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ABSTRACT

The regulation of postprandial muscle protein synthesis (MPS) with or without physical activity has been an intensely studied area within nutrition and
physiology. The leucine content of dietary protein and the subsequent plasma leucinemia it elicits postingestion is often considered the primary drivers of
the postprandial MPS response. This concept, generally known as the leucine “trigger” hypothesis, has also been adopted within more applied aspects of
nutrition. Our view is that recent evidence is driving a more nuanced picture of the regulation of postprandial MPS by revealing a compelling dissociation
between ingested leucine or plasma leucinemia and the magnitude of the postprandial MPS response. Much of this lack of coherence has arisen as
experimental progress has demanded relevant studies move beyond reliance on isolated amino acids and proteins to use increasingly complex protein-rich
meals, whole foods, and mixed meals. Our overreliance on the centrality of leucine in this field has been reflected in 2 recent systematic reviews. In this
perspective, we propose a re-evaluation of the pre-eminent role of these leucine variables in the stimulation of postprandial MPS. We view the devel-
opment of a more complex intellectual framework now a priority if we are to see continued progress concerning the mechanistic regulation of postprandial
muscle protein turnover, but also consequential from an applied perspective when evaluating the value of novel dietary protein sources.
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Introduction

Possessing an adequate quality and quantity of skeletal muscle
tissue underlies functional capacity, performance, and metabolic health
across the lifespan. Skeletal muscle protein mass is regulated via dy-
namic fluctuations in muscle protein synthesis (MPS) and muscle
protein breakdown (MPB) rates. In the postabsorptive state, MPB rates
exceed that of MPS, effectuating a net loss of muscle protein. In
weight-stable individuals, this is offset, on roughly a daily basis, by the
dietary protein-induced transient stimulation of MPS and suppression
of MPB, permitting a net gain of muscle protein, the “anabolic
response” to food intake. Within the regulation of the anabolic response
to food intake, the indispensable amino acids (IAAs) appear primarily
responsible [1], and of the IAAs, the branched-chain amino acid
leucine (which is highly abundant in skeletal muscle) has attracted the
most attention as the proposed primary driver of postprandial anabo-
lism. This is due to leucine’s unique ability to potently upregulate
translation initiation, therefore acting as the initial “trigger” for stim-
ulating MPS rates. Consequently, the leucine content of a bolus of

dietary protein and the subsequent plasma leucinemia following its
digestion and absorption have typically been considered the primary
drivers of the postprandial MPS response. From this, the “leucine
threshold” or “leucine trigger” hypotheses emerged, and we use the
latter term herein. Although, to our knowledge, no agreed definition
exists, the leucine trigger hypothesis is essentially the concept that
following protein ingestion, leucine must appear in circulation with
sufficient rapidity and quantity to affect intracellular anabolic signaling
to control postprandial MPS. The hypothesis holds that, to some de-
gree, plasma leucinemia and MPS are proportionate and that exposure
of the muscle cell to leucine is central to the regulation of postprandial
MPS. Within this, there seems to be an assumption that plasma leucine
is largely reflective of the availability within the muscle. Aside from the
mechanistic study of metabolism, this hypothesis has also been adopted
within more applied aspects of nutrition, with such leucine variables
often being used to evaluate the anabolic value of novel or more
complex protein sources, at least from a muscle-centric perspective [2].

The hours (or days) following a bout of exercise are of particular
interest from an MPS perspective due to the synergistic manner by

Abbreviations: 1AA, indispensable amino acid; MPB, muscle protein breakdown; MPS, muscle protein synthesis.
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which muscle contraction and dietary protein promote net muscle
protein accretion. A bout of exercise independently stimulates MPS,
peaking ~2 to 6 h postexercize [3,4]) and remaining elevated for ~24 to
48 h [5-7], though MPB is also stimulated for around 24 h [5,7]. As
such, in the postabsorptive state, muscle protein net balance remains
negative postexercize [5], but protein (or amino acid) ingestion before
[8,9], immediately after [10-13], or <24 h after [14-16], potentiates
MPS and, somewhat, inhibits MPB [17] promoting a positive net
protein balance. Over time, these effects represent the basis of maxi-
mizing the muscle adaptive response to prolonged exercise training
[18].

The reason for writing this perspective is our view that we have
reached an important junction concerning the utility, or at least pri-
macy, of plasma leucine variables predicting postprandial MPS rates.
Recent evidence from multiple research laboratories provides a
contemporary lens through which to (re)view historical data supporting
this thesis. We believe that current research questions are driving a
more nuanced picture, which brings into question the extent to which
leucine (alone) can explain or predict the magnitude of the postprandial
MPS response. We also wish to highlight the consequential nature of
considering this updated view when we seek to use it to scrutinize the
quality of the novel and understudied dietary proteins, an increasingly
crucial modern research direction.

Origins of the hypothesis

Early in vitro and animal models collectively identified leucine as
being distinctive in its ability to stimulate MPS by acting upon
mammalian target of rapamycin complex 1 (mTORC1) (and indepen-
dently of it [19]) and its downstream effectors, a role not shared by
other amino acids [20-27]. These studies repeatedly corroborated the
idea that leucine is unique among the amino acids in its capacity to
modulate mTOR and eukaryotic translation initiation factor 4E-binding
protein 1 (4EBP1) phosphorylation while also affecting the most potent
amplification of ribosomal protein S6 kinase beta-1 (p70S6K1)
signaling, thereby exerting effective control of translation initiation, the
rate-limiting step in MPS [28,29]. In vivo, mTORCI1 activation is
necessary for the stimulation of MPS by IAA [30], of which leucine is
also the key regulator. As such, at least at the molecular level, there is
evidence that leucine is the most potent nutritional anabolic signal,
from which emerged the assumption of its primary importance in
controlling postprandial MPS in humans. Nonetheless, it is worth
noting that, even within these mechanistic models, there were other
amino acids implicated in anabolic signaling pathways [31-33] as well
as amino acid-independent signaling pathways [34,35].

Rodent studies were in line with this extrapolation, showing that the
leucine content of an ingested dietary protein was proportional to the
magnitude of the postprandial MPS response [36]. This work was
confirmed in humans, where the proportional relationship between
ingested leucine and the MPS response became consequential for
applied questions such as identifying dose responses or differences
between protein sources. For instance, Tang et al. [12] investigated the
MPS response to ingestion of whey, soy, or casein proteins in young
men in resting and postexercized muscles. The whey protein condition
provided the highest (2.3 g) and most digestible (more rapid and higher
peak plasma leucinemia, as well as greater total leucinemia) leucine
content and, in turn, provoked the greatest MPS response. The soy and
casein boluses both contained 1.8 g leucine, but the more rapidly
digested soy protein elicited greater leucinemia and, resultantly, MPS
response compared with the casein condition. Proportionality between
ingested leucine content, parameters of plasma leucinemia, and MPS
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was also seen by other contemporaneous studies [37-39]. The concept
was further refined by work demonstrating that rapidity of protein
digestion and intestinal leucine absorption was key, rather than total
peripheral leucine availability, solidifying leucine’s unique role as a
signal, rather than only a limiting substrate as is the case with other
amino acids [40]. Further, the relationship appeared to exist in both
resting and exercised muscle, albeit the latter is often proposed to
sensitize the muscle; that is, lower the threshold required [41]. These
elegant observations provided an important and impactful framework
for understanding the regulation of resting and postexercize post-
prandial muscle protein turnover and developing more refined dietary
protein recommendations.

Leucine; signal and substrate

The “leucine trigger” hypothesis was conceptualized from the work
outlined above, elegantly encompassing the interaction between
nutrition (i.e., the amount of ingested leucine) and physiology (i.e.,
digestion, absorption, splanchnic extraction, etc.) that subsequently
determines the extent to which that source becomes available to the
muscle. It is worth considering the 2 distinct anabolic roles fulfilled by
leucine, acting as both a precursor and a signaling molecule, with
differing exogenous quantities perhaps required for each purpose. To
claborate, the WHO daily recommendation for leucine is 39 mg/kg/
d [42] (~2.7 g/d for a 70 kg individual), which provides an approxi-
mation of the minimal amount of leucine that needs to be ingested on a
daily basis to provide adequate precursor for protein synthesis,
balancing losses. On a per-meal basis, this equates to 0.9 g (assuming 3
meals a day). Although this requirement likely fulfills substrate re-
quirements, it may not be optimal for signaling purposes, and the per
meal “signaling requirement” is often proposed to be 2-3 g of ingested
leucine (~35 mg/kg body mass), implying this latter role may be more
limited from a dietary intake perspective. Although the quantity of
leucine ingested as a “signal” strongly predicts the appearance in
plasma [43], it is unclear to what extent it predicts a rise in extra/intra
(myo)cellular leucine, and it should also be considered that most
studies do not allow the disentanglement of leucine’s signaling role
from leucine-independent signaling pathways involved in translation
initiation.

The proposed underlying mechanism for the leucine trigger hy-
pothesis is that postprandial peripheral leucine availability must be
elevated sufficiently to increase intramyocellular leucine, sensed by
Sestrin2 [44], which initiates a kinase signaling cascade that phos-
phorylates/dephosphorylates the downstream effectors p70S6K and
4EBP-1, activating translation initiation [45,46]. Minor disagreements
exist as to which leucinemic variable may be of most relevance. For
example, are intra- (or extra-) cellular anabolic receptors [47], trans-
porters [48], and/or signaling pathways more responsive to post-
prandial plasma or intracellular leucine being available rapidly (i.e.,
sensitive to a subjective peak), to the maximum extent [i.e., an absolute
(and debatable) concentration], overall exposure (i.e., prolonged ele-
vations of peripheral leucine) or some combination of the above. An
intracellular (rather than extracellular [47]) leucine sensor, such as
Sestrin2 [44,49], is now generally regarded as the locus of regulation,
but the relationship between intracellular leucine concentrations and
MPS is still poorly elucidated. Indeed, our understanding is under-
mined by an incomplete picture (due to minimal data) of how the
postprandial flux (as opposed to concentrations) of intracellular leucine
triggers an elevation in postprandial MPS in vivo. The natural abun-
dance of leucine in muscle tissue and its perpetual recycling may
further cloud our ability to untangle leucine’s role and highlight that
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commonly measured plasma measures are somewhat removed from the
locus of regulation.

Experimental considerations

To some degree, the inconsistencies in the literature surrounding the
pre-eminence of leucine variables which we now come on to discuss,
may have emerged from methodological restrictions associated with
human studies. These include limits to the number (and therefore
timing) of muscle biopsy collections, which restrict the temporal res-
olution of the data (at least compared with that of in vitro or rodent
studies). To illustrate, in vivo, evidence in humans has demonstrated
that even small (0.75-3 g) quantities of leucine-enriched IAAs and
branched-chain amino acids alone are capable of robustly stimulating
MPS rates [32,50-53]. In these cases, however, MPS typically rises
only transiently compared with larger boluses, delivering what is
essentially an optimal magnitude response but for a suboptimal dura-
tion [32,52]. Tt is likely that such studies reveal leucine’s potent
signaling capacity to elevate MPS with relatively small increases in
intracellular leucine but also reflect the reliance on endogenous amino
acids to act as substrate in the absence of a full complement of exog-
enous amino acids. A prolonging of high magnitude MPS rates,
thereby maximizing net muscle protein accretion, is consequently
contingent on adequate availability of a full complement of
dietary-derived amino acids within a whole protein source to provide
both signal and substrate [52]. In support, adding leucine to suboptimal
amounts of protein has been shown to elevate MPS acutely [32,54-56]
and in more chronic settings [55,57], even in older adults displaying
anabolic resistance [54-56].

Collectively, the admittedly reductive leucine trigger narrative has
logically resulted from a weight of coherent in vitro and in vivo studies
and has provided a simple and effective framework through which to
understand the regulation of postprandial muscle protein turnover. In
turn, the more intellectual focus of the work discussed has been applied
in a similarly reductive capacity (i.e., based solely on leucine content
and subsequent bioavailability postingestion) to contemporary issues
within human and sports nutrition such as evaluating the anabolic
properties of lesser studied alternative protein sources. Given the ever-
changing research climate, defining the precise utility of the leucine
trigger hypothesis is, therefore, not only intellectually interesting but
also highly consequential from an applied perspective.

Recent evaluations concerning the primacy of leucine
Given the interpretative difficulties contained within single studies
discussed above, 2 recent systematic reviews have attempted to
amalgamate decades of data to evaluate the extent to which ingested
leucine dictates MPS [43,58]. Zaromskyte et al. [58] took a qualitative
approach, broadly concluding that the evidence supported a role for the
magnitude of postprandial leucinemia in regulating the MPS response
to ingested protein. Worthy of note, however, is their approach revealed
only around half of the studies included were supportive of the hy-
pothesis, and its utility was restricted primarily to older adults (mostly
postexercize) and only to the ingestion of isolated protein sources [58].
Intrigued by these findings, we recently conducted a quantitative sys-
tematic review [43]. This allowed us to report direct correlations be-
tween the key variables, which we interpreted as the distinct predictive
capacities of the leucine trigger hypothesis on postprandial (and post-
exercize) MPS rates (notwithstanding the possibility of reverse
causation). In agreement, and building on the findings of Zaromskyte
et al. [58], we reported that the dose of leucine ingested was signifi-
cantly, but only mildly, predictive of the postexercize MPS response (r°
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= 0.05), and this relationship was driven by older subjects (+° = 0.18)
and absent in younger adults (,2 = 0.01). In older adults, this rela-
tionship was particularly strong in the early postprandial period (0-2 h)
(r2 = 0.64), whereas it was absent in younger individuals (12 = 0.006),
perhaps speaking to the increased importance of leucine’s signaling
role in older adults. When looking at each of the candidate postprandial
plasma leucine variables, none were quantitatively associated with the
postexercize postprandial MPS response. We concluded that the
leucine content of a dietary protein can only explain part of the vari-
ability in postexercize postprandial MPS and likely under specific
experimental conditions and/or within particular populations. Of rele-
vance, we included several more studies that had used protein-rich
whole-food sources in our analysis compared with that of Zar-
omskyte et al. [58]. Similar inclusion criteria in this latter study may,
therefore, have weakened the observed relationships they did report.

It is interesting to consider the reasons why we [43] and others [58,
59] have noted stronger evidence for the leucine trigger within older
compared with younger adults. It is well established that older adults
display a reduced sensitivity to the anabolic effects of protein [60]. It is,
therefore, possible that the apparently tighter relationship between
leucine variables and MPS in older adults simply reflects a rightwards
shift in the dose-response curve, allowing the selected doses to provide
a greater spread of MPS responses, thereby bringing out a higher
resolution of data to reveal correlations. Alternatively, leucine as a
trigger may play a greater regulatory role in older muscle due to it being
less efficiently digested and absorbed [61], preferentially extracted
within splanchnic tissues [62,63], less effectively delivered and trans-
ported into muscle [64,65] and/or blunted sensitivity of intracellular
sensors or signaling proteins [66,67]. From the viewpoint of more
widely evaluating the leucine trigger hypothesis, it is, therefore,
important to bear in mind that experimental design may influence in-
terpretations of any given dataset, and that the relationship between
leucine and MPS subtly changes through the lifespan.

Despite the different approaches, there was general agreement be-
tween these 2 recent systematic reviews insofar as the leucine trigger
hypothesis may explain less of the variability in postprandial MPS rates
than perhaps was expected. This supports the idea that the regulation of
postprandial muscle protein turnover may be more complex than
assumed and prompts a detailed examination of recent and historical
literature viewed through this lens. This is particularly important if we
are to move toward understanding and investigating what other
candidate postprandial nutritional (or metabolic, cardiovascular, or
endocrine) factors may have been overlooked by our assumed
knowledge and now require deeper consideration.

Evidence from studies using protein-rich whole foods and
mixed meals

With the majority of data concerning postprandial muscle protein
anabolism derived from experiments using protein isolates (or even
crystalline amino acids), it is worth considering that this is a rare format
for protein to be consumed day-to-day. More usual is to ingest protein
within a whole-food matrix, either alone or as part of a mixed meal,
which introduces further complexity to understanding digestion, ab-
sorption, and postprandial nutrient metabolism compared with isolated
proteins (this concept is schematically illustrated in Figure 1). More-
over, ingesting protein within complex whole foods is typically
accompanied by a higher energy content and myriad potential macro-
or micro-nutrient interactions [68,69], even at the level of small me-
tabolites (e.g., bioactive peptides [70]), all of which may modulate the
postprandial anabolic milieu. This escalating complexity of whole
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FIGURE 1. A framework for the categorization of different protein forms, taken from the most basic level through increasing levels of nutritional complexity
(greater energy content, macro- and micronutrient density, complex food matrices, bioactive peptides, etc.). With increasing nutritional complexity plasma
leucine appears to become less predictive of postprandial muscle protein synthesis rates, and seemingly other leucine-independent factors become more

prominent in regulating the anabolic response to feeding.

foods and meals offers an explanation for the inability of Zaromskyte
et al. [58] and ourselves [43] to notice a link between leucine load and
MPS following their ingestion. Further resolution to this explanation,
mechanistically, is currently lacking, not least due to how few studies
have investigated the anabolic response to ingestion of whole foods or
mixed meals. Nevertheless, the increasing appreciation [71-73] of both
this regulatory complexity and its translational importance has resulted
in a recent uptick in experimental interest.

An additional impetus for our desire to re-evaluate the broader leucine
trigger data was our own work examining the MPS response to the
ingestion of the fungal-derived protein-rich whole-food mycoprotein
(Fusarium venenatum), where our hypotheses were repeatedly falsified
with regards to leucine. Initially, we compared the MPS response
following ingestion of mycoprotein and milk protein isolate in rested and
exercised tissue, matching the 2 protein sources on leucine content (2.5 g)
[74]. Although the leucine load ingested was identical, the nutrients in
mycoprotein are encapsulated within a fibrous cell wall, and the hyphal
cell structure of mycoprotein remains largely intact during digestion, such
that the extraction of amino acids is contingent on proteases permeating
the cell membrane, hydrolyzing protein structures, and releasing amino
acids in the small intestine [75]. This, together with additional energetic
and macronutrient load, results in a slower and lower postprandial rise of
amino acids into the circulation compared with milk protein isolate [76].
Therefore, the leucine trigger hypothesis would imply that mycoprotein
would stimulate MPS rates to a lesser extent than milk protein isolate.
Consistent with our previous work [76], we observed mycoprotein to be
more slowly digested and absorbed, delivering a lower and slower pattern
of leucinemia. However, contrary to the leucine trigger hypothesis,
mycoprotein stimulated a greater postprandial increase in MPS rates
compared with milk protein concentrate [74]. This surprising contradic-
tion obliged us to look beyond leucine for mechanistic insight. Though we
were unable to pin down the precise explanation, we reasoned that
leucine-independent factors may have been at play, and the whole-food
nature and greater structural complexity of mycoprotein compared with
the milk protein concentrate offered candidate mechanisms. The
mycoprotein beverage also contained significantly more energy and
slightly more protein than the milk protein beverage, and whereas the

prevailing wisdom would suggest that this does not modulate the anabolic
response, the contrary remains plausible.

Our follow-up work minimized the number of extraneous variables
present when comparing different protein sources; we compared higher
and lower doses of mycoprotein with the latter matched in leucine content
by the addition of crystalline leucine [77], and a protein isolate extracted
from mycoprotein to its whole-food form [78]. In both cases, this engi-
neered divergent postprandial leucine kinetics (from the same protein
source) and still supported the conclusion that leucine-independent
mechanisms must, at least in part, govern the MPS to (whole-food) pro-
tein ingestion. In the latter case, we actually proposed a directional
hypothesis that essentially predicted against the leucine trigger hypothesis
and in favor of a whole-food effect, demonstrating how is conceptuali-
zation of the regulation of MPS had begun to shift. We have recently also
reported a lack of support for the leucine hypothesis when investigating
the MPS response to ingesting whole-food protein-rich algal species [79],
pea protein [80], and plant-based protein blends [80].

Other research groups have also recently failed to observe coherent
connections between plasma leucine and MPS responses to the
ingestion of diverse protein-rich whole foods, such as whole egg
compared with egg white [71], cooked compared with raw egg [81],
cheese compared with milk protein concentrate [82], mealworms
compared with milk protein concentrate [83], and whole salmon
compared with the sum of its isolated constituent nutrients [72]. In each
case, plasma leucine appearance in circulation, and on one occasion
[82] total plasma leucine availability, was dissimilar between condi-
tions but did not provoke different MPS responses. In a similar vein,
data investigating the effect of mixed meal ingestion on the anabolic
response to feeding has also returned a lack of coherence between
leucinemic variables and MPS (summarized in Figure 2). Gwin et al.
[84] observed plasma leucine concentrations that were many magni-
tudes lower following the ingestion of the mixed macronutrient meal
(~20-fold lower when expressed as postprandial AUC) compared with
2 isolated protein conditions (whey protein and IAA-enriched whey
protein) and yet observed equivalent MPS across conditions. Similarly,
Fuchs et al. [81] observed that a negligible-protein (5 g) breakfast meal
eliciting no postprandial increase in plasma leucine concentrations
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FIGURE 2. Approximate data extracted and redrawn from Abou Sawan et al. [85], 2021" and Hermans et al. [82], 20227 displaying the approximate increase in
postprandial leucine concentrations (left) and postprandial muscle protein synthesis rates (right), following the ingestion of 2 different “mixed-meals” (chilli' and
a breakfast of a croissant, butter, and orange juicez), a whole-food (boiled eggsz), and a refined protein source (whey proteinl). FSR, fractional synthetic rate.

supported a remarkably robust increase in MPS rates. This would
suggest that the disassociation between leucinemia and MPS may be
further amplified when considering protein ingestion within the context
of a mixed meal. It also emphasizes that placing an absolute numeric
value on any trigger is not possible when comparing across studies.
Thus, although modern research into the MPS response to protein-
rich whole foods and/or mixed meals has reliably been inconsistent
with the leucine trigger hypothesis, it is difficult to square this with the
clear utility of the concepts in vitro, in animals and in isolated protein
human feeding trials. Reconciliation has been attempted by suggesting
that a “whole food” effect may stimulate MPS via leucine (or amino
acid) independent mechanisms or lower the leucine threshold required
(i.e., increased sensitivity of the intracellular anabolic machinery to the
presence of leucine), perhaps due to the action of 1 or more of the
multitude of other present [73]. Indeed, perhaps
leucine-independent anabolic signaling becomes more prominent when
more nutritionally dense whole foods are ingested. Although the
mechanisms underpinning this proposed potentiation are yet to be
elucidated, an enhanced colocalization of mMTORC1-Rheb complexes
with the lysosome was observed following the ingestion of whole egg
compared with egg white, which was correlated with the MPS response
[85]. This perhaps offers a glimpse as to how whole foods might
amplify the anabolic response to protein ingestion. Nonetheless,
evidence for a whole-food effect has not been consistent, with the
aforementioned work of West et al. [78] concerning mycoprotein
within or without its whole-food matrix as a clear example. It is likely
that the leucine hypothesis does not require abandonment but, rather,
refining, considering these more complex experimental physiologic
environments that will continue to emerge as this research area evolves.

nutrients

Reconsidering protein and macronutrient coingestion
studies

As summarized, it has been the advancement of research on whole
foods that has prompted many to question the simplicity of the
connection between dietary leucine content, plasma leucine and MPS.
However, in wishing to refine the theory to conserve its utility, it is
worth re-examining simpler nutritional interventions. Coingesting
protein with carbohydrate or fat, in any significant quantity, has been
reliably shown to decrease postprandial plasma leucine concentrations,
although whether this occurs due to a decrease in the rate of appearance
or an increased rate of disappearance from circulation is unclear from

most studies. However, the work of Gorissen et al. [86] would suggest
that carbohydrate coingestion delayed the rate of exogenous amino acid
appearance rather than increasing the rate of disappearance. Equally
reliable is the observation that coingestion does not impair the post-
prandial MPS response [86-90], offering a clear example of a disso-
ciation between plasma leucine concentrations (and perhaps the
exogenous rate of appearance) and MPS. Such data did not prompt
more scrutiny over the importance of leucine alone, but this is likely
due to the theory being widely accepted at the time and no consensus
over a numeric value put to leucine concentrations. Also, these research
questions were posed to investigate the possibility of macronutrient
coingestion potentiating MPS. Therefore, the results were largely
viewed as a lack of effect rather than a “rescuing” of MPS, which may
be an alternative interpretation.

Mechanistically, the coingestion data demonstrate either a lack of
coherence with the leucine trigger or, in keeping with the proposed
“whole food effect,” suggests other factors might be lowering the
pressure required on the trigger, thereby rescuing the MPS response.
However, given the relative simplicity of these nutritional interventions
compared with providing whole food, it is worth considering contrib-
uting factors that are largely leucine-independent. These may include
caloric load providing additional substrate for energy metabolism in the
fasted state (sparing protein for MPS), postprandial insulin concen-
trations [91,92], and/or direct signaling by carbohydrate or
fat (metabolites) [34,85,93]. Indeed, although only a modest increase in
insulin is required to facilitate postprandial MPS [92], it might be that
the role insulin plays in modulating the anabolic response to feeding
changes with escalating nutritional complexity. Regardless, this would
suggest that even within this relatively simple nutritional context, other
factors independent of leucine can influence the regulation of post-
prandial muscle protein anabolism.

Simple protein isolate/concentrate ingestion

Viewing from this more critical standpoint, even when we scrutinize
the leucine trigger concept within studies employing ingestion of
protein isolates alone (i.e., largely free of other macronutrients, addi-
tional energy, or food matrices), we can still find instances suggesting
more complex regulation. For example, first considering dairy protein,
Mitchell et al. [94] observed disparate plasma leucinemia following the
ingestion of milk and whey protein concentrates but no differences in
MPS rates. Similarly, Chan et al. [95] compared milk protein to a more
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digestible form of milk protein that was otherwise identical, and despite
(as intended) manipulating plasma leucine kinetics between conditions,
no difference in MPS rates was observed. Similar data have now been
generated from several studies using ingestion of concentrated
plant-dairy protein blends compared to dairy proteins alone in both
young [96,97] and older individuals [98]. Furthermore, the ingestion of
plant-based proteins, despite being mostly isolated from their charac-
teristically different nutrient matrices, has been shown to elicit lower
postprandial leucinemia compared to dairy proteins, yet mostly with
comparable MPS responses [99,100]. It is also clear that example
studies in line with the importance of leucine can be cherry-picked in a
similar manner (e.g., [12,38,101]), but the lack of agreement between
leucine and MPS in the aforementioned examples is difficult to inter-
pret. It is possible that in all these example cases, the “threshold” for
stimulating MPS rates was exceeded and that all the proteins provided
were adequately leucinemic to maximize the MPS response, making
the relationship impossible to observe. However, if this were the case, it
would bring into question the practical utility of the leucine trigger
hypothesis in any meal (19-30 g spans the above studies) amount of
protein, even when isolated.

To add an additional layer of analysis, and as alluded to throughout,
it is worth considering within the isolated protein studies if it is possible
to locate more precisely where (in terms of concentration rather than
subcellular location) a threshold may reside. Here, it is interesting to
highlight an intriguing lack of agreement between 2 seminal studies
from which much of our understanding of the dose-response relation-
ship between protein intake and MPS in young individuals is derived. It
is important to preface the “dose-response” aspect of the following
works by acknowledging that more recent work has implied that the
notion that postexercize MPS rates are maximized with relatively small
boluses of protein (~20 g) is overly simplistic [102]. However, the
works of Moore et al. [10] and Witard et al. [103] concurred that 20 g of
protein optimally stimulates MPS at rest (Witard et al. [103]) and
following a bout of resistance exercise (both studies), at least over a ~4
h period. It is reasonable to conclude that continuing rises in plasma
leucine beyond this threshold would, therefore, (at least within their
experimental setups) not beget greater MPS if a plateau has already
been reached. This is in line with the principle that leucine thresholds
may simply be exceeded in most studies not coherent with the trigger
hypothesis. However, the leucine concentrations observed in each
study to achieve the identified maximal stimulation of MPS are
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markedly different. Peak plasma leucine concentrations in the work of
Moore et al. [10] reached ~146 and ~167 ymol/L_1 following the
ingestion of 20 g and 40 g albumin protein, respectively. By contrast,
Witard et al. [103] observed peak leucine values of ~400 and 600
;tmol/L’1 after the ingestion of 20 g and 40 g whey protein, respec-
tively. In fact, the ingestion of 10 g of whey protein elicited plasma
leucine concentrations that surpassed peak leucinemia with 40 g of
albumin protein (Figure 3). This would suggest that neither the relative,
in line with our systematic review [43] nor the absolute change in
postprandial leucinemia regulate the proportionality of the MPS
response, even within this controlled paradigm. A number of variations
in the designs of the 2 studies (e.g., the tracers utilized, protein fraction
measured, analytical techniques applied, different subject cohorts
providing biological variation, etc.) likely contribute to these differ-
ences. However, the magnitude of absolute differences in values does
illustrate the difficulty in ever quantifying an absolute plasma leucine
threshold (notwithstanding biological variability would undoubtedly
affect any threshold). These examples force our hand to acknowledge
that the relationship between plasma leucinemia and postprandial MPS
is more nuanced than previously thought by showing a lack of pro-
portionality even within some of the “cleanest” comparisons that we
have in the literature.

Future directions

Studies to inform a clearer view of the role of exogenous leucine in
the regulation of MPS may start by employing designs that allow us to
delineate the relationship not only between plasma but also extra- and
intramyocellular leucine (flux) and MPS in greater detail. It is quite
possible that plasma leucine, intracellular leucine, and leucine flux are
more disassociated than assumed, and the confusion is purely our
reliance on a wealth of data concerning an inappropriate proxy (plasma
leucine). It would be intriguing to examine the extent to which a bolus
of amino acids devoid of leucine is capable of stimulating MPS,
elucidating how essential exogenous leucine is in vivo and/or what
proportion of the MPS response it might control. Understanding the
mechanisms through which whole foods might potentiate the MPS
response to protein ingestion and lower the onus on leucine per se is
crucial. This might initially be pursued by establishing whether the
“whole food effect” is a consistent phenomenon across multiple food
sources and then identifying candidate nutrient(s) with anabolic po-
tential that can be studied in a more reductive approach. There would
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FIGURE 3. Approximate data extracted and redrawn from Moore et al. [10], 2009 and Witard et al. [103], 2014 displaying the approximate increase in
postprandial leucine concentrations (left) and postprandial, postexercize muscle protein synthesis rates (right), following the ingestion of varying doses (0, 10,
20, 40 g) of albumin and whey proteins, respectively. FSR, fractional synthetic rate.
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also be value in investigating the postprandial MPS response at
different meals throughout the day (rather than the research-typical first
meal of the day), and the response across subsequent successive meals.
This would allow us to ascertain whether the regulation of MPS by
leucine differs diurnally and whether the response at a given meal is
modulated by prior leucine ingestion.

In conclusion, in the present work, we aimed to advance the
argument that compelling evidence now exists implying a dissociation
between ingested leucine, postprandial plasma leucinemic variables,
and the magnitude of the MPS response. This, in turn, brings into
question the centrality of exogenous leucine for the stimulation of
postprandial MPS. Although leucine clearly plays a unique role in
stimulating translation initiation, and sufficient data exist to show that
leucine variables partly explain postprandial muscle protein anabolism
in vivo, it is clear that the relationship is not as tight as once envisioned.
Human data does not refute a strong regulating effect of leucine on
mTORCI1; however, the translation of this mechanistic framework to
the quantification of MPS in humans does not appear linear. One reason
for this lack of clarity may be an overreliance on plasma leucine var-
iables, which, despite being synonymous with the hypothesis, offers a
relatively static measure that renders the muscle itself a “black box,”
and therefore, less than an optimal proxy for the leucine trigger. There
is a comparative lack of data considering intracellular leucine and
leucine flux, which may elucidate more of the complexities associated
with the regulation of MPS by leucine across the nutritional contexts
discussed.

We have now observed this lack of coherence in our own work
across 4 separate studies [74,77-79], but this has been reported in
parallel with work from multiple laboratories under a variety of con-
ditions [81-84,86,95,100] and, resultantly, by 2 recent systematic re-
views [43,58]. Though this observation is difficult to reconcile with the
original depictions of the leucine trigger concept, it is clear that much of
the discrepancy has been brought about by studies delving into the
ingestion of more complex, yet practically relevant nutrient boluses
(i.e., macronutrient coingestion, protein-rich whole foods, energy-rich
mixed meals). Rates of postprandial leucine appearance in the plasma
are modulated by the digestion and absorption kinetics of a given
food/meal, which provoke markedly different plasma leucine concen-
trations. Nonetheless, there is clear evidence that even foods and meals
that induce mild plasma leucinemia following ingestion are capable of
robustly stimulating MPS. It is, therefore, difficult to identify an ab-
solute plasma leucine concentration range that needs to be reached to
maximize MPS. This does not preclude leucine as an important factor
in determining postprandial MPS; it may yet still represent the single
most important factor. However, it does illustrate the greater
complexity of physiologic regulation in vivo in humans in response to
nutritionally relevant meals.

We propose that a re-evaluation of the primary role of leucine in the
regulation of the anabolic response in human muscle tissue to food
intake is warranted, with a more nuanced conceptual framework
required to facilitate future work to consider and incorporate other
candidate mechanisms and physiologically relevant nutritional con-
texts. This is of key contemporary applied relevance. We, as a scientific
community, are currently often using the leucine content of a dietary
protein source as a de facto proxy to predict its anabolic potential,
which may lead to a devaluation of prospective alternative protein
sources and undermine the need for proper human experimentation.
The identification of multiple other candidate nutrient anabolic mech-
anisms that act dependently through, or independently of, leucine may
be an important mindset we have to adopt such that we do not miss the
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wood for the trees when attempting to generate a more sophisticated
understanding of the regulation of postprandial muscle protein turnover
in an era of furthering sustainable human nutrition.
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