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Muscle protein synthesis in response to nutrition and
exercise

P. J. Atherton and K. Smith

Department of Metabolic Physiology, School of Graduate Entry Medicine and Health, University of Nottingham, Royal Derby Hospital, Derby, UK

Abstract Muscle protein synthesis (MPS) is the driving force behind adaptive responses to
exercise and represents a widely adopted proxy for gauging chronic efficacy of acute interventions,
(i.e. exercise/nutrition). Recent findings in this arena have been progressive. Nutrient-driven
increases in MPS are of finite duration (∼1.5 h), switching off thereafter despite sustained amino
acid availability and intramuscular anabolic signalling. Intriguingly, this ‘muscle-full set-point’
is delayed by resistance exercise (RE) (i.e. the feeding × exercise combination is ‘more anabolic’
than nutrition alone) even ≥24 h beyond a single exercise bout, casting doubt on the importance
of nutrient timing vs. sufficiency per se. Studies manipulating exercise intensity/workload have
shown that increases in MPS are negligible with RE at 20–40% but maximal at 70–90% of
one-repetition maximum when workload is matched (according to load × repetition number).
However, low-intensity exercise performed to failure equalises this response. Analysing distinct
subcellular fractions (e.g. myofibrillar, sarcoplasmic, mitochondrial) may provide a readout of
chronic exercise efficacy in addition to effect size in MPS per se, i.e. while ‘mixed’ MPS increases
similarly with endurance and RE, increases in myofibrillar MPS are specific to RE, prophetic
of adaptation (i.e. hypertrophy). Finally, the molecular regulation of MPS by exercise and its
regulation via ‘anabolic’ hormones (e.g. IGF-1) has been questioned, leading to discovery of
alternative mechanosensing–signalling to MPS.
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Background

Skeletal muscles are highly plastic tissues that adapt
to cope with the increased locomotory and metabolic
demands of exercise. However, successful adaptation
to exercise in terms of altered muscle physiology and
improved performance varies exquisitely according to
the activities imposed (e.g. force, duration, etc.) and by
an individual’s genetic makeup, which designates his or
her ‘responder status’ (Timmons, 2011). It follows that
selectivity over the quantity (i.e. individual proteins or
‘bulk’ subfractions such as myofibrillar, mitochondrial
and sarcoplasmic) of muscle proteins synthesised under-
lies the exquisite adaptive specificity to distinct exercise
training regimens, and perhaps even the marked
heterogeneity of responsiveness to training (Timmons,
2011).

In healthy, recreationally active individuals, skeletal
muscle proteins display turnover rates of ∼1.2% day-1

and exist in dynamic equilibrium: muscle protein break-
down (MPB) exceeds muscle protein synthesis (MPS) in
the fasted state, and MPS exceeds MPB in the fed state. In
response to exercise, MPS is transiently increased whereas
MPB also increases, or remains the same (the latter of
which is on the proviso of sufficient exogenous nutrient
supply; Kumar et al. 2009a). It follows that on a cumulative
basis, increases in MPS after each exercise bout ‘drives’
adaptation to exercise training.

Stable isotopes: capturing protein turnover in vivo

Dynamic measures of muscle protein turnover can
be determined in muscle tissue using stable isotope
methodologies (Rennie et al. 1982; Wolfe, 1982). Stable
isotopes are non-radioactive naturally occurring ‘heavy
atoms’ (NB safe for use in man), which are essentially
identical to their endogenous counterparts but can
be distinguished by their mass difference (using mass
spectrometric techniques). This allows us to measure
incorporation of these isotopic ‘motifs’ into biological
samples, i.e. isotopically labelled amino acids to measure
MPS in protein obtained from biopsy tissue (Rennie et al.
1982; Trappe et al. 2002; Katsanos et al. 2005; Koopman
et al. 2008). However, since these methods require constant
tracer infusions, they are only suitable for measuring
‘acute’ (∼hours) MPS in a controlled laboratory setting.
Therefore it is of great interest that new tracer methods
have been recently developed where measures of MPS
are possible in free-living subjects over weeks to months.
This method involves ingestion of deuterated water (D2O)
to assess cumulative incorporation of deuterium into
muscle proteins via deuterium exchange through alanine
(Robinson et al. 2011).

The choice of labelled amino acid will determine the
method of measurement. Using deuterium (in place

of hydrogen) labelling allows measurement of synthesis
using gas chromatography–mass spectrometry (GC-MS),
whereas the use of 13C or 15N is traditionally measured
using isotope ratio mass spectrometry (IRMS) of fixed
gases, i.e. CO2 or N2, which requires combustion or release
of CO2, e.g. by reaction with ninhydrin or in the case
of 15N, combustion to NO2 followed by reduction to
produce N2. The free amino acids (AAs) from hydrolysis of
proteins are separated by chromatography (gas or liquid)
and combusted prior to mass spectrometric analysis,
e.g. gas chromatography–combustion (GC-C)–IRMS or
liquid chromatography–combustion (LC-C)–IRMS (for
an introductory review of tracer approaches see Rennie,
1999).

Recent advances in the stability and sensitivity of mass
spectrometers, coupled with the availability of multiply
‘heavy atom’ labelled amino acids, e.g. [1,2-13C2]leucine
(Atherton et al. 2010), [D5]- or [13C6]phenylalanine
(Koopman et al. 2008; Burd et al. 2011), has permitted
greater resolution of the acute responses of MPS even
over 30–45 min periods (Atherton et al. 2010) and thus
measurement of the temporal nature of the MPS response.
Technical development and application of methods to
measure muscle protein breakdown (MPB) has, however,
lagged behind that of MPS and as a result much
less is known about the responses of MPB to exercise
and nutrition. However, stable isotopes do allow for
estimates of MPB by dilution of the tracer across a
limb (using an arterio-venous balance model) when
assessed in conjunction with limb blood flow, i.e. a
greater difference in labelling of an essential amino
acid (EAA) between arterial-venous samples indicates a
higher rate of release of AAs via MPB (Wilkes et al.
2009).

Regulation of MPS by nutrition

The two principal determinants of adult skeletal muscle
proteostasis are physical activity (discussed subsequently)
and nutrient availability. The anabolic effects of nutrition
are principally driven by the transfer and incorporation
of amino acids captured from dietary protein sources,
into skeletal muscle proteins. The purpose of this
is to compensate for muscle protein that is lost in
fasted (postabsorptive) periods due to, for example,
amino acid oxidation and/or carbon donation for liver
gluconeogenesis (Wackerhage & Rennie, 2006). Critically
(assuming good health and mobility), it is this dynamic
‘fasted-loss/fed-gain’ cycle in proteostasis that ensures
muscle mass remains constant. But what are the ‘anabolic
components’ of nutrition? After early work defining
that the anabolic effects of mixed-meal feeding were
entirely attributable to essential amino acids (EAA)
(Smith et al. 1992), we and others have gone on to
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show dose-dependent and saturable effects at 10 g EAAs
(Cuthbertson et al. 2005) equivalent to ∼20 g protein
(Moore et al. 2009). Perhaps unsurprisingly, this anabolic
response is transient in nature, which makes sense, as
forsaking adaptive increases in MPB one could achieve
hypertrophy simply by eating excess protein! The time
course of the feeding response with a saturable amount of
protein is as follows. After a lag of around 30 min there is
a large increase (∼3-fold) with MPS peaking around 1.5 h
before returning to baseline by 2 h (Atherton et al. 2010)
despite continued increased availability of circulating
amino acids and sustained ‘anabolic signalling’ (Bohe
et al. 2001; Atherton et al. 2010). It is at this point
the muscle becomes refractory to stimulation despite
sustained elevations of AAs (see Fig. 1). We have
termed this phenomenon ‘muscle-full’ (Bohe et al. 2001;
Atherton et al. 2010) based on the developmental concept
introduced by Joe Millward wherein muscle protein
accretion is physically limited by the inelastic collagen
connective tissue of the endomysium surrounding
each fibre (the ‘bag-full’ hypothesis)(Millward et al.
1994).

What of a role for insulin in regulating anabolic
responses to nutrition (via nutrient-induced secretion)?
While it is noteworthy that provision of protein alone (i.e.
without carbohydrate) causes a rise in insulin similar to
that seen following a mixed meal (Atherton et al. 2010),
insulin apparently does not contribute to the anabolic
effects of EAAs on MPS. To exemplify this, EAA infusates
robustly stimulate MPS even when insulin is ‘clamped’ at
postabsorptive concentrations (5 μIU ml−1 with the β-cell
inhibitor octreotide; Greenhaff et al. 2008). However, this
does not mean there is no postprandial anabolic role for
insulin. Indeed, in addition to the 3-fold rise in MPS, there
is also a significant anti-proteolytic (∼40–50%) effect of
feeding on skeletal muscle which is apparently entirely
attributable to insulin. To illustrate this, a rise in insulin
to just 15 μ IU ml−1 (3× postabsorptive concentrations)
is sufficient to mimic the 50% inhibition of MPB (NB
the maximal effect size) caused by a mixed meal (Wilkes
et al. 2009). Moreover, this anti-catabolic effect cannot
be recapitulated via large-dose AA infusions (18 g h−1

over 3 h) when insulin is clamped at postabsorptive
concentrations (5 μU ml−1) (Greenhaff et al. 2008). Thus,
to summarise, EAA regulates anabolic responses via
large increases in MPS, while insulin release regulates
anti-catabolic (depressions in MPB) responses. It follows
that as the change in MPS is far greater than that in MPB,
MPS is the major driving force behind nutrient induced
anabolism.

Regulation of MPS by acute exercise

The magnitude of acute response of muscle to resistance
exercise in terms of MPS is dependent upon both

workload and intensity. For example, at intensities
≤40% of one-repetition maximum (1-RM), there are
no detectable increases in MPS, whereas at intensities
greater than 60% 1-RM, exercise increases MPS 2- to
3-fold (Kumar et al. 2009b). However, this does not mean
that lower intensity exercise cannot yield anabolic effects.
Indeed, increases in MPS at 30% 1-RM of comparable
magnitude to a group performing 90% 1-RM are possible
but only when exercise is performed to failure and not
when work is matched between 30 and 90% 1-RM (Burd
et al. 2010). In essence this means that increasing the
volume of work at a lower intensity can overcome and even
surpass the blunted MPS response with work-matched
low-intensity exercise, probably as a consequence of
increased type II fibre recruitment due to the fatiguing
nature of the contractions (Burd et al. 2010). As such,
low-load, fatiguing contractions may represent a feasible
approach to stimulate muscle hypertrophy and a means of
escape from lifting heavy weights.

In terms of contraction mode, although eccentric-type
exercise training (i.e. lengthening contractions, not back-
ward running) has been shown to result in greater
muscle hypertrophy (Roig et al. 2009), measurement of
MPS after both concentric and eccentric contractions
has demonstrated only relatively small temporal
differences (Cuthbertson et al. 2006). Moreover, when
total work is matched between eccentric and concentric
contractions there is no difference in training-induced
muscle hypertrophy (Moore et al. 2011). As such, increased
external loading encountered during eccentric contra-
ctions may explain the greater efficacy of eccentric
training, rather than contraction mode per se.

It perhaps comes as no surprise that, as with the
‘muscle-full’ response to feeding, the anabolic response
to exercise must also be of limited duration. In terms
of the time course of MPS response, immediately after
exercise there is a latent period (prior to rises in MPS)
of a duration which seems to relate to the magnitude

Figure 1. The ‘muscle-full’ effect. Relationship between MPS,
AA and intramuscular signalling
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of energy/mechanical stress associated with the exercise.
This premise was exemplified in a rodent study showing
that MPS is suppressed during intense contraction in a
duty cycle (i.e. work)-dependent manner (Atherton &
Rennie, 2006; Rose et al. 2009). Furthermore, although
there exist no equivalent studies in humans (i.e. MPS
during exercise), there have been measures made in the
acute period of recovery of exercise bouts which may
allude to similar mechanisms. For example, while MPS
remained unchanged up to 3 h after extremely fatiguing
and damaging eccentric contractions (step-up/step-down
carrying weight) (Cuthbertson et al. 2006), the latency for
lower intensity exercise (6 × 8 repetitions at 75% 1-RM)
is <1 h (Kumar et al. 2009b).

After this latent period, MPS rises sharply between
45 and 150 min and may be sustained for up to 4 h
(Kumar et al. 2009b) in the fasted state (limited by sub-
strate availability), and in the presence of increased AA
availability, up to and beyond 24 h (Cuthbertson et al.
2006). Interestingly, the time course of changes in MPS to
the exercise bout is mimicked by that of the epimysial
collagen and tendon collagen, thus demonstrating a
high degree of coordination between tissues of the
musculoskeletal system in response to exercise (Miller
et al. 2005).

Exercise × nutrient interactions regulating MPS

A key aspect surrounding acute responses to exercise and
subsequent adaptation is nutrient × exercise interactions.
This is exemplified by the fact that acute increases in MPS
after exercise in the absence of EAA nutrition provide a
more prolonged rise in MPB such that the net effect is
negative muscle protein balance (Biolo et al. 1995). If such
EAA deficiency persisted throughout training, this would
lead to maladaptation; you can’t build or remodel muscle
without amino acids! It follows that increasing dietary EAA
availability after exercise enhances both the magnitude and
duration of the increase in MPS (Pennings et al. 2011).
Therefore, in essence, exercise is able to pre-condition
muscle to delay the muscle full ‘set-point’ (illustrated in
Fig. 1). Interestingly, addition of carbohydrate to protein
affords no greater anabolic effects on protein turnover
(neither increases in MPS nor depressions in MPB) after
exercise, highlighting the central role of EAAs as the
principal (and perhaps only!) macronutrients required to
optimise anabolic responses in protein turnover to exercise
(Staples et al. 2011).

There has been considerable work undertaken to
determine the optimal timing of nutritional intake in order
to maximise post-exercise MPS and ensuing adaptations
to training (Cribb & Hayes, 2006; Hoffman et al. 2009). In
general, we believe that it is largely irrelevant whether
the feed is given pre-, during or post-exercise. This is

because the delaying of the muscle-full response appears
to last at least 24 h (Burd et al. 2011) after a single bout
of exercise, which may help explain chronic adaptations
such as hypertrophy/remodelling of muscle over time,
independent of proximity-dependent feeding patterns (see
Fig. 2). Therefore, we contend that nutrient sufficiency per
se, rather than timing of intake, is the more important
aspect to successful hypertrophic adaptation (that is not
to say some acute performance/recovery benefits may be
afforded by consumption of nutrition in close proximity
to exercise) (Ferguson-Stegall et al. 2011). Moreover, there
are still limits to how hard the system can be pushed
and increasing protein loading to an identical bout of
exercise still demonstrates a saturable response at around
20 g (equivalent to the 10 g EAA maximum dose observed
with EAAs in the absence of exercise), above which amino
acid oxidation is increased and excess protein is thus
catabolised (Moore et al. 2009). Therefore increasing
the EAA load will not fully overcome the muscle-full
effect afforded by exercise; rather, it prolongs the anabolic
window. As such moderate feeding strategies may be
better (∼20 g PRO aliquots) but, perhaps, more often (the
frequency of which remains to be determined, i.e. how
long the muscle remains refractory to the anabolic effects
of AAs).

Regulation of MPS by exercise training

The effect of exercise training on MPS is less well studied.
Although a number of studies cite increases in ‘basal or
postabsorptive’ MPS as a result of training per se, they
may simply be confirming the prolonged acute effects,
especially where measurements were made less than 24 h
following the last bout of exercise (Hasten et al. 2000).
Nonetheless, there are data which suggest that exercise
training shortens the duration of the anabolic response,
which could be due to greater acute adaptive efficiency
(Hartman et al. 2006; Tang et al. 2008), or perhaps
the laws of diminishing returns in terms of adaptive
responses.

Responses in MPS to different exercise modes

As a field we are often guilty of focusing on resistance
exercise and nutrition and ways to make muscles
bigger. Nonetheless, most studies support the notion
that MPS responses are similar irrespective of the mode
of exercise, i.e. resistance vs. non-resistance (though
the duration of sensitisation may differ). For instance,
endurance-type exercise such as running or cycling
is also associated with increased synthesis of mixed
muscle proteins acutely (∼50–60%) (Harber et al. 2010).
However, these acute responses are not associated with
significant changes in muscle mass, i.e. hypertrophy
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observed with resistance exercise. So what do these changes
mean? Clearly extrapolating the amplitude of increase
in mixed muscle MPS cannot inform on adaptation –
so what can we do? As was stated in the initial section
of this review, for adaptation to display exercise-mode
specificity, there must be distinct responses of different
protein fractions (and indeed individual proteins) within
muscle. Indeed, this proposition was elegantly displayed
in a study where the same individuals performed a
10 weeks resistance (weight-lifting) programme in one
leg and a 10 weeks endurance (cycling) programme in
the other. After training, post-exercise myofibrillar not
mitochondrial protein synthesis increased with resistance
exercise (Wilkinson et al. 2008). Conversely, after training
mitochondrial protein synthesis increased only in the
endurance-trained leg whereas myofibrillar did not. These
data seem to suggest a ‘matching’ between MPS responses
and phenotypic changes, i.e. muscle hypertrophy in
resistance training versus mitochondrial biogenesis in
endurance training. Nonetheless, although it would be
tempting to conclude that acute responses within specific
muscle pools may provide insight into chronic adaptations
ensuing, responses in the untrained individual may be less
specific (Wilkinson et al. 2008) and be more related to
the unfamiliarity of exercise per se (Coffey et al. 2006).
Therefore, extrapolation of acute MPS in subfractions
to potential adaptive responses after a single bout of
unfamiliar exercise should be cautiously interpreted.

Sensing and signalling regulating MPS

Despite being a hot-bed of research, the ‘black
box’ question relating to the mechanisms regulating
MPS and adaptation to exercise still remains poorly
defined. Exercise triggers complex mechanotransduction
and physico-chemical (i.e. endocrine, auto/paracrine)
sensory mechanisms (Glass, 2010; West et al. 2010).

Subsequent activation of receptor and non-receptor
mediated intramuscular signalling modulates cellular
apparatus regulating both short-term post-translational
(phosphorylation) control of protein turnover and gene
expression (mRNA/miRNA) and long term changes in
cellular metabolic capacity.

But what do we know of this black box? First,
it is well established that the mammalian target
of rapamycin (mTOR) is a key signalling pathway
regulating exercise/nutrient-induced alterations in MPS
(Drummond et al. 2009; Dickinson et al. 2011). Indeed,
mTOR activation ultimately induces phosphorylation
of multiple translational initiation factor substrates
(4E-binding protein (4EBP1), ribosomal protein S6
kinase (p70S6K1), eukaryotic initiation factors 4 G/A/B
(eIF4G/A/B) and formation of the eIF3F scaffold) to
promote assembly of the 48S pre-initiation complex. In
a parallel pathway, activation of the key guanine exchange
factor, eukaryotic initiation factor 2B (eIF2B) eIF2 shuttles
the initiator tRNA (Met-tRNAi) to the ribosome during
formation of the 48S pre-initiation complex, thereby
promoting ‘global’ protein synthesis and co-ordinately
enhancing translational efficiency (for detailed reviews
of mTOR and associated signalling see Proud, 2009;
Goodman et al. 2011).

In terms of ‘what is upstream of mTOR?’, it has for a long
time been known that nutrients (EAAs) signal through
mTOR independent of proximal insulin signalling (for
detailed reviews beyond the scope of this one see
Proud, 2009, 2011). However, exercise-induced inputs
upstream of mTOR have been more controversial. Much
of the early animal (Stitt et al. 2004) and cell (Rommel
et al. 2001) work pointed to a canonical signalling
pathway whereby increases in insulin-like growth factor
(IGF-1, or splice variants like mechano-growth factor
(MGF)) production stimulates proximal insulin signalling
pathways (IGFr–AKT–mTOR), and thereafter key sub-
strates of mTOR regulating translational initiation.

Figure 2. Delaying of the ‘muscle-full’ signal in response to nutrition persists even 24 h beyond a single
exercise bout

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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However, there are a number of lines of evidence from
both in vivo and in vitro systems arguing against such a
canonical IGFr–AKT–mTOR pathway in the regulation
of exercise-induced MPS. In an elegantly designed study,
resistance exercise was performed in human arm muscles
under conditions of either high endogenous hormone
(HH; concurrent bilateral leg exercise) or low endogenous
hormone (LH; no concurrent leg exercise) concentrations
(West et al. 2009). Yet, despite considerable differences in
growth hormone, testosterone and IGF-1 concentrations
between the LH and HH groups, there were no differences
in mTOR signalling, MPS, or in chronic adaptations to
training in terms of mass or strength gains (West et
al. 2010). These data suggest that systemic induction
of IGF-1 is not a pivotal part of the adaptive process.
Nonetheless, it could be argued that IGF-1 regulates
AKT–mTOR signalling via more ‘local’ auto/paracrine
signalling mechanisms. Yet this is also difficult to reconcile
as ablation of the IGFr does not compromise chronic
adaptations, i.e. hypertrophic responses to loading in
pre-clinical models (Spangenburg et al. 2008; Hamilton
et al. 2010).

So what else may be upstream of mTOR in response
to exercise? Mechanotransduction is the process of
converting mechanical (i.e. exercise) stimuli into cellular
responses and represents a viable means by which cells can
distinguish mechanical inputs and, thus, perhaps confer
adaptive specificity (for detailed review see Hornberger,
2011). Importantly, recent work has highlighted that
phospholipase D (PLD) and its membrane-derived
lipid second messenger phosphatidic acid (PA) are
upstream of contraction-induced activation of mTOR,
since pharmacological inhibition of PLD effectively
ablated activation of mTOR in response to contractions
(O’Neil et al. 2009). Perhaps this represents at least
one of the intrinsic mechanisms by which muscle can
adapt independently of systemic or even locally derived
membrane receptor-based signals.

In terms of generation of an endurance phenotype,
perhaps the major signalling axis implicated in
mitochondrial biogenesis is the 5′-AMP-activated protein
kinase (AMPK)–peroxisome proliferator-activated
receptor γ co-activator (PGC-1) pathway, probably
activated by heightened AMP:ATP ratios due to high
energy demands (and/or stress) associated with end-
urance (Atherton et al. 2005) or even unfamiliar activities
(Coffey et al. 2006). Overexpression of PGC-1 promotes
mitochondrial biogenesis (Viscomi et al. 2011), and
activation of AMPK can both put the brakes on MPS
and induce MPB via proteaosomal and autophagy related
mechanisms (Bolster et al. 2002).

This latter notion that the control of MPS and
MPB is co-ordinately regulated via flux through the
AMPK–AKT–mTOR ‘pathways’ is intriguing and it is
speculated that the balance of these signals (governed

by energetic and mechanical impositions) may to
some degree determine adaptive specificity and perhaps,
capacity.

Conclusions and future work

As workers in the field, we tend to ‘pigeonhole’ exercise
training regimens into ‘endurance’ activities composing
prolonged low-intensity efforts (e.g. prolonged running
and cycling), or ‘resistance’ activities (Kumar et al. 2009a)
comprising high-intensity efforts (e.g. lifting weights).
However, this classification belies the fact that there
are exercise regimens that utilise both modalities. For
example, high intensity training (HIT) involves very brief
bouts of high-intensity, Wingate style contractions but
primarily elicits an endurance-type adaptation as its main
feature (Burgomaster et al. 2008). Moreover, for Joe Public
at the gym and critically for elite athletes, the goal is often
to perform cross-style training (also called concurrent
training) in order to prepare for events requiring mixtures
of strength, endurance and power, the contribution of each
required varying according to the demands of the specific
event(s). However, whether there exists a conflict between
different training modes on a molecular, MPS or adaptive
basis still remains largely to be defined.

Despite considerable advances in our biochemical
understanding of ‘implicated signalling pathways’ we are
a considerable way off understanding their involvement
in adaptive specificity in man. For example, how do
apparently similar changes in cellular signals regulate
specific muscle fractions (mitochondrial, myofibrillar,
etc.) in a manner according to the nature of the exercise?
Indeed even comparison of exercise regimens providing
adaptations at opposite ends of the spectrum (classic
endurance vs. resistance) has failed to reach consensus
on distinct regulatory signalling events. This is perhaps
because responses are profoundly driven by training status
(Coffey et al. 2006; Wilkinson et al. 2008; Vissing et al.
2011), genetic heterogeneity (Timmons, 2011) and even
technical limitations of poor temporal resolution from
‘snap-shot’ measures of phosphorylation. On the other
hand we may have to face the prospect that seeking ‘master
regulators’ such as AMPK, AKT and mTOR in humans is
naive and that spreading our nets wider, i.e. to encompass
genomic mRNA/miRNA measures, is necessary to truly
understand the role of protein turnover in determining
heterogeneity in adaptive specificity and capacity.
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