolster DR, Farrell PA, Kimball SR, Jefferson LS (2005) Resistance
exercise increases muscle protein synthesis and translation of eukaryotic
initiation factor 2Bepsilon mRNA in a mammalian target of rapamycin-
dependent manner. J Biol Chem 280(9):7570–7580

Lang SM, Kazi AA, Hong-Brown L, Lang CH (2012) Delayed recovery of skeletal
muscle mass following hindlimb immobilization in mTOR heterozygous mice.
PLoS One 7(6):e38910

Lee-Young RS, Koufogiannis G, Canny BJ, McConell GK (2008) Acute exercise
does not cause sustained elevations in AMPK signaling or expression. Med
Sci Sports Exerc 40(8):1490–1494

Lee-Young RS, Griffee SR, Lynes SE, Bracy DP, Ayala JE, McGuinness OP,
Wasserman DH (2009) Skeletal muscle AMP-activated protein kinase is
essential for the metabolic response to exercise in vivo. J Biol Chem 284
(36):23925–23934

Leick L, Wojtaszewski JF, Johansen ST, Kiilerich K, Comes G, Hellsten Y, Hidalgo J,
Pilegaard H (2008) PGC-1alpha is not mandatory for exercise- and training-induced
adaptive gene responses in mouse skeletal muscle. Am J Physiol Endocrinol
Metab 294(2):E463–E474

Leveritt M, Abernethy PJ, Barry BK, Logan PA (1999) Concurrent strength and
endurance training. A review. Sports Med 28(6):413–427

Li L, Muhlfeld C, Niemann B, Pan R, Li R, Hilfiker-Kleiner D, Chen Y, Rohrbach S
(2011a) Mitochondrial biogenesis and PGC-1alpha deacetylation by chronic
treadmill exercise: differential response in cardiac and skeletal muscle. Basic
Res Cardiol 106(6):1221–1234

Li L, Pan R, Li R, Niemann B, Aurich AC, Chen Y, Rohrbach S (2011b) Mitochondrial
biogenesis and peroxisome proliferator-activated receptor-gamma
coactivator-1alpha (PGC-1alpha) deacetylation by physical activity: intact
adipocytokine signaling is required. Diabetes 60(1):157–167

Li L, Chen Y, Gibson SB (2013) Starvation-induced autophagy is regulated by
mitochondrial reactive oxygen species leading to AMPK activation. Cell Signal
25(1):50–65

Lira VA, Benton CR, Yan Z, Bonen A (2010) PGC-1alpha regulation by exercise
training and its influences on muscle function and insulin sensitivity. Am J
Physiol Endocrinol Metab 299(2):E145–E161

Mascher H, Ekblom B, Rooyackers O, Blomstrand E (2011) Enhanced rates of
muscle protein synthesis and elevated mTOR signalling following endurance
exercise in human subjects. Acta Physiol (Oxf) 202(2):175–184

Masiero E, Agatea L, Mammucari C, Blaauw B, Loro E, Komatsu M, Metzger D,
Reggiani C, Schiaffino S, Sandri M (2009) Autophagy is required to maintain
muscle mass. Cell Metab 10(6):507–515

Matheny RW, Merritt E, Zannikos SV, Farrar RP, Adamo ML (2009) Serum IGF-I-deficiency
does not prevent compensatory skeletal muscle hypertrophy in resistance exercise.
Exp Biol Med (Maywood) 234(2):164–170

Mayhew DL, Kim JS, Cross JM, Ferrando AA, Bamman MM (2009) Translational
signaling responses preceding resistance training-mediated myofiber
hypertrophy in young and old humans. J Appl Physiol 107(5):1655–1662

McConell GK, Manimmanakorn A, Lee-Young RS, Kemp BE, Linden KC, Wadley GD
(2008) Differential attenuation of AMPK activation during acute exercise following
exercise training or AICAR treatment. J Appl Physiol 105(5):1422–1427

McGee SL, Howlett KF, Starkie RL, Cameron-Smith D, Kemp BE, Hargreaves M
(2003) Exercise increases nuclear AMPK alpha2 in human skeletal muscle.
Diabetes 52(4):926–928

McGee SL, Mustard KJ, Hardie DG, Baar K (2008) Normal hypertrophy
accompanied by phosphoryation and activation of AMP-activated protein
kinase alpha1 following overload in LKB1 knockout mice. J Physiol
586(6):1731–1741

Menzies KJ, Chabi B, Hood DA, Schenk S, Philp A, Braga VA, Guimaraes DD (2012)
Commentaries on viewpoint: does SIRT1 determine exercise-induced skeletal
muscle mitochondrial biogenesis: differences between in vitro and in vivo
experiments? J Appl Physiol 112(5):929–930

Mihaylova MM, Shaw RJ (2011) The AMPK signalling pathway coordinates cell
growth, autophagy and metabolism. Nat Cell Biol 13(9):1016–1023

Miura S, Kai Y, Kamei Y, Bruce CR, Kubota N, Febbraio MA, Kadowaki T, Ezaki O
(2009) Alpha2-AMPK activity is not essential for an increase in fatty acid
oxidation during low-intensity exercise. Am J Physiol Endocrinol Metab
296(1):E47–E55

Momken I, Stevens L, Bergouignan A, Desplanches D, Rudwill F, Chery I, Zahariev
A, Zahn S, Stein TP, Sebedio JL, Pujos-Guillot E, Falempin M, Simon C, Coxam
V, Andrianjafiniony T, Gauquelin-Koch G, Picquet F, Blanc S (2011) Resveratrol
prevents the wasting disorders of mechanical unloading by acting as a
physical exercise mimetic in the rat. Faseb J 25(10):3646–3660
Moore DR, Atherton PJ, Rennie MJ, Tarnopolsky MA, Phillips SM (2011)
Resistance exercise enhances mTOR and MAPK signalling in human
muscle over that seen at rest after bolus protein ingestion. Acta Physiol
(Oxf) 201(3):365–372

Mounier R, Lantier L, Leclerc J, Sotiropoulos A, Foretz M, Viollet B (2011)
Antagonistic control of muscle cell size by AMPK and mTORC1. Cell Cycle
10(16):2640–2646

Nader GA (2006) Concurrent strength and endurance training: from molecules to
man. Med Sci Sports Exerc 38(11):1965–1970

Nair U, Klionsky DJ (2011) Activation of autophagy is required for muscle
homeostasis during physical exercise. Autophagy 7(12):1405–1406

Narkar VA, Downes M, Yu RT, Embler E, Wang YX, Banayo E, Mihaylova MM,
Nelson MC, Zou Y, Juguilon H, Kang H, Shaw RJ, Evans RM (2008) AMPK and
PPARdelta agonists are exercise mimetics. Cell 134(3):405–415

Ng TL, Leprivier G, Robertson MD, Chow C, Martin MJ, Laderoute KR, Davicioni E,
Triche TJ, Sorensen PH (2012) The AMPK stress response pathway mediates
anoikis resistance through inhibition of mTOR and suppression of protein
synthesis. Cell Death Differ 19(3):501–510

Ogura Y, Iemitsu M, Naito H, Kakigi R, Kakehashi C, Maeda S, Akema T (2011)
Single bout of running exercise changes LC3-II expression in rat cardiac
muscle. Biochem Biophys Res Commun 414(4):756–760

Park JY, Wang PY, Matsumoto T, Sung HJ, Ma W, Choi JW, Anderson SA, Leary SC,
Balaban RS, Kang JG, Hwang PM (2009) p53 improves aerobic exercise
capacity and augments skeletal muscle mitochondrial DNA content. Circ Res
105(7):705–712, 11–712

Park EJ, Kim SY, Kim SH, Lee CR, Kim IS, Park JK, Lee SW, Kim BJ, Chun JN, So I,
Jeon JH (2011) SK&F 96365 induces apoptosis and autophagy by inhibiting
Akt-mTOR signaling in A7r5 cells. Biochim Biophys Acta 1813(12):2157–2164

Philp A, Chen A, Lan D, Meyer GA, Murphy AN, Knapp AE, Olfert IM, McCurdy CE,
Marcotte GR, Hogan MC, Baar K, Schenk S (2011) Sirtuin 1 (SIRT1) deacetylase
activity is not required for mitochondrial biogenesis or peroxisome
proliferator-activated receptor-gamma coactivator-1alpha (PGC-1alpha)
deacetylation following endurance exercise. J Biol Chem 286(35):30561–30570

Piitulainen H, Botter A, Merletti R, Avela J (2011) Muscle fiber conduction velocity
is more affected after eccentric than concentric exercise. Eur J Appl Physiol
111(2):261–273

Ramanathan A, Schreiber SL (2009) Direct control of mitochondrial function by
mTOR. Proc Natl Acad Sci U S A 106(52):22229–22232

Rantzau C, Christopher M, Alford FP (2008) Contrasting effects of exercise, AICAR,
and increased fatty acid supply on in vivo and skeletal muscle glucose
metabolism. J Appl Physiol 104(2):363–370

Reiter AK, Bolster DR, Crozier SJ, Kimball SR, Jefferson LS (2005) Repression of
protein synthesis and mTOR signaling in rat liver mediated by the AMPK
activator aminoimidazole carboxamide ribonucleoside. Am J Physiol
Endocrinol Metab 288(5):E980–E988

Reznick RM, Shulman GI (2006) The role of AMP-activated protein kinase in
mitochondrial biogenesis. J Physiol 574(Pt 1):33–39

Saleem A, Adhihetty PJ, Hood DA (2009) Role of p53 in mitochondrial biogenesis
and apoptosis in skeletal muscle. Physiol Genomics 37(1):58–66

Sandri M (2010) Autophagy in skeletal muscle. Febs Lett 584(7):1411–1416
Scarpulla RC (2008) Transcriptional paradigms in mammalian mitochondrial

biogenesis and function. Physiol Rev 88(2):611–638
Schieke SM, Phillips D, McCoy JJ, Aponte AM, Shen RF, Balaban RS, Finkel T

(2006) The mammalian target of rapamycin (mTOR) pathway regulates
mitochondrial oxygen consumption and oxidative capacity. J Biol Chem
281(37):27643–27652

Strobel NA, Peake JM, Matsumoto A, Marsh SA, Coombes JS, Wadley GD (2011)
Antioxidant supplementation reduces skeletal muscle mitochondrial
biogenesis. Med Sci Sports Exerc 43(6):1017–1024

Takikita S, Schreiner C, Baum R, Xie T, Ralston E, Plotz PH, Raben N (2010) Fiber
type conversion by PGC-1alpha activates lysosomal and autophagosomal
biogenesis in both unaffected and Pompe skeletal muscle. PLoS One
5(12):e15239

Todde V, Veenhuis M, van der Klei IJ (2009) Autophagy: principles and
significance in health and disease. Biochim Biophys Acta 1792(1):3–13

Valentin-Vega YA, Kastan MB (2012) A new role for ATM: regulating
mitochondrial function and mitophagy. Autophagy 8(5):840–841

Vissing K, McGee S, Farup J, Kjolhede T, Vendelbo M, Jessen N (2013)
Differentiated mTOR but not AMPK signaling after strength vs endurance
exercise in training-accustomed individuals. Scand J Med Sci Sports
23(3):355–366



Qi et al. SpringerPlus 2013, 2:693 Page 10 of 10
http://www.springerplus.com/content/2/1/693
Wadley GD, McConell GK (2010) High-dose antioxidant vitamin C supplementa-
tion does not prevent acute exercise-induced increases in markers of skeletal
muscle mitochondrial biogenesis in rats. J Appl Physiol 108(6):1719–1726

Wang L, Mascher H, Psilander N, Blomstrand E, Sahlin K (2011) Resistance exercise
enhances the molecular signaling of mitochondrial biogenesis induced by
endurance exercise in human skeletal muscle. J Appl Physiol
111(5):1335–1344

Wang PY, Zhuang J, Hwang PM (2012) p53: exercise capacity and metabolism.
Curr Opin Oncol 24(1):76–82

Wenz T, Rossi SG, Rotundo RL, Spiegelman BM, Moraes CT (2009) Increased
muscle PGC-1alpha expression protects from sarcopenia and metabolic
disease during aging. Proc Natl Acad Sci U S A 106(48):20405–20410

Wilkinson SB, Phillips SM, Atherton PJ, Patel R, Yarasheski KE, Tarnopolsky MA,
Rennie MJ (2008) Differential effects of resistance and endurance exercise in
the fed state on signalling molecule phosphorylation and protein synthesis
in human muscle. J Physiol 586(Pt 15):3701–3717

Winbanks CE, Weeks KL, Thomson RE, Sepulveda PV, Beyer C, Qian H, Chen JL,
Allen JM, Lancaster GI, Febbraio MA, Harrison CA, McMullen JR, Chamberlain
JS, Gregorevic P (2012) Follistatin-mediated skeletal muscle hypertrophy is
regulated by Smad3 and mTOR independently of myostatin. J Cell Biol
197(7):997–1008

Winder WW, Taylor EB, Thomson DM (2006) Role of AMP-activated protein kinase
in the molecular adaptation to endurance exercise. Med Sci Sports Exerc
38(11):1945–1949

Wojtaszewski JF, Birk JB, Frosig C, Holten M, Pilegaard H, Dela F (2005) 5'AMP
activated protein kinase expression in human skeletal muscle: effects of
strength training and type 2 diabetes. J Physiol 564(Pt 2):563–573

Yasuda T, Loenneke JP, Thiebaud RS, Abe T (2012) Effects of blood flow restricted
low-intensity concentric or eccentric training on muscle size and strength.
PLoS One 7(12):e52843

Zechner C, Lai L, Zechner JF, Geng T, Yan Z, Rumsey JW, Collia D, Chen Z,
Wozniak DF, Leone TC, Kelly DP (2010) Total skeletal muscle PGC-1 deficiency
uncouples mitochondrial derangements from fiber type determination and
insulin sensitivity. Cell Metab 12(6):633–642

doi:10.1186/2193-1801-2-693
Cite this article as: Qi et al.: How to explain exercise-induced phenotype
from molecular data: rethink and reconstruction based on AMPK and
mTOR signaling. SpringerPlus 2013 2:693.
Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	Molecules and genes determine exercise-induced phenotype: really?
	Resistance and endurance exercise: convergent evolution/adaptation?
	From mitochondrial biogenesis to autophagy: backward adaptation?
	Conclusion
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

