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Executive Summary

Muscle growth is usually discussed through the direct regulators of muscle protein synthesis: resistance
exercise, essential amino acids, leucine-mediated activation of mechanistic target of rapamycin complex 1
(mTORCY1), insulin, and the balance between muscle protein synthesis and muscle protein breakdown.
Those mechanisms remain central. Muscle protein synthesis begins within skeletal muscle when
mechanical, nutrient, energetic, and hormonal signals converge on the translational machinery that
produces new muscle protein.

The purpose of this white paper is to place that established physiology inside a wider biological context.
The gut microbiome does not directly initiate muscle protein synthesis. Rather, it helps shape the
physiological environment in which skeletal muscle responds to anabolic stimuli. Through effects on
intestinal barrier integrity, short-chain fatty acid production, immune tone, endotoxin exposure, insulin
signaling, mitochondrial metabolism, and amino acid handling, the microbiome may influence whether a
given dose of protein and a given training stimulus produce a robust or blunted anabolic response.

Leucine remains a primary nutrient signal for mTORC1 activation, and resistance exercise remains the
most powerful non-pharmacological stimulus for muscle remodeling. However, chronic low-grade
inflammation, insulin resistance, impaired mitochondrial function, and increased intestinal permeability
can reduce anabolic sensitivity. In that setting, identical protein intake may produce a smaller increase in
muscle protein synthesis, a phenomenon commonly described as anabolic resistance.

Current evidence is strongest for several linked mechanisms: dysbiosis and low fiber intake can reduce
microbial short-chain fatty acid production; butyrate supports colonocyte energy metabolism, epithelial
hypoxia, tight junction assembly, and immune regulation; disruption of barrier integrity can increase
exposure to lipopolysaccharide (LPS); LPS activates Toll-like receptor 4 (TLR4) and inflammatory
signaling; and inflammation can impair insulin receptor substrate 1 (IRS-1), phosphoinositide 3-kinase
(PI3K), Akt, and mTORCI signaling. Human data support associations between gut microbiome features,
metabolic endotoxemia, insulin resistance, sarcopenia, and physical function, while many mechanistic
links remain better established in cell and animal models than in large clinical trials.

The practical implication is not that gut health replaces protein quality, leucine thresholds, or resistance
training. It is that protein nutrition and training operate inside a host environment. A credible muscle-
focused nutrition strategy should therefore consider both the acute anabolic trigger and the chronic
biological terrain that determines responsiveness to that trigger.



Figure 1. Direct Anabolic Signals Operate Inside a Host Environment
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Key point: the microbiome does not initiate MPS; it helps shape the environment in which muscle responds to anabolic stimuli.

Figure 1. Direct anabolic signals operate within a broader physiological environment shaped in part by gut microbial ecology,
barrier integrity, inflammatory tone, insulin sensitivity, and metabolite production.

1. Introduction: The Missing Context Around Muscle Growth

The dominant model of muscle growth is correct but incomplete. In its most familiar form,
the model is straightforward: resistance exercise provides mechanical tension, dietary protein
supplies essential amino acids, leucine activates mMTORCI, and the resulting increase in muscle
protein synthesis supports repair, remodeling, and hypertrophy. This framework is well
supported by human studies showing that essential amino acids and resistance exercise
independently stimulate muscle protein synthesis and that their combination produces an
amplified post-exercise response (Drummond et al., 2009). Meta-analytic evidence also supports
protein supplementation as a meaningful enhancer of resistance training-induced gains in fat-free
mass and strength, with benefits that appear to plateau once total protein intake is already high

(Morton et al., 2018).



Yet this model does not explain a familiar observation in nutrition and exercise
physiology: two individuals can consume similar protein, reach similar leucine targets, and
follow similar training programs while experiencing different changes in muscle mass, strength,
recovery, and function. Some of that variation reflects genetics, training status, sleep, energy
intake, sex, age, medication use, disease burden, and adherence. Increasingly, however, the gut
microbiome is being investigated as an additional contributor to interindividual anabolic

responsiveness.

The microbiome should not be positioned as a replacement for established muscle
physiology. It is more accurately understood as an upstream ecological and metabolic system
that influences the host environment in which skeletal muscle attempts to respond to anabolic
stimuli. This environment includes intestinal barrier function, immune activation, systemic
inflammation, insulin sensitivity, mitochondrial oxidative metabolism, endocrine signals, and
nutrient availability. When that environment is favorable, leucine and resistance exercise can
more effectively activate anabolic signaling. When that environment is chronically inflamed or

metabolically resistant, the same anabolic stimuli may produce a blunted response.

This paper develops that argument in a mechanistic sequence. It begins with normal
muscle protein synthesis, defines anabolic resistance, then follows the pathway from a healthy
gut-muscle axis to dysbiosis, barrier dysfunction, endotoxin exposure, inflammatory signaling,
and impaired anabolic response. The goal is to present a scientifically defensible model: the

microbiome shapes the anabolic environment; it does not single-handedly control muscle growth.



2. Normal Muscle Protein Synthesis: Leucine, mTORCI1, and
Resistance Exercise

Skeletal muscle is a dynamic tissue in which proteins are continuously synthesized and
degraded. Net muscle accretion occurs when muscle protein synthesis exceeds muscle protein
breakdown over time. Resistance exercise increases the sensitivity of skeletal muscle to amino
acids, while dietary protein provides the essential amino acid substrate required to build new
myofibrillar proteins. Among the essential amino acids, leucine has a particularly important
signaling role because it helps activate mTORCI, a central regulator of translation initiation and

muscle protein synthesis (Drummond et al., 2009).

The practical concept often called the leucine threshold reflects this biology. A protein
meal must deliver enough essential amino acids, especially leucine, to maximally stimulate the
postprandial muscle protein synthetic response. High-quality protein sources tend to be effective
because they contain adequate essential amino acids, are digestible, and raise circulating amino
acid availability. Resistance exercise further amplifies this response by increasing muscle

sensitivity to amino acids for many hours after training.

Insulin also participates, but its role is often misunderstood. Insulin is not the primary
driver of muscle protein synthesis under normal mixed-meal conditions; rather, it supports
anabolism by facilitating nutrient uptake and strongly suppressing muscle protein breakdown.
Adequate amino acid availability remains necessary for a robust synthetic response. Therefore,
the most defensible model is a convergence model: mechanical loading, essential amino acid
availability, leucine signaling, insulin-mediated permissive effects, cellular energy status, and

low inflammatory interference collectively determine the magnitude of the anabolic response.



The gut contributes to digestion, absorption, microbial metabolism, immune signaling, and
barrier function, but the direct initiation of muscle protein synthesis occurs in skeletal muscle.
The gut can influence whether skeletal muscle remains responsive to the stimuli that directly

activate muscle protein synthesis.

Leucine and other indispensable amino acids are direct anabolic inputs. The microbiome is
not the switch that turns mTORCI1 on in muscle. Instead, it can influence the larger nutritional
and inflammatory context surrounding that switch, including gut barrier integrity, amino acid
availability, insulin sensitivity, and systemic inflammatory tone (de Marco Castro et al., 2021;

Raj et al., 2008).

3. Anabolic Resistance: When the Signal Is Present but the
Response Is Blunted

Anabolic resistance describes a physiological state in which skeletal muscle exhibits a
reduced protein synthetic response to anabolic stimuli such as protein ingestion, essential amino
acids, insulin, and resistance exercise. It is most commonly discussed in aging, where older
muscle often requires a stronger stimulus to achieve the same synthetic response observed in
younger muscle. Burd, Gorissen, and van Loon (2013) describe anabolic resistance as a defining
feature of age-related muscle loss, while also emphasizing that physical activity before protein

intake can improve the use of protein-derived amino acids for postprandial muscle accretion.

Anabolic resistance is not limited to chronological aging. It can be promoted by obesity,
insulin resistance, chronic low-grade inflammation, physical inactivity, acute illness, prolonged
bed rest, inadequate energy intake, and metabolic disease. These conditions share several

features relevant to muscle: impaired insulin signaling, increased inflammatory kinase activity,



altered amino acid delivery or uptake, mitochondrial dysfunction, and increased activation of
catabolic pathways such as the ubiquitin-proteasome and autophagy-lysosome systems. Aragon,
Tipton, and Schoenfeld (2023) emphasize that obesity and sedentarism can exacerbate or

facilitate anabolic resistance partly through insulin resistance and systemic inflammation.

A key insight is that anabolic resistance can occur despite adequate protein intake. A meal
can contain enough leucine to provide an appropriate nutrient signal, but if skeletal muscle is
inflamed, insulin resistant, energetically stressed, or chronically exposed to catabolic cytokines,
the downstream response may be smaller. In this framework, leucine is necessary but not always

sufficient. It is the ignition signal, but the tissue must be metabolically capable of responding.

This does not mean higher protein is irrelevant. Older adults and people under
inflammatory or catabolic stress often require higher protein intakes than the minimum
recommended dietary allowance. The PROT-AGE Study Group recommends approximately 1.2
to 1.6 g/kg/day for many adults older than 65, higher intakes for active older adults, and still
higher intakes in many acute or chronic disease states, while noting exceptions such as severe
kidney disease (Bauer et al., 2013). However, increasing protein alone may not fully solve
anabolic resistance if the underlying inflammatory and metabolic environment remains

unaddressed.

4. The Healthy Gut-Muscle Axis

The gut-muscle axis refers to bidirectional communication among the intestinal microbiota,
intestinal barrier, immune system, endocrine system, metabolism, and skeletal muscle. In a
healthy state, the gut microbiome ferments dietary fibers and resistant starches into short-chain

fatty acids, especially acetate, propionate, and butyrate. These metabolites influence epithelial



energy metabolism, mucosal immunity, gut hormone secretion, glucose metabolism, and
systemic inflammation. At the same time, exercise can alter gut motility, microbial diversity,
inflammatory tone, and metabolite production, creating a reciprocal relationship between

physical activity and gut ecology (Przewlocka et al., 2020).

The intestinal barrier is central to this axis. It is composed of mucus, epithelial cells, tight
junction proteins, antimicrobial peptides, immune cells, and microbial communities that provide
colonization resistance. Tight junction proteins such as zonula occludens-1, occludin, and
claudins regulate paracellular permeability. When the barrier is intact, microbial products remain
largely contained within the intestinal lumen and mucosal immune activation remains controlled.
When the barrier is compromised, microbial fragments and metabolites can gain greater access to

systemic circulation, increasing inflammatory burden.

Butyrate is particularly important because it links diet, microbes, epithelial metabolism,
and immune tone. It serves as a preferred energy source for colonocytes and supports tight
junction assembly through AMPK-dependent mechanisms in epithelial models (Peng et al.,
2009). Butyrate metabolism also increases epithelial oxygen consumption, helping maintain the
low-oxygen environment required by obligate anaerobic bacteria. That anaerobic environment is

a hallmark of a stable colon ecosystem (Litvak et al., 2018).

For muscle, the significance is indirect but meaningful. A healthy gut environment helps
maintain low endotoxin exposure, balanced immune signaling, better insulin sensitivity, and
metabolite profiles that support mitochondrial and metabolic function. These factors do not
replace protein or training, but they help preserve the anabolic sensitivity required for protein

and training to work efficiently.



Evidence Hierarchy: What Is Established and What Is Emerging

The evidence for the gut-muscle axis should be interpreted in layers. The strongest human
evidence supports the direct anabolic role of resistance exercise, essential amino acids, leucine-
rich protein, and total protein adequacy. The next layer of evidence supports inflammation and
insulin resistance as contributors to anabolic resistance. A third layer links the gut microbiome to
intestinal barrier function, SCFA production, metabolic endotoxemia, and systemic
inflammation. The final layer connects microbiome manipulation directly to muscle mass,
muscle protein metabolism, and performance outcomes; this layer is promising but still

developing.

Preclinical work provides important proof-of-concept. Lahiri et al. (2019) reported that
germ-free mice showed reduced skeletal muscle mass and function relative to conventionally
colonized mice, and that microbiota transfer or SCFA supplementation could improve several
muscle-related measures. A narrative review by Grosicki et al. (2018) proposed a biological
basis for a gut-muscle axis, synthesizing evidence that age-related dysbiosis and increased
intestinal permeability may contribute to changes in muscle size, composition, and function.
Exercise-microbiome studies in mice suggest that gut microbes can influence endurance
adaptation, mitochondrial markers, and skeletal muscle metabolic function (Dowden et al., 2023;
Uchida et al., 2023). These studies do not prove that microbiome interventions will reliably
increase hypertrophy in humans, but they strengthen the biological plausibility of gut-derived

effects on muscle physiology.

Human evidence is more cautious. Systematic and narrative reviews describe associations

among sarcopenia, microbial diversity, SCFA-producing taxa, inflammation, and physical



function, but findings vary across cohorts (Liu et al., 2021; Prokopidis et al., 2021). The
PROMOTe randomized controlled trial in older twins found that a prebiotic changed the gut
microbiome and improved cognition, but did not significantly improve the primary muscle-
function endpoint, chair-rise time, when both groups received resistance exercise and branched-
chain amino acids (Ni Lochlainn et al., 2024). This is an important restraint point: microbiome
modulation is plausible and may be useful, but it should not be presented as proven to augment

strength or hypertrophy in all older adults.

A small number of randomized trials in younger, healthy adults point in a more positive
direction, though with important caveats. Tarik et al. (2022) reported that Bacillus coagulans
Unique IS-2 co-ingested with whey protein increased plasma branched-chain amino acids by
roughly one-third and improved leg-press one-repetition maximum and vertical-jump power
relative to whey alone over 60 days of resistance training, although between-group hypertrophy
was not significantly different. Lee et al. (2024) reported that Lactiplantibacillus plantarum
TWK10 combined with pea protein increased branched-chain and total amino acid appearance
and produced greater gains in muscle thickness, strength, and anaerobic power than pea protein
alone over 28 days. These findings are encouraging but must be weighed carefully: both trials
were small, short in duration, and conducted in young healthy participants rather than the older
or metabolically stressed populations in which anabolic resistance is most relevant, and both
were conducted with involvement from the manufacturers of the respective probiotic strains,
which raises the risk of bias. Read alongside the larger, independent PROMOTe trial, which
found no muscle-function benefit in older adults, the current human evidence is best

characterized as early, heterogeneous, and strain-specific rather than settled.



5. From Dysbiosis to Leaky Gut

Dysbiosis is a broad term for disruption in the composition, function, resilience, or
metabolic output of the microbiome. It can involve loss of microbial diversity, depletion of
beneficial fiber-fermenting taxa, expansion of facultative anaerobes such as Proteobacteria,
reduced short-chain fatty acid production, altered bile acid metabolism, increased mucin
degradation, and reduced colonization resistance. Diet is one of the strongest modifiable drivers
of microbiome function, especially the availability of microbiota-accessible carbohydrates from

fibers and resistant starches (Zmora et al., 2019).

A low-fiber, highly refined, energy-dense dietary pattern can reduce substrate availability
for short-chain fatty acid-producing bacteria. When microbial fermentation declines, butyrate
availability may fall. Because differentiated colonocytes rely heavily on butyrate oxidation,
lower butyrate can shift epithelial metabolism away from oxidative phosphorylation toward a
more glycolytic state. Litvak, Byndloss, and Baumler (2018) describe this as a metabolic switch:
healthy colonocytes consume oxygen and maintain epithelial hypoxia, while disturbed
colonocyte metabolism allows more oxygen to diffuse into the lumen, favoring facultative

anaerobes and dysbiosis.

This oxygen hypothesis is important because it explains how dysbiosis can become self-
reinforcing. Loss of butyrate producers reduces butyrate availability; reduced butyrate impairs
colonocyte oxidative metabolism; lower oxygen consumption increases luminal oxygenation;
higher oxygenation favors facultative anaerobes; and expansion of those taxa can further disrupt
barrier and inflammatory homeostasis. Byndloss et al. (2017) showed that microbiota-activated

PPAR-gamma signaling helps maintain epithelial metabolism that restricts dysbiotic
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Enterobacteriaceae expansion, underscoring how host epithelial metabolism and microbial

ecology are tightly coupled.

The phrase 'leaky gut' is informal, but the underlying concept is intestinal barrier
dysfunction. In scientific language, it refers to increased intestinal permeability and impaired
compartmentalization of luminal contents. Barrier dysfunction can result from dietary patterns,
infections, alcohol, medications, stress physiology, inflammatory bowel conditions, metabolic
disease, and aging. In the context of muscle, barrier dysfunction becomes relevant because it
increases the likelihood that microbial products such as LPS contribute to systemic low-grade

inflammation.

6. LPS, TLR4, and Metabolic Endotoxemia

Lipopolysaccharide is a structural component of the outer membrane of Gram-negative
bacteria. When LPS translocates from the gut lumen into circulation at low but chronic levels, it
can contribute to metabolic endotoxemia. Cani et al. (2007) showed in mice that high-fat feeding
increased plasma LPS two- to threefold and that chronic LPS infusion reproduced several
features of metabolic disease, including inflammation and insulin resistance. Although
translation from mice to humans requires caution, this work established a mechanistic link

between diet, microbial products, inflammation, and metabolic dysfunction.

LPS signals primarily through the CD14-MD2-TLR4 receptor complex. TLR4 activation
recruits adaptor proteins and activates inflammatory pathways including IKK, NF-kappaB, JNK,

and p38 MAPK. These pathways increase expression of inflammatory mediators such as TNF-
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alpha, IL-6, IL-1 beta, and MCP-1. In skeletal muscle and other insulin-sensitive tissues, these

inflammatory pathways can interfere with insulin signaling and substrate metabolism.

Human muscle data support the plausibility of this mechanism. Liang and colleagues
reported that obese and type 2 diabetic participants had elevated plasma LPS and LPS-binding
protein, and that these measures were negatively correlated with muscle insulin sensitivity. In
primary human myotubes, LPS increased inflammatory signaling and reduced insulin-stimulated
IRS-1, Akt, AS160 phosphorylation, and glucose transport; pharmacological and genetic
inhibition of TLR4 attenuated these effects (Liang et al., 2013). These are ex vivo and
correlational human data, illustrating a plausible mechanism rather than an in vivo demonstration

that endotoxemia blunts muscle hypertrophy.

This mechanism is relevant to anabolic resistance because insulin signaling and Akt-
mTORCI signaling overlap. Inflammatory interference at IRS-1 and Akt may reduce the
anabolic support normally provided by insulin and may impair the signaling environment in
which leucine and resistance exercise attempt to activate mTORCI1. LPS should not be portrayed
as the only cause of anabolic resistance, but it is a credible bridge between intestinal barrier

dysfunction and impaired muscle metabolic signaling.

Why LPS Matters for the Leucine Conversation

The leucine threshold is a nutrient-sensing concept, whereas LPS-TLR4 signaling is an
inflammatory stress concept. They intersect at the level of intracellular responsiveness. A
leucine-rich meal can provide the substrate and signal required for mTORCI1 activation, but

inflammatory kinases can alter the insulin-Akt environment that normally supports anabolic
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signaling. This does not mean LPS prevents all muscle protein synthesis. It means chronic

inflammatory tone may raise the effective stimulus required to obtain the same response.

This framing is especially useful for older adults and metabolically unhealthy populations.
In those groups, the problem is often not a complete absence of anabolic signaling but a reduced
signal-to-response ratio. The same amount of protein produces less net anabolic effect because
the surrounding biology is less permissive. Gut-derived endotoxin is one plausible contributor to
that environment, alongside adipose inflammation, inactivity, oxidative stress, and disease-

related catabolism.

7. SCFAs: More Than Anti-inflammatory Metabolites

Short-chain fatty acids are often summarized as anti-inflammatory metabolites, but that
description is too narrow. Acetate, propionate, and butyrate are microbial fermentation products
that influence epithelial energy metabolism, intestinal barrier function, immune cell
differentiation, gut hormone release, glucose regulation, lipid metabolism, appetite signaling, and
mitochondrial biology. Their effects depend on concentration, tissue context, receptor

expression, host diet, and microbial ecology.

Butyrate has several roles that are especially relevant to the gut-muscle axis. First, it fuels
colonocytes, promoting oxidative phosphorylation and epithelial oxygen consumption. Second, it
supports tight junction assembly and barrier integrity, including AMPK-mediated effects
observed in Caco-2 monolayers (Peng et al., 2009). Third, by helping stabilize epithelial hypoxia
and HIF signaling, butyrate contributes to mucosal barrier protection (Kelly et al., 2015). Fourth,

by limiting excess oxygen diffusion into the lumen, butyrate metabolism helps preserve an
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anaerobic microbial ecosystem dominated by obligate anaerobes rather than facultative

inflammatory taxa.

SCFAs also interact with immune and metabolic systems through G-protein-coupled
receptors such as FFAR2 and FFAR3 and through histone deacetylase inhibition. These
mechanisms can influence regulatory T cell biology, inflammatory cytokine production, gut
hormone secretion, and systemic metabolism. In the context of muscle, the strongest claim is not
that SCFAs directly build muscle. Rather, SCFAs may help preserve the anti-inflammatory,

insulin-sensitive, metabolically flexible host environment required for robust anabolic signaling.

Human intervention evidence remains less definitive than the mechanistic rationale. Fiber,
prebiotics, probiotics, fermented foods, and exercise can influence microbiome composition or
function, but effects are highly individualized and depend on baseline microbiome, diet, age,
health status, medication use, and intervention design. Therefore, SCFA-supportive strategies
should be presented as plausible and evidence-informed, not as guaranteed muscle-building

interventions.

8. Impaired Anabolic Signaling: From Inflammation to Blunted
mTORCI1 Response

The central mechanistic link between gut dysfunction and anabolic resistance is
inflammatory interference with anabolic signaling. Under normal conditions, protein ingestion
increases circulating essential amino acids, leucine activates nutrient-sensing pathways,
resistance exercise provides mechanical signaling, insulin supports nutrient uptake and
suppresses protein breakdown, and Akt-mTORCI1 signaling promotes translation initiation.

Under chronic inflammatory conditions, several nodes in this pathway can be inhibited.
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Figure 2. From Dysbiosis to Anabolic Resistance
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The cascade is best interpreted as a mechanistic model, not a fixed sequence that occurs identically in every person.

Figure 2. A proposed dysbiosis-to-anabolic-resistance cascade. The sequence summarizes converging mechanisms and should be
interpreted as an evidence-informed model rather than a uniform clinical pathway.

TNF-alpha, IL-6, LPS-TLR4 signaling, JNK, IKK, and NF-kappaB can impair insulin
signaling by promoting inhibitory phosphorylation of IRS-1 and reducing downstream PI3K-Akt
signaling. Reduced Akt activity can lower mTORCI] activation and disinhibit FoxO transcription
factors, increasing expression of genes associated with proteolysis. Inflammatory signaling can
also activate catabolic pathways directly, increase reactive oxygen species, impair mitochondrial

function, and reduce muscle quality.
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In practical terms, this means the anabolic signal may arrive but the tissue response is
muted. Leucine may still rise after protein ingestion, and resistance exercise may still create
mechanical stimulus, but the intracellular environment may be less permissive for translation
initiation and muscle protein accretion. This is the most precise way to connect gut health with
the leucine threshold: the gut microbiome does not replace the leucine threshold; it may

influence the sensitivity of the tissue attempting to respond once that threshold is reached.

This model also explains why resistance exercise remains essential. Physical activity
improves insulin sensitivity, increases muscle amino acid uptake, enhances mitochondrial
function, reduces chronic inflammation, and improves anabolic sensitivity in older muscle. Burd
et al. (2013) emphasize that activity before protein intake can improve the use of protein-derived
amino acids for muscle accretion in aging. Exercise may therefore act both directly on muscle

and indirectly through systemic metabolic and gut-mediated pathways.
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9. Why Gut Health Changes the Response to Protein

The most important contribution of this white paper is the distinction between protein
quantity and protein responsiveness. Traditional sports nutrition asks whether a protein source
contains enough essential amino acids, enough leucine, and enough total protein to stimulate
muscle protein synthesis. Those questions remain necessary. However, they do not fully address

whether the host tissue is responsive to that stimulus.

Gut health can influence protein responsiveness through multiple routes. First, barrier
dysfunction and endotoxemia can increase inflammation, which interferes with insulin and
mTOR-related signaling. Second, dysbiosis may alter amino acid metabolism, nitrogen handling,
microbial competition for substrates, and microbial amino acid production. Raj et al. (2008)
estimated that intestinal microbes contributed materially to metabolic leucine input in adult men
under a maintenance-level leucine intake condition, although the long-term nutritional

significance of this pathway remains uncertain. Third, reduced SCFA production may impair gut
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barrier and metabolic homeostasis. Fourth, microbiome-associated changes in gut hormones, bile
acids, and immune tone can influence appetite, glucose regulation, and energy balance, indirectly

affecting training adaptation and recovery.

This framework does not imply that individuals with gut dysbiosis cannot build muscle. It
implies that chronic gut-derived inflammatory and metabolic stress may reduce the efficiency
with which protein and training are converted into tissue adaptation. In a healthy, active, well-fed
person, the microbiome may be one contributor among many. In older adults, people with
obesity, insulin resistance, chronic inflammation, gastrointestinal disorders, or low-fiber dietary

patterns, the gut-muscle connection may become more clinically meaningful.

The practical message is therefore balanced: optimize the direct anabolic inputs, but also
reduce the chronic biological friction that blunts their effect. Protein quality, leucine dose, meal
distribution, resistance training, sleep, and energy sufficiency remain foundational. Gut-focused

strategies are best understood as environmental support for those foundations.

Protein Digestibility, Microbial Amino Acid Metabolism, and Leucine

The relationship between the microbiome and protein is more nuanced than a simple
inflammation story. Dietary protein must be digested to peptides and amino acids, absorbed
across the small intestine, pass through splanchnic metabolism, and reach peripheral circulation
before skeletal muscle can use it. Protein source, matrix, processing, digestion rate, indispensable

amino acid content, and leucine density all influence postprandial aminoacidemia.

The gut microbiota can interact with this process in several ways. Microbes can ferment
undigested protein and amino acids, producing metabolites that may be beneficial, neutral, or

harmful depending on dose and context. They also participate in intestinal nitrogen metabolism,
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microbial amino acid synthesis, and cross-feeding networks (Davila et al., 2013; Portune et al.,
2024). These mechanisms are not a reason to claim that microbial leucine replaces dietary
leucine, but they do support the broader idea that protein efficacy depends on digestive ecology

as well as amino acid composition.

The gut microbial function may influence amino acid availability and anabolic responsiveness,
particularly in older adults or metabolically stressed populations. The direct muscle signal still
depends on dietary essential amino acids and leucine reaching the muscle. The microbiome may

help determine the efficiency and inflammatory context in which that signal is received.

10. Clinical and Nutritional Implications

A gut-informed muscle strategy should not become a list of exaggerated microbiome
claims. It should remain grounded in interventions with independent support for health,
performance, or metabolic function. The strongest practical recommendations are multimodal:
adequate protein, progressive resistance exercise, sufficient energy, diverse fiber intake,
minimally processed dietary patterns, cardiometabolic risk reduction, and attention to

gastrointestinal symptoms or disease when present.

Protein strategy should begin with total daily intake, per-meal dose, protein quality, and
timing around training. For many resistance-training adults, protein intakes near 1.6 g/kg/day are
sufficient to maximize training-related gains in fat-free mass on average, though individual needs
vary (Morton et al., 2018). Older adults and people with illness, injury, or catabolic stress may

require higher intakes, consistent with PROT-AGE recommendations (Bauer et al., 2013). Per-
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meal protein distribution may matter because skeletal muscle responds to discrete rises in

essential amino acid availability rather than daily totals alone.

Gut-supportive nutrition should emphasize fermentable fibers and resistant starches from
legumes, whole grains, vegetables, fruits, nuts, seeds, and cooled starches when tolerated. These
substrates support microbial fermentation and SCFA production. Prebiotics, defined as substrates
selectively utilized by host microorganisms to confer a health benefit, are one formalized
category within this approach (Gibson et al., 2017). Fermented foods may improve dietary
diversity and microbial exposure, although their effects are product-specific. Polyphenol-rich
foods may also interact with microbial metabolism and inflammation, but should be presented as

supportive rather than curative.

Exercise is a bridge intervention. Resistance training directly stimulates muscle protein
synthesis and improves anabolic sensitivity; acrobic and mixed exercise can improve insulin
sensitivity, mitochondrial function, inflammatory tone, and possibly gut microbial ecology. For
older adults or deconditioned individuals, the combination of resistance exercise, adequate
protein, and gradual increases in dietary fiber may be more realistic and effective than isolated
supplementation. In a network meta-analysis of exercise for sarcopenia, adding nutritional
support to exercise produced greater improvements in handgrip strength than exercise alone,

while other physical-function gains were comparable (Shen et al., 2023).

Clinical caution is necessary. People with irritable bowel syndrome, inflammatory bowel
disease, short bowel conditions, severe food intolerances, kidney disease, or complex metabolic

disease may require individualized medical nutrition therapy. Increasing fiber or protein too
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quickly can worsen symptoms in some individuals. Similarly, probiotic effects are strain-specific

and should not be generalized across products.

11. Limitations and Evidence Gaps

The gut-muscle axis is biologically plausible and increasingly supported, but several
limitations should be acknowledged. First, many mechanistic links come from cell culture or
animal models. These models are useful for identifying pathways but do not establish the
magnitude of effect in humans. Second, human microbiome studies are often observational,
cross-sectional, and heterogeneous in sequencing methods, populations, diets, medications, and

outcome measures. Association does not prove causation.

Third, terms such as dysbiosis and leaky gut can be imprecise. A stronger manuscript
should define specific microbial functions, metabolites, permeability markers, inflammatory
pathways, and muscle outcomes. Fourth, anabolic resistance is multifactorial. The microbiome is
one potential contributor, not a single causal explanation. Fifth, although a few small and largely
industry-funded trials report positive amino-acid, strength, or power outcomes, adequately
powered and independently funded intervention trials are still needed to determine whether
changing the microbiome meaningfully improves muscle protein synthesis, hypertrophy,
strength, or physical function beyond the effects of protein and exercise alone, particularly in

older and clinical populations.

These limitations do not weaken the thesis; they refine it. The most credible claim is that
the microbiome is a modifiable component of the anabolic environment. The field now needs

better human trials that combine microbiome profiling, dietary control, exercise training, stable
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isotope measures of muscle protein synthesis, inflammatory markers, endotoxin-related

biomarkers, and functional outcomes.

12. Conclusion

Muscle growth begins inside skeletal muscle, not inside the microbiome. Resistance
exercise, essential amino acids, leucine, insulin, and mTORCI1 remain the direct biological
machinery of muscle protein synthesis. However, this machinery operates inside a wider host
environment. The gut microbiome helps shape that environment through effects on barrier
function, short-chain fatty acid production, endotoxin exposure, immune activation, insulin

signaling, mitochondrial metabolism, and possibly amino acid handling.

The most accurate and useful framing is therefore not that gut bacteria determine gains,
but that gut microbial ecology can influence anabolic responsiveness. A healthy gut-muscle axis
may help preserve the low-inflammatory, insulin-sensitive, metabolically flexible state in which
protein and training produce their strongest effects. Dysbiosis, barrier dysfunction, metabolic
endotoxemia, and chronic inflammation may push skeletal muscle toward anabolic resistance,

making the same protein and exercise stimulus less effective.

For clinicians, researchers, formulators, and educated consumers, this reframes protein
nutrition. Protein quality is not only an amino acid question. It is also a question of whether the
body is in a physiological state capable of using those amino acids well. Future work should test
this model directly, but the current evidence is strong enough to justify a more integrated view:

build the anabolic signal, and support the anabolic environment.
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