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Abstract

High-load resistance exercise (>60% of 1-repetition maximum) is a well-known stimulus to enhance
skeletal muscle hypertrophy with chronic training. However, studies have intriguingly shown that low-load
resistance exercise training (RET) (<60% of 1-repetition maximum) can lead to similar increases in skeletal muscle
hypertrophy as compared to high-load RET. This has raised questions about the underlying mechanisms for eliciting
the hypertrophic response with low-load RET. A key characteristic of low-load RET is performing resistance
exercise to, or close to, task failure, thereby inducing muscle fatigue. The primary aim of this evidence-based
narrative review is to explore whether muscle fatigue may act as an indirect or direct mechanism contributing to
skeletal muscle hypertrophy during low-load RET. It has been proposed that muscle fatigue could indirectly
stimulate muscle hypertrophy through increased muscle fibre recruitment, mechanical tension, ultrastructural muscle
damage, the secretion of anabolic hormones, and/or alterations in the expression of specific proteins involved in
muscle mass regulation (e.g., myostatin). Alternatively, it has been proposed that fatigue could directly stimulate
muscle hypertrophy through the accumulation of metabolic by-products (e.g., lactate), and/or inflammation and
oxidative stress. This review summarizes the existing literature eluding to the role of muscle fatigue as a stimulus for
low-load RET-induced muscle hypertrophy and provides suggested avenues for future research to elucidate how
muscle fatigue could mediate skeletal muscle hypertrophy.

Introduction

The current American College of Sports Medicine position statement for resistance exercise recommends
that individuals train using at least 70% of their one repetition maximum (1-RM) for 8-12 repetitions per set for 1-3
sets to maximize resistance exercise-induced adaptations such as muscle hypertrophy and strength (1). These
guidelines are based on the notion that hypertrophic adaptations are maximized by activating higher threshold motor
units at > 70% 1-RM (2), consistent with the load-dependent Henneman size principle of motor unit recruitment (3).
These recommendations are based on training with high loads (>60% of 1-RM). However, similar muscle
hypertrophic adaptations have been reported in response to high- and low-load (<60% of 1-RM) resistance exercise
training (RET) when muscle contractions are performed to task failure (i.e. to volitional fatigue) (4-7). Low-load
RET may be a beneficial exercise modality for encouraging adherence to a RET program (8), as it can stimulate
muscle hypertrophy similar to high-load RET (9, 10) while reducing joint reactive forces compared to higher-load
training (8). Understanding the mechanisms underpinning muscle hypertrophy in response to both high-load and
low-load RET is crucial from a practical perspective, as these interventions elicit comparable hypertrophic
outcomes. However, the upstream stimuli and underlying downstream molecular cell signalling mechanisms
involved in the hypertrophic response may exhibit similarities and differences between high-load and low-load RET.
Muscle hypertrophy is primarily defined by an increase in skeletal muscle cross-sectional area (CSA),
predominantly driven by the expansion of contractile elements (11). This hypertrophic process requires the
stimulation of muscle protein synthesis (MPS) rates, which must exceed the rate of muscle protein breakdown to
facilitate a positive net protein balance and subsequent protein accretion in muscle tissue (12). The regulation of
MPS is multifaceted, involving both mechanistic target of rapamycin complex 1 (mTORCI)-dependent and
independent mechanisms (e.g., via the mitogen-activated protein kinase (MAPK)/extracellular signal-regulated
kinase 1/2 (ERK1/2) pathway). These pathways are thought to be critical for promoting exercise-induced anabolism
and the expansion of contractile elements (11, 13—18). Although not discussed in depth in the present review,
muscle satellite cells and myonuclear accretion may also contribute to RET-mediated muscle hypertrophy (19-22).
Additionally, ribosome biogenesis plays a key role in skeletal muscle hypertrophy, as the rate of protein synthesis
within a myocyte is partly determined by translational capacity, which is limited by the number of ribosomes (23).
However, this topic is beyond the scope of this review. Readers are referred to several detailed review papers for a
comprehensive overview of these hypertrophic mechanisms (21, 22, 24).

During RET with relatively high loads, the majority of muscle fibres are recruited immediately, including
high-threshold motor units that innervate type Il fibres, which are recognized for their enhanced hypertrophic
potential (25, 26). In contrast, low-load RET likely involves a delayed recruitment of high-threshold motor units,
with muscle fatigue, with repeated contractions, these higher-threshold motor units are recruited to sustain force
output (5, 27). Therefore, training to task failure during low-load RET may enable the activation of these muscle
fibres independently of the load (28), while higher loads may facilitate greater motor unit recruitment even before
reaching the point of task failure (29). For example, terminating high-load RET prior to failure yields similar
increases in muscle mass over eight weeks compared to high-load RET performed to task failure (30, 35).

3
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Nonetheless, both high and low loads can induce fatigue. Muscle hypertrophy can also occur with sets terminated
before task failure (5-8 repetitions in reserve), regardless of the training load (31). Still, hypertrophy is generally
more pronounced when sets are performed closer to task failure (31). Thus, proximity to task failure appears
necessary for maximizing muscle hypertrophy with low-load RET (7, 32-36), whereas training to failure may not be
as essential with high-load RET (37-39). Consequently, training to or near task failure, particularly with lower
training loads, may be critical for optimizing skeletal muscle hypertrophy. This suggests that RET-induced fatigue
might significantly stimulate muscle hypertrophy, highlighting the importance of fatigue in low-load RET.

Muscle fatigue is often defined by an exercise-induced decline in muscle contractile performance (i.e.,
decreased force or power) (40) and is commonly attributed to metabolic perturbations. Broadly, fatiguing exercise
can induce the accumulation of metabolites (e.g., inorganic phosphate, H', lactate) and result in energy substrate
depletion (e.g., glycogen), impairing the volitional drive to skeletal muscle and/or decrease intrinsic muscle force
generation capacity (40-46). However, fatigue during low-load RET may not primarily result from the classic
mechanisms of fatigue (e.g., metabolite accumulation or substrate depletion), yet it can still effectively stimulate
skeletal muscle hypertrophy. We, therefore, propose that fatigue could act ‘directly’ and/or ‘indirectly’ through
various mechanisms to stimulate skeletal muscle hypertrophy, which we describe below. Fatigue may function as a
‘direct stimulus’ for muscle hypertrophy by inducing various physiological changes within the muscle (e.g.,
increased metabolite accumulation and inflammation), with those stimulating a hypertrophic response. For example,
fatigue could directly influence the mechanisms of skeletal muscle growth through the accumulation of specific
metabolites (e.g., lactate), localized oxidative stress and inflammation (32, 47). Conversely, we propose that fatigue
might be an ‘indirect stimulus’ through secondary mechanisms, such as enhanced fibre recruitment and mechanical
tension applied to these newly recruited fibres. These mechanisms are activated in response to repeated contractions
that lead to fatigue-induced reductions in contractile force output. We propose that mechanical tension and muscle
damage may act as indirect mechanisms for inducing muscle hypertrophy, particularly in response to fatigue-
inducing RET. Initially, mechanical tension activates a subset of muscle fibres. As these fibres become fatigued,
additional fibres are recruited to sustain the required force (3). This progressive recruitment and the associated
mechanical tension and muscle damage contribute to the overall hypertrophic response (3, 5, 27). Increased
recruitment of muscle fibres during fatiguing contractions at low loads (48) could also be enhanced by metabolic
stress (i.e., low intracellular energy/accumulation of metabolites), initiating an indirect signalling cascade to activate
anabolic processes in muscle (49). Hormones with anabolic properties [e.g., testosterone, growth hormone (GH),
insulin-like growth factor 1 (IGF-1)] have also been suggested to impact the hypertrophic response to RET, as
fatigue-related factors (e.g. inorganic phosphate, H', glycogen depletion) have been previously proposed to
indirectly stimulate their production through various mechanisms (e.g. lactate, muscle damage, reactive nitrogen
species) (50, 51).

Despite the differences among the proposed upstream mechanisms of low-load induced skeletal muscle
hypertrophy (Figure. 1), performing low-load RET to task failure due to muscle fatigue appears necessary to
stimulate maximal hypertrophic adaptations (7, 32-35). While RET is the most effective exercise modality to induce
skeletal muscle hypertrophy, other types of exercise (e.g., high-intensity interval training) are also associated with
increases in whole muscle CSA/volume, as previously reviewed (52). However, it should be noted that not all forms
of fatigue-inducing exercise lead to muscle hypertrophy, and some types of prolonged endurance exercise may
attenuate the hypertrophic response of skeletal muscle to RET (53—56). Thus, with sufficient load, fatigue-inducing
RET likely induces divergent downstream cellular signalling compared to fatigue-inducing endurance exercise. This
review will explore the potential of RET-induced fatigue to act as an indirect and/or direct stimulus to elicit skeletal
muscle hypertrophy during low-load RET. Avenues for future research to elucidate how fatigue could mediate
skeletal muscle hypertrophy will also be discussed.

Potential Indirect Mechanisms of Fatigue Induced Skeletal Muscle Hypertrophy

Low-load fatigue-induced hypertrophy is proposed to be mediated by several indirect mechanisms.
Specifically, mechanisms associated with fatigue (e.g. increased metabolite concentration, substrate depletion) (40—
43, 45, 46) may have secondary effects, which could increase skeletal muscle hypertrophy. These include increased
recruitment of type II muscle fibres during exercise to task failure (34, 48, 49, 57), mechanical tension signalling
mechanosensors (11, 58), muscle damage stimulating MPS rates to facilitate tissue repair/remodelling (59),
increasing the concentration of circulating anabolic hormones (60—62) and modifying gene expression and content
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of proteins implicated in the regulation of muscle mass (i.e., myostatin) (63). The notion that high and low loads can
result in similar hypertrophy when performed to task failure is grounded in the theory that, regardless of the load, the
entire spectrum of available motor units will eventually be recruited. Full motor unit recruitment occurs in part
because, as contractions become fatiguing, the brain must activate higher-threshold motor units to maintain the
necessary force (2, 64). Furthermore, it has been proposed that an acute increase in systemic and localized hormone
concentrations, such as testosterone and GH, can influence the muscle anabolic response, which may be indirectly
stimulated through fatiguing contractions (60, 61). However, this hypothesis is frequently contested (65—67). The
proposed effects of exercise load and volume on fibre recruitment, muscle damage, and fatigue are outlined in
Figure 2. This section will explore indirect mechanisms potentially linked to fatigue-induced muscle hypertrophy,
including 1) fibre recruitment, 2) mechanical tension, 3) exercise-induced muscle damage, 4) hormonal changes, and
5) alterations in the expression of specific proteins involved in muscle mass regulation.

1. Fibre Recruitment

High and low training loads are generally accepted to promote whole muscle hypertrophy by increasing
muscle fibre CSA. One of the most widely accepted hypotheses linking fatigue to muscle hypertrophy during low-
load RET involves the additional recruitment of type II muscle fibres when exercise is performed to task failure (48,
49, 57, 68). Regardless of load or time under tension, performing resistance exercises to task failure is proposed to
activate both type I and type II muscle fibres maximally (28). As a result, MPS rates and muscle hypertrophy are
expected to be more pronounced in recruited fibres. Previous research on muscle activation and hypertrophy in the
triceps-brachii demonstrated that increases in CSA over 12 weeks of RET were strongly correlated with and induced
by the regions most activated during an acute bout of exercise (69, 70). Therefore, muscle activation, and by
extension, fibre recruitment, is a key mechanism driving muscle hypertrophy in response to RET.

1.1 Metabolic Stress and Blood Flow Restriction

During exercise, the increased ADP/ATP ratio and the resulting accumulation of various metabolites are
termed ‘metabolic stress.” Metabolic stress has previously been proposed as a potential mechanism to induce muscle
hypertrophy in response to RET (discussed in later sections) (71, 72). The higher within-set repetitions and greater
time under tension with low-load RET results in greater metabolic stress (73), leading to additional fibre recruitment
with the onset of muscle fatigue. Therefore, this increased fibre recruitment may ultimately contribute to increased
skeletal muscle hypertrophy. Multiple studies have demonstrated that recruitment thresholds diminish as fatigue
accumulates during sustained submaximal exercise (74—76). Consequently, more muscle fibres are recruited as
fatigue sets in.

One method to investigate the role of metabolic stress is through blood flow restriction (BFR). When BFR
is combined with RET, MPS is acutely stimulated (77, 78) , and muscle hypertrophy is promoted (62, 79—81), which
has been proposed to be due to metabolite accumulation (33) and muscle cell swelling (discussed in subsequent
sections) (82, 83) enhancing fatigue and, therefore, muscle fibre recruitment. However, MPS is not stimulated when
BFR is applied without RET (84), and BFR alone is inadequate to mitigate muscle loss during bed rest (85). The
recruitment and hypertrophy of type II fibres in response to BFR-RET may be attributed to changes in the
intramuscular environment (86). Metabolic stress and the accumulation of metabolites such as hydrogen ions (H"),
lactate, and inorganic phosphate (discussed in subsequent sections) can accelerate the onset of fatigue during
exercise (40, 46, 87), leading to a reduced time under tension and fewer repetitions to task failure (5, 87, 88),
consequently limiting training volume. Another hypothesis for BFR-RET-induced hypertrophy is that acute
elevations in systemic anabolic hormones (discussed in later sections) may contribute to the stimulation of MPS (60,
89). Overall, studies utilizing BFR-RET suggest that increased recruitment of type Il fibres, driven by increased
metabolic stress, likely plays a key role in promoting muscle hypertrophy as exercise-induced fatigue progresses.

1.2 Fibre-Specific Recruitment and Hypertrophy

Type II fibres exhibit a greater hypertrophic capacity compared to type I fibres (25, 26, 90). This
heightened hypertrophic potential is often attributed to the fact that fibre-type-specific hypertrophy is predominantly
observed following high-load RET (91). High loads preferentially activate higher-threshold motor units (2), a
phenomenon corroborated by the greater surface electromyography (EMG) amplitudes observed during high-load
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versus low-load RET (92, 93). To effectively recruit these higher-threshold motor units, low-load RET must be
performed to task failure, thereby increasing time under tension (2, 94) and ensuring full recruitment of type II
muscle fibres (28). These factors are essential for achieving skeletal muscle hypertrophy (95).

When low-load RET is not performed to task failure, high-load RET proves to be a superior hypertrophic
stimulus (35), resulting in greater growth of both type I and type II muscle fibres (2, 96) and more significant
increases in strength than low-load RET (2, 10, 97). These greater strength adaptations may be attributed to
enhanced neural mechanisms, such as improved motor unit activation and reduced antagonistic activation,
independent of fibre-specific hypertrophy (10, 98, 99). High-load RET has been shown to produce more substantial
neural adaptations, including increases in maximal voluntary isometric contraction force, voluntary activation, and
EMG amplitude, compared to low-load RET (100, 101).

When low-load RET is performed to task failure, previous findings generally suggest greater hypertrophy
in type I muscle fibres compared to high-load RET (2, 96, 97). However, not all research supports this distinction
(102). A systematic review concluded that low-load BFR-RET may result in similar or even greater hypertrophy of
type I fibres compared to type II fibres, potentially due to increased metabolic stress or inflammation (94). The
authors, however, did not propose a specific mechanism for this observation, describing it as “preliminary evidence”
and emphasizing the need for further research (94). Other studies suggest that similar hypertrophy can be achieved
with low and high loads in muscles such as the soleus (type I dominant) and the gastrocnemius (mixed fibre type)
muscles (103). It is also common to observe a decrease in the percentage of type 11X fibres following RET (97, 104,
105). Therefore, while fibre-specific hypertrophy remains a contentious topic, the hypothesis that low-load RET
performed to task failure may result in greater type I muscle fibre hypertrophy than high-load RET is intriguing and
warrants further investigation.

1.3. Increased Intracellular Calcium

Intracellular calcium (Ca?") is a key mediator that can convert mechanical load into an intracellular
signalling pathway (106). Additionally, fibre recruitment activates excitation-contraction coupling processes to
enable force generation, with increased myoplasmic free [Ca®'] ([Ca*'];) being a major regulator of crossbridge force
generation. One hypothesis suggests that increased [Ca®']; resulting from the recruitment of muscle fibres and
elevated motor unit discharge rates during fatiguing exercise, activates calmodulin, which in turn activates
calcineurin and increases MPS rates (107), thereby stimulating muscle fibre hypertrophy (107). In mice, the muscle-
specific deletion of sarcolipin, a sarcoplasmic reticulum calcium ATPase (SERCA) pump inhibitor, reduces
calcineurin activation and induces muscle atrophy by accelerating Ca** removal from the myoplasm (108). Another
hypothesis proposes that increased [Ca*']; induces Ca”" entry into the inner mitochondrial membrane via a dedicated
Ca”" channel, the mitochondrial Ca*" uniporter (MCU) (109). This Ca’" entry activates the insulin growth factor-
1/Akt pathway and the transcription of the proliferator-activated receptor gamma coactivator 1 alpha 4 gene
(PGCl104) (109), a potent regulator of muscle hypertrophy (110). However, it remains unknown whether these Ca*'-
mediated mechanisms can fully explain hypertrophy in human skeletal muscle and whether they underlie an indirect
pathway by which the activation of muscle fibres during increased fibre recruitment associated with fatiguing low-
load RET stimulates muscle hypertrophy.

2. Mechanical Tension

Mechanical tension is typically recognized as the most robust regulator of MPS rates, demonstrating
increased skeletal muscle hypertrophy and muscle mass when performing high-load RET (11, 111). It is well
established that muscle mass and strength are rapidly lost when mechanical tension is removed from muscles, as
seen during periods of immobilization, bed rest, or exposure to microgravity (112, 113). The mechanisms of
mechanical load-induced skeletal muscle growth have been extensively reviewed (11). The proposed mechanisms
through which mechanical tension induces muscle hypertrophy are primarily through mechanotransduction, but have
also been suggested to include increased anabolic hormone production, muscle damage, ROS production, and
increased recruitment of fast-twitch muscle fibres (11, 47). However, it remains uncertain whether mechanical
tension is the mechanism underlying muscle hypertrophy with low-load RET, as this training imposes less
mechanical tension on the whole muscle. Furthermore, muscle fatigue also decreases the contractile force of already
recruited muscle fibres, decreasing the mechanical tension imposed on those fibres.
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The hypertrophic response to mechanical load involves mechanotransduction, a process where
mechanosensors convert musculoskeletal stress from mechanical loading into chemical signals that activate
intracellular anabolic and catabolic pathways, ultimately leading to the enlargement of myofiber (2, 114). A key
mediator of this load-induced mechanotransduction is focal adhesion kinase (FAK). This non-receptor kinase
transduces skeletal muscle stress into signals transmitted across the cytoplasmic membrane, activating cell growth
pathways (115-117). Focal adhesions are associated with the Hippo pathway effectors Yes-associated protein 1
(Yapl) and its paralogue gene Wwtrl (Taz). Yap and Taz are mechanosensitive transcriptional cofactors (118) that
respond to various exercise-associated stimuli, including RET (119). These factors regulate muscle differentiation
and satellite cell function (120). Yap activation leads to skeletal muscle hypertrophy (121, 122) and is known to be
associated with mTORCI1 activation through downstream signalling processes (123—125).

Dystrophin plays a crucial protein in modulating mechanical tension (126), stabilizing the muscle
membrane during contraction, and helping to prevent contraction-induced muscle damage (127). Additionally,
dystrophin serves as a mediator of cell signalling processes (128). These mechanisms underscore the critical role of
mechanical tension in skeletal muscle growth, as its absence leads to significant atrophy. To our knowledge, no
studies have specifically investigated the activation of FAK or Yap following high- and low-load RET. However, it
is reasonable to hypothesize that mechanotransduction occurs in both scenarios when RET is performed to task
failure, potentially serving as a signal for hypertrophy.

Although high-load exercise is generally associated with increased muscle hypertrophy and strength (2,
129), mechanical tension may not be the primary mechanism for muscle hypertrophy in low-load RET due to the
relatively low tension involved (47). Therefore, rather than mechanical tension alone being the primary driver of
skeletal muscle hypertrophy with low loads, we propose that performing RET to failure allows for an extended time
under tension, facilitating additional muscle fibre recruitment to sustain the force output. This recruitment places
mechanical tension on the newly activated fibres, even though the overall mechanical tension on the entire muscle
remains lower. The mechanical load on these newly activated fibres could stimulate hypertrophy through
mechanotransduction, even with low loads. Consequently, while mechanical tension is an important factor in
skeletal muscle hypertrophy, we propose that mechanical tension and fibre recruitment are closely interconnected
and are necessary to induce hypertrophy with low-load RET.

3. Exercise-Induced Muscle Damage

Exercise-induced declines in contractile force, i.e., fatigue, can also be partially explained by mechanical
factors related to exercise-induced muscle damage (EIMD) (130). EIMD can affect specific macromolecules within
the tissue or lead to significant tears in the sarcolemma, basal lamina, and supportive connective tissue, injuring the
contractile elements and the cytoskeleton (131). Research has demonstrated that EIMD promotes MPS (132),
triggers an acute inflammatory response, increases cell swelling, ROS, and satellite cell activity (131), and
stimulates anabolic hormone signalling, potentially enhancing hypertrophy, as previously reviewed (133). Indirect
markers of EIMD, such as elevated blood creatine kinase concentration, suggest that performing RET to task failure
may lead to greater muscle damage compared to non-failure conditions (134). Therefore, EIMD resulting from
fatigue-induced low-load RET could theoretically contribute indirectly to increased muscle hypertrophy.

Indirect markers of muscle damage, including elevated blood creatine kinase and myoglobin
concentrations, reductions in maximal voluntary contraction torque, and increased perceptions of muscle soreness,
suggest that high-load RET induces greater muscle damage than low-load RET (61, 135-137). However, Haun et al.
(2017) found that 48 hours after an exercise bout with high or low loads, some indirect markers of muscle damage,
such as perceptions of muscle soreness and myoglobin concentrations, were similar between groups (138). Other
studies have found that low-load BFR-RET induces muscle damage, as evidenced by elevated creatine kinase
concentration, increased perception of muscle soreness, and decreased force production during maximum voluntary
contractions (139-141), ultimately showing low-load BFR-RET performed to task failure can lead to comparable
muscle damage to high-load RET (142). The topic of BFR-RET-induced EIMD has been discussed in greater detail
elsewhere (143). Although low-load BFR-RET can elicit muscle damage, hypertrophy, and satellite cell
proliferation (142, 144), most studies suggest that high-load RET and low-load RET with BFR induce greater
muscle damage than low-load RET alone across various populations (140, 145).

Despite EIMD being associated with increased MPS rates under various RET modalities (132), the
increased MPS observed in the early stages of resistance exercise appears primarily directed toward tissue
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repair/remodelling subsequent to muscle damage rather than contributing to skeletal muscle hypertrophy (146).
Therefore, while EIMD following a novel bout of RET increases MPS, this increase is unlikely to significantly
contribute to increases in muscle mass, especially in exercise-naive individuals. That is to say, the acute metabolic
alterations in myofibrillar protein metabolism in the presence of accompanying EIMD are not representative of
chronic skeletal muscle hypertrophic adaptations induced by RET (147). Furthermore, if EIMD does increase MPS,
the extent of EIMD is not likely a major contributor to hypertrophy induced by low-load RET.

4. Hormones

Resistance exercise has been shown to elicit acute changes in the circulating concentration of various
anabolic hormones (e.g., testosterone, GH, IGF-1) (89). Many of these hormones, particularly testosterone, play a
role in regulating the molecular pathways involved in RET-induced skeletal muscle hypertrophy (148). Specifically,
it has been suggested that the acute post-exercise increase in anabolic hormone concentrations contributes to
exercise-induced muscle hypertrophy (60—62). The acute increase in circulating anabolic hormone concentrations
has been attributed to increases in metabolite concentrations and metabolic stress resulting from fatiguing exercise
rather than solely the mechanical stimulus during RET (60, 61), as well as EIMD (133). However, evidence
indicates that RET involving high muscle tension still elevates the concentrations of circulating anabolic hormones
(50, 149), suggesting that some mechanical tension may be necessary for effective anabolic signalling. Furthermore,
the effects on hormonal responses can vary depending on whether RET is performed closer to, or further from task
failure (134). Performing RET with high volume and effort and activating a substantial amount of total muscle mass
results in elevated circulating concentrations of testosterone, GH (150, 151), and IGF-1 (61). These findings suggest
that RET enhances anabolic hormone concentrations and that training to failure may be crucial for maximizing these
hormonal responses.

Despite the anabolic properties of testosterone and GH on certain tissues, the acute exercise-induced release
of these hormones is unlikely to impact skeletal muscle hypertrophy substantially (151-153). Increases in
endogenous anabolic hormone (i.e., testosterone, GH, and IGF-1) concentrations following RET do not increase
MPS rates or consistently enhance muscle hypertrophy (65-67, 153—155). Furthermore, Morton et al. (2016)
showed no significant differences in anabolic hormone levels between two groups of young men undertaking either
high-load or low-load RET (102). Specifically, after 12 weeks of training, both groups demonstrated comparable
increases in lean body mass and type I and type II fibre CSA, with no significant differences observed between the
training groups (102). Additionally, androgen receptor content appears to be more closely associated with RET-
induced skeletal muscle hypertrophy than systemic hormone concentrations (154). Overall, we propose that while
fatigue-inducing exercise can influence endogenous hormone concentrations, these changes are unlikely to play a
major role in driving skeletal muscle hypertrophy in healthy individuals with a normal hormonal milieu.

5. Specific Proteins

While numerous metabolic enzymes are activated and upregulated following exercise, fatigue has been
linked to specific metabolic enzymes and proteins hypothesized to stimulate hypertrophy. A notable example that
responds directly to acutely and chronically fatiguing exercise is the inhibition of myostatin. Myostatin is a negative
regulator of muscle mass in many mammals, including humans (156, 157), and its gene expression decreases
following resistance exercise (158, 159) both acutely (following a single bout) and chronically (following a training
regimen) (63, 160). Fatigue-inducing exercise could inhibit myostatin, thereby contributing to muscle hypertrophy
through increased activation of mTORCI, the stimulation of MPS rates, and/or the reduction in proteolysis (161,
162). Myostatin is regulated in various ways; one key factor related to RET involves mature myostatin being stored
in a latent complex where it cannot bind to a receptor (163). The activation of this latent myostatin, and thus its
inhibition, is proposed to occur through factors such as low pH, ROS, and proteases (164), making this an indirect
mechanism of low-load induced hypertrophy. However, to our knowledge, these latent myostatin activation
mechanisms have not been evaluated in skeletal muscle post-low-load RET.

Few studies have directly compared myostatin expression following high and low-load RET. One study
reported that myostatin gene expression and its related targets were similar in both high- and low-load RET
conditions (165). Another study demonstrated a more pronounced decrease in myostatin gene expression following
low-load BFR-RET compared to low-load RET without BFR (166). While the pathophysiology of myostatin has
been reviewed previously (157, 163), the mechanism behind the reduction of myostatin in the post-exercise period
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remains unclear. Therefore, low-load BFR-RET may decrease myostatin expression more than high or low-load
RET alone, potentially contributing to greater muscle hypertrophy. However, more research is needed to confirm
this in humans and to explore further the effects following high and low-load RET.

Potential Direct Mechanisms of Fatigue-Induced Hypertrophy

Fatigue induced by low-load RET may act as a direct mechanism for skeletal muscle hypertrophy through
changes to the myocellular environment (e.g., increased metabolite concentration, inflammation, substrate depletion)
(4043, 45, 46). An increase in the concentration of local metabolites (e.g., H', lactate, inorganic phosphate) is
common during RET, which may activate signalling pathways known to stimulate MPS rates and thereby induce
skeletal muscle hypertrophy with chronic RET (48). Systemic or localized changes in inflammation are also
proposed mechanisms that could augment the muscle hypertrophic response (72, 82, 83). In this section, we will
explore the current evidence on 1) metabolites, and 2) cell swelling and inflammation, and how fatigue may directly
stimulate RET-induced muscle hypertrophy via these mechanisms.

1. Metabolites

While mechanical tension has been suggested as the key to stimulating muscle hypertrophy (48), during
high-repetition sets, various metabolites such as lactate and reactive oxygen and nitrogen species (RONS) can
accumulate in the blood or muscle (167). The accumulation and dysregulation of many metabolites is termed
‘metabolic stress’ (as discussed previously). The build-up of metabolic by-products (e.g. lactate, hydrogen ions,
inorganic phosphate, and others) from anaerobic metabolism during resistance exercise (168, 169) has been
proposed to enhance the anabolic response (26, 48), and these metabolites have been previously suggested as
potential mechanisms underlying metabolite-induced muscle hypertrophy (71, 72).

1.1 Lactate

Exercise increases blood and plasma lactate concentrations, with low-load RET performed to failure
increasing blood (170) and plasma lactate concentrations (171) more than high-load RET. This may be due to the
increased reliance on anaerobic glycolysis to sustain more prolonged exercise at low loads to task failure. Lactate
does not cause peripheral muscle fatigue (40, 45), but III/IV muscle afferents sense intramuscular lactate to cause
central fatigue (172), which would consequently affect muscle fibre recruitment. Importantly, lactate acts on many
body tissues (e.g., brain, heart, and muscle) and integrates several signalling pathways hypothesized to elicit a
hypertrophic response (173). Previous studies have shown that oral lactate administration in mice increased skeletal
muscle mass and fibre CSA (174, 175). This lactate-dependent hypertrophy is proposed to occur through increased
MyoD expression (176), activation of extracellular signal-regulated kinase 1/2 (ERK,;) (177), and decreased p38
MAPK (178) signalling.

Despite the greater lactate accumulation with low-load compared to high-load RET (170, 171), and the
possible mechanisms and positive effects of lactate observed in rodents and myotubes, few studies have examined
the effects of lactate on muscle hypertrophy in humans. A recent randomized control trial in human participants
showed that direct exogenous lactate infusion at rest or with exercise did not support the hypothesis that lactate can
alter skeletal muscle anabolic signals via mTOR or ERK signalling (179). While lactate accumulation may elicit
many physiological effects in the body (68, 173), it is unlikely that increased lactate concentrations from low-load
RET alone would provide a sufficient signal for muscle hypertrophy in humans. For a more comprehensive review
of lactate’s role in hypertrophy, the reader is referred to (68).

1.2 RONS/Oxidative Stress

Strenuous exercise increases the generation of RONS within skeletal muscle, which can contribute to
muscle fatigue by modifying proteins critical for force production (180). However, RONS also serve as essential
signalling molecules, regulating various cellular signalling pathways (181), some of which have been implicated in
RET-induced muscle hypertrophy (182, 183), a subject extensively reviewed in previous literature (184). For
example, nitric oxide has been shown to interact with superoxide to form peroxynitrite, which can activate mTOR
signalling (106, 185). Hydrogen peroxide (H,O,) has been shown to enhance IGF-1 signalling (186) and trigger a
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signalling cascade leading to mTOR activation in vivo and in vitro (106, 187). Whether low-load RET induces
higher oxidative stress than high-load RET remains unclear.

Locally, RONS production is greater with an acute bout of low-load BFR than low-load or high-load RET
(188). The increase in RONS with BFR may be partly due to local hypoxia, which plays an important role in nitric
oxide production (188); however, this study did not involve exercise to failure. Reviews and meta-analyses have
reported that in humans, the inhibition of RONS with the addition of antioxidants has no effect on RET-induced
muscle hypertrophy (182, 189). However, some research in humans have shown attenuation of the hypertrophic
response with vitamins C and E supplementation (190-192), potential reductions in hypertrophy with N-acetyl
cysteine supplementation (186), and complete blunting in neuronal nitric oxide synthase knockout mice (106).

In older individuals (> 65 years of age), exercise coupled with 500mg/day of resveratrol increases muscle
strength and fibre area more than exercise alone (193), and dietary antioxidant (vitamin C, E, or B-carotene)
consumption is related to improved muscle strength and increased physical performance (194). The effects of
antioxidant supplementation may, therefore, be age- and dose-dependent. These studies (193, 194) suggest that older
individuals with elevated baseline oxidative stress may also display a diminished hypertrophic response to RET
without supplemental interventions.

These findings imply that excessive and insufficient oxidative stress post-exercise may impair RET-
induced muscle hypertrophy. In summary, although oxidative stress may contribute to the hypertrophic response, the
exact involvement of these pathways in low-load RET-induced muscle hypertrophy requires further investigation.

2. Cell Swelling and Inflammation

During intense exercise, skeletal muscle fibre volumes change rapidly, leading to significant swelling
primarily associated with muscle fatigue (195). These periods of intracellular swelling have been proposed as
mediators of the anabolic response to RET and BFR-RET (72, 82, 83). Acute cell swelling during RET may result
from changes in membrane potential during exercise and the associated redistribution of K™ and CI', which has been
reviewed previously (195). This cell swelling increases muscle thickness during an acute bout of both high and low-
load RET (196). Additionally, the hypoxic environment and the accumulation of metabolites and blood from RET
and BFR-RET (as discussed previously) create ideal conditions for further increasing cellular swelling, and may also
shift intra- and extracellular water balance (82). It is proposed that this cell swelling activates a volume sensor,
which may initiate signalling cascades such as the mTORC1 and MAPK pathways, ultimately leading to muscle
hypertrophy (82). It should be noted that cell swelling has been previously linked to inflammation, particularly
during ischemia-reperfusion (197), commonly observed with BFR.

Inflammatory cells, particularly neutrophils and macrophages, are commonly elevated in the exercised
muscle tissue following RET in humans (198, 199) and following isometric contractions or passive stretching in
animal models (200, 201). Notably, repeated bouts of these exercises have been linked to subsequent skeletal muscle
hypertrophy. Both neutrophils and macrophages produce free radicals and play a significant role in influencing
oxidative stress. Evidence supporting the role of inflammation in fatigue-induced muscle hypertrophy includes
findings related to the effects of non-steroidal anti-inflammatory drugs (NSAIDs), which have been shown to
modulate inflammatory responses and impact muscle adaptation.

Similar to the relationship between oxidative stress and antioxidants (as discussed previously), hypertrophy
following RET can be enhanced or impaired by NSAID use, with age- and dose-dependent effects (202). RET with
high doses of NSAIDs (>1200mg/day) increases skeletal muscle hypertrophy in older adults more than RET alone
(203). Therefore, older adults with higher inflammatory status at baseline might exhibit a compromised hypertrophic
response without additional interventions, as RET acutely increases inflammation. Conversely, younger individuals
with low baseline inflammatory status who use high doses of NSAIDs (>1200mg/day) could experience a modest
blunting in RET-induced muscle hypertrophy (204). A study on older rats (20 months old) supplemented with an
NSAID (ibuprofen) also found increased muscle protein synthesis and decreased proteolysis compared to a control
group (205).

These findings suggest that excessive and insufficient inflammatory signals may hinder hypertrophy
following RET. For a more in-depth review of the influence of NSAIDs on muscle hypertrophy, we direct the reader
to (202). It should be noted that elevated oxidative stress (discussed previously) can trigger inflammatory responses
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(224), and high levels of inflammation can induce oxidative stress, creating a feedforward loop (206). Although
inflammation likely contributes in some way to the hypertrophic response, the precise role of this process in low-
load RET-induced muscle hypertrophy requires further investigation.

Conclusion

Fatigue has been identified as a stimulus for eliciting skeletal muscle hypertrophy during chronic low-load
RET. Our literature review suggests the most compelling hypotheses linking fatigue to muscle hypertrophy in the
context of low-load RET center on increased fibre recruitment. Training to task failure increases fibre recruitment,
partially through metabolic stress, which imposes mechanical tension on the newly recruited fibres. This process
appears to be a major contributor to hypertrophy. While intramuscular fatigue may serve as a critical stimulus for
skeletal muscle hypertrophy with low-load RET via various indirect and direct mechanisms, these pathways are not
mutually exclusive. The human body is characterized by redundant signalling pathways that enable multiple signals
and stimuli to concurrently trigger muscle hypertrophy during fatigue-inducing low-load RET (Figure 1).
Consequently, numerous similar mechanisms can induce skeletal muscle hypertrophy across both high- and low-
load conditions. Ultimately, whether through direct or indirect mechanisms, volitional exhaustion (i.e., fatigue)
emerges as a crucial factor in optimizing the hypertrophic response during low-load RET.

Future Directions

While we have provided an overview of the potential mechanisms by which fatigue during low-load RET
may stimulate skeletal muscle hypertrophy, we acknowledge that this topic has not yet been sufficiently explored.
Consequently, several research areas require further investigation to elucidate the specific mechanisms that may be
similar or different between high- and low-load RET.

Low-load RET may lead to fibre-specific hypertrophy, particularly in type I fibres, due to progressive fibre
recruitment and delayed mechanical tension. However, more research is needed to understand the differences in
fibre-specific hypertrophy among low- and high-load BFR-RET. Beyond the classic hypertrophy observed in the
contractile elements (e.g., myofibers), other non-contractile sarcoplasmic proteins may accumulate within skeletal
muscle fibres. Sarcoplasmic hypertrophy has been discussed previously as an adaptation to RET that may or may
not be possible (11, 207). While some suggest that high-volume training may promote sarcoplasmic hypertrophy to
a greater extent than high-load training (207), relatively few studies have examined sarcoplasmic hypertrophy in this
context.

While potential mechanisms lead us to believe that intracellular Ca** transients during muscle contractions
are a possible mechanism, the influence of intracellular Ca®" contributing to skeletal muscle hypertrophy with low
loads has not been examined in humans. Therefore, we suggest this topic needs further exploration in humans,
especially when comparing high- and low-load RET. Similarly, while myostatin expression can be augmented in
response to RET and skeletal muscle hypertrophy, no studies have compared changes in myostatin signalling after
high- or low-load resistance exercise.

An optimal range of inflammation and oxidative stress may be necessary to maximize the hypertrophic
response to RET, as hypertrophy appears to be attenuated when inflammation or oxidative stress levels are either
excessively high or low. This blunting of the hypertrophic response may be influenced by age-related factors or
pharmacological and nutritional interventions (e.g., NSAIDs or antioxidants). However, the specific molecules and
pathways through which inflammation and RONS may induce hypertrophy remain unclear. Future studies should
focus on examining the effects of specific inflammatory cells or markers, as well as RONS, on muscle hypertrophy.
Understanding these dynamics is essential, as they likely contribute to hypertrophy induced by low-load RET.
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Figure legends

Figure 1. Proposed mechanisms contributing to low-load fatigue-induced hypertrophy. Direct mechanisms are
defined here as mechanisms that can stimulate hypertrophy and are related to fatigue-induced changes in the muscle
(e.g. increased metabolites, inflammation, substrate depletion). Indirect mechanisms are defined here as mechanisms
that can secondarily induce hypertrophy, not directly via changes resulting from fatigue-inducing RET. Green boxes
represent mechanisms that fatigue will likely induce hypertrophy through low-load resistance exercise training.
Light green dashed boxes represent potential mechanisms in which fatigue may influence hypertrophy through low-
load resistance exercise training. Question marks represent mechanisms which are not fully understood. Red boxes
represent mechanisms unlikely to result in hypertrophy from low loads. Lines with arrows represent proposed
mechanisms and pathways that drive the previous mechanism. Dashed lines with arrows represent a mechanism
exerting influence on another, indicating that the process at the arrow's origin can modulate or affect the process at
the arrow’s destination. Dashed lines show an interaction between two mechanisms.

Figure 2. Proposed effects of load on muscle recruitment, damage, and fatigue in single muscle fibres between the
first and last repetition of acute resistance exercise.

12

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



537
538

539
540

541
542

543
544
545

546
547

548

550
551

553
554

556
557

559
560

562

563
564

565
566

567
568

569
570

571
572
573

574
575

576
577
578

579

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

Progression models in resistance training for healthy adults. Med. Sci. Sports Exerc. 41: 687-708, 2009.

Schoenfeld BJ, Contreras B, Willardson JM, Fontana F, Tiryaki-Sonmez G. Muscle activation during
low-versus high-load resistance training in well-trained men. Eur J Appl Physiol 114: 2491-2497, 2014.

Henneman E, Somjen G, Carpenter DO. Functional significance of cell size in spinal motoneurons. J
Neurophysiol 28: 560-580, 1965.

Centner C, Wiegel P, Gollhofer A, Konig D. Effects of blood flow restriction training on muscular
strength and hypertrophy in older individuals: a systematic review and meta-analysis. Sport Med 49: 95—
108, 2019.

Schoenfeld BJ, Grgic J. Does training to failure maximize muscle hypertrophy? Strength Cond J41: 108—
113,2019.

Schoenfeld BJ, Grgic J, Ogborn D, Krieger JW. Strength and hypertrophy adaptations between low-vs.
high-load resistance training: a systematic review and meta-analysis. J Strength Cond Res 31: 3508-3523,
2017.

Burd NA, Mitchell CJ, Churchward-Venne TA, Phillips SM. Bigger weights may not beget bigger
muscles: evidence from acute muscle protein synthetic responses after resistance exercise. Appl Physiol Nutr
Metab 37: 551-554, 2012.

Weakley J, Schoenfeld BJ, Ljungberg J, Halson SL, Phillips SM. Physiological Responses and
Adaptations to Lower Load Resistance Training: Implications for Health and Performance. Sport Med -
open 9: 28, 2023. doi: 10.1186/S40798-023-00578-4/FIGURES/2.

Burd NA, Andrews RJ, West DWD, Little JP, Cochran AJR, Hector AJ, Cashaback JGA, Gibala MJ,
Potvin JR, Baker SK. Muscle time under tension during resistance exercise stimulates differential muscle
protein sub-fractional synthetic responses in men. J Physiol 590: 351-362, 2012.

Mitchell CJ, Churchward-Venne TA, West DWD, Burd NA, Breen L, Baker SK, Phillips SM.
Resistance exercise load does not determine training-mediated hypertrophic gains in young men. J Appl
Physiol 113: 71-77,2012.

Jorgenson KW, Phillips SM, Hornberger TA. Identifying the structural adaptations that drive the
mechanical load-induced growth of skeletal muscle: a scoping review. Cells9: 1658, 2020.

Glass DJ. Signalling pathways that mediate skeletal muscle hypertrophy and atrophy. Nat Cell Biol 5: 87—
90, 2003.

Kumar V, Selby A, Rankin D, Patel R, Atherton P. Age-related differences in dose response of muscle
protein synthesis to resistance exercise in young and old men. .

Coffey V, Zhong Z, Shield A, Canny B, Chibalin A. Early signaling responses to divergent exercise
stimuli in skeletal muscle from well-trained humans. Faseb J 20, 2006.

Glover E, Oates B, Tang J, Moore D, Tarnopolsky M. Resistance exercise decreases elF2Bepsilon
phosphorylation and potentiates the feeding-induced stimulation of p70S6K1 and rpS6 in young men. AmJ
Physiol Regul Integr Comp Physiol 295, 2008.

Dreyer H, Fujita S, Cadenas J, Chinkes D, Volpi E. Resistance exercise increases AMPK activity and
reduces 4E-BP1 phosphorylation and protein synthesis in human skeletal muscle. J Physiol 576, 2006.

Wilkinson S, Phillips S, Atherton P, Patel R, Yarasheski K. Differential effects of resistance and
endurance exercise in the fed state on signalling molecule phosphorylation and protein synthesis in human
muscle. J Physiol 586, 2008.

Karlsson H, Nilsson P, Nilsson J, Chibalin A, Zierath J. Branched-chain amino acids increase p70S6k

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



580
581

582

584
585

587

588
589

590

592

593
594

595
596

597
598

599
600

601
602

603
604
605

606
607
608

609
610
611

612
613
614

615
616
617
618

619
620
621

622
623

Fatigue and Hypertrophy

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

phosphorylation in human skeletal muscle after resistance exercise. Am J Physiol Endocrinol Metab 287,
2004.

Petrella JK, Kim J, Mayhew DL, Cross JM, Bamman MM. Potent myofiber hypertrophy during
resistance training in humans is associated with satellite cell-mediated myonuclear addition: a cluster
analysis. .

Petrella J, Kim J, Cross J, Kosek D, Bamman M. Efficacy of myonuclear addition may explain
differential myofiber growth among resistance-trained young and older men and women. AmJ Physiol
EndocrinolMetab 291, 2006.

Murach KA, Fry CS, Dupont-Versteegden EE, McCarthy JJ, Peterson CA. Fusion and beyond: satellite
cell contributions to loading-induced skeletal muscle adaptation. FASEB J 35, 2021.

Roberts MD, McCarthy JJ, Hornberger TA, Phillips SM, Mackey AL, Nader GA, Boppart MD,
Kavazis AN, Reidy PT, Ogasawara R. Mechanisms of mechanical overload-induced skeletal muscle
hypertrophy: current understanding and future directions. Physiol Rev 103: 2679-2757, 2023.

Chaillou T, Kirby TJ, Mccarthy JJ. Ribosome Biogenesis: Emerging Evidence for a Central Role in the
Regulation of Skeletal Muscle Mass. J Cell Physiol 229: 15841594, 2014. doi: 10.1002/JCP.24604.

Figueiredo VC, McCarthy JJ. Regulation of ribosome biogenesis in skeletal muscle hypertrophy.
Physiology 34: 30-42, 2019.

Duchateau J, Semmler JG, Enoka RM. Training adaptations in the behavior of human motor units. J Appl
Physiol 101: 1766—1775, 2006.

Wackerhage H, Schoenfeld BJ, Hamilton DL, Lehti M, Hulmi JJ. Stimuli and sensors that initiate
skeletal muscle hypertrophy following resistance exercise. .

Sale DG. 5 Influence of exercise and training on motor unit activation. Exerc Sport Sci Rev 15: 95-152,
1987.

Morton RW, Sonne MW, Farias Zuniga A, Mohammad IYZ, Jones A, McGlory C, Keir PJ, Potvin
JR, Phillips SM. Muscle fibre activation is unaffected by load and repetition duration when resistance
exercise is performed to task failure. J Physiol 597: 4601-4613, 2019.

Murphy J, Hodson-Tole E, Vigotsky AD, Potvin JR, Fisher JP, Steele J. Motor unit recruitment patterns
of the quadriceps differ between continuous high-and low-torque isometric knee extension to momentary
failure. .

Refalo MC, Helms ER, Robinson ZP, Hamilton DL, Fyfe JJ. Similar muscle hypertrophy following eight
weeks of resistance training to momentary muscular failure or with repetitions-in-reserve in resistance-
trained individuals. .

Robinson Z, Pelland J, Remmert J, Refalo M, Jukic I, Steele J, Zourdos M. Exploring the Dose-
Response Relationship Between Estimated Resistance Training Proximity to Failure, Strength Gain, and
Muscle Hypertrophy: A Series of Meta-Regressions. .

Burd NA, West DWD, Staples AW, Atherton PJ, Baker JM, Moore DR, Holwerda AM, Parise G,
Rennie MJ, Baker SK, Phillips SM. Low-Load High Volume Resistance Exercise Stimulates Muscle
Protein Synthesis More Than High-Load Low Volume Resistance Exercise in Young Men. PLOSOne 5:
€12033, 2010. doi: 10.1371/JOURNAL.PONE.0012033.

Loenneke JP, Wilson JM, Marin PJ, Zourdos MC, Bemben MG. Low intensity blood flow restriction
training: A meta-analysis. Eur J Appl Physiol 112: 1849-1859, 2012. doi: 10.1007/S00421-011-2167-
X/FIGURES/2.

Morton RW, Colenso-Semple L, Phillips SM. Training for strength and hypertrophy: an evidence-based
approach. Curr Opin Physiol 10: 90-95, 2019. doi: 10.1016/J.COPHY'S.2019.04.006.

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



624
625
626

627

629
630

632
633

635
636

638

639
640

641
642

643
644

645
646

647

648
649

650
651

652
653

654
655

656
657
658

659
660

661
662

663
664

665
666

Fatigue and Hypertrophy

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47,

48.

49.

50.

51.

52.

53.

Lasevicius T, Schoenfeld BJ, Silva-Batista C, Barros T de S, Aihara AY, Brendon H, Longo AR,
Tricoli V, Peres B de A, Teixeira EL. Muscle failure promotes greater muscle hypertrophy in low-load but
not in high-load resistance training. J strength Cond Res 36: 346-351, 2022.

Schoenfeld BJ, Wilson JM, Lowery RP, Krieger JW. Muscular adaptations in low- versus high-load
resistance training: A meta-analysis. https://doi.org/101080/174613912014989922 16: 1-10, 2014. doi:
10.1080/17461391.2014.989922.

Grgic J, Schoenfeld BJ, Orazem J, Sabol F. Effects of resistance training performed to repetition failure
or non-failure on muscular strength and hypertrophy: a systematic review and meta-analysis. J Sport Heal
i 11:202-211, 2022.

Vieira AF, Umpierre D, Teodoro JL, Lisboa SC, Baroni BM, Izquierdo M, Cadore EL. Effects of
resistance training performed to failure or not to failure on muscle strength, hypertrophy, and power output:
a systematic review with meta-analysis. J Strength Cond Res 35: 1165-1175, 2021.

Refalo MC, Helms ER, Trexler ET, Hamilton DL, Fyfe JJ. Influence of Resistance Training Proximity-
to-Failure on Skeletal Muscle Hypertrophy: A Systematic Review with Meta-analysis. Sport Med 53: 649—
665, 2023. doi: 10.1007/S40279-022-01784-Y/FIGURES/S.

Allen DG, Lamb GD, Westerblad H. Skeletal muscle fatigue: Cellular mechanisms. Physiol Rev 88: 287—
332, 2008. doi: 10.1152/PHYSREV.00015.2007/ASSET/IMAGES/LARGE/Z9J00108245700T1.JPEG.

Allen DG, Lannergren J, Westerblad H. Muscle cell function during prolonged activity: cellular
mechanisms of fatigue. Exp Physiol Trand Integr 80: 497-527, 1995.

Lannergren J. Cellular mechanisms of fatigue in skeletal muscle. AmJ Physiol Physiol 261: C195-C209,
1991.

Ortenblad N, Westerblad H, Nielsen J. Muscle glycogen stores and fatigue. J Physiol 591: 44054413,
2013.

Gandevia SC. Spinal and supraspinal factors in human muscle fatigue. .

Hargreaves M, Spriet LL. Skeletal muscle energy metabolism during exercise. Nat Metab 2: 817-828,
2020.

Sundberg CW, Fitts RH. Bioenergetic basis of skeletal muscle fatigue. Curr Opin Physiol 10: 118-127,
2019.

Pearson SJ, Hussain SR. A review on the mechanisms of blood-flow restriction resistance training-induced
muscle hypertrophy. Sport Med 45: 187-200, 2015.

Schoenfeld BJ. The mechanisms of muscle hypertrophy and their application to resistance training. J
Srength Cond Res 24: 2857-2872, 2010.

Dankel SJ, Mattocks KT, Jessee MB, Buckner SL, Mouser JG, Loenneke JP. Do metabolites that are
produced during resistance exercise enhance muscle hypertrophy? Eur J Appl Physiol 117: 2125-2135,
2017.

Godfrey RJ, Madgwick Z, Whyte GP. The exercise-induced growth hormone response in athletes. Sport
Med 33: 599-613, 2003. doi: 10.2165/00007256-200333080-00005/FIGURES/TABI.

Pierce JR, Clark BC, Ploutz-Snyder LL, Kanaley JA. Growth hormone and muscle function responses to
skeletal muscle ischemia. J Appl Physiol 101: 1588-1595, 2006.

Callahan MJ, Parr EB, Hawley JA, Camera DM. Can high-intensity interval training promote skeletal
muscle anabolism? Sport Med 51: 405-421, 2021.

Coffey VG, Hawley JA. Concurrent exercise training: do opposites distract? J Physiol 595: 2883-2896,
2017.

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



667
668

669
670

671

673

674
675

676
677
678

679

681

682
683

684

686
687

689

690
691

692
693

694
695

696
697

698
699
700
701

702
703
704

705
706

707
708
709

710

Fatigue and Hypertrophy

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Leveritt M, Abernethy PJ, Barry BK, Logan PA. Concurrent strength and endurance training: a review.
Soort Med 28: 413-427, 1999.

Reonnestad BR, Hansen EA, Raastad T. High volume of endurance training impairs adaptations to 12
weeks of strength training in well-trained endurance athletes. Eur J Appl Physiol 112: 1457-1466, 2012.

Lundberg TR, Feuerbacher JF, Siinkeler M, Schumann M. The effects of concurrent aerobic and
strength training on muscle fiber hypertrophy: a systematic review and meta-analysis. Sport Med 52: 2391—
2403, 2022.

Meyer RA. Does blood flow restriction enhance hypertrophic signaling in skeletal muscle? J Appl Physiol
100: 14431444, 2006.

Kirby TJ. Mechanosensitive pathways controlling translation regulatory processes in skeletal muscle and
implications for adaptation. J Appl Physiol 127: 608-618, 2019. doi:
10.1152/JAPPLPHYSIOL.01031.2018/ASSET/IMAGES/LARGE/ZDG0081931240004.JPEG.

Damas F, Libardi CA, Ugrinowitsch C. The development of skeletal muscle hypertrophy through
resistance training: the role of muscle damage and muscle protein synthesis. Eur J Appl Physiol 118: 485—
500, 2018.

Takarada Y, Nakamura Y, Aruga S, Onda T, Miyazaki S, Ishii N. Rapid increase in plasma growth
hormone after low-intensity resistance exercise with vascular occlusion. J Appl Physiol 88: 61-65, 2000.

Popov D V, Swirkun D V, Netreba Al Tarasova OS, Prostova AB, Larina IM, Borovik AS,
Vinogradova OL. Hormonal adaptation determines the increase in muscle mass and strength during low-
intensity strength training without relaxation. Hum Physiol 32: 609-614, 2006.

Takarada Y, Takazawa H, Sato Y, Takebayashi S, Tanaka Y, Ishii N. Effects of resistance exercise
combined with moderate vascular occlusion on muscular function in humans. J Appl Physiol 88: 2097—
2106, 2000. doi: 10.1152/JAPPL.2000.88.6.2097.

Khalafi M, Aria B, Symonds ME, Rosenkranz SK. The effects of resistance training on myostatin and
follistatin in adults: a systematic review and meta-analysis. .

Spiering BA, Kraemer WJ, Anderson JM, Armstrong LE, Nindl BC, Volek JS, Maresh CM.
Resistance exercise biology. Sport Med 38: 527-540, 2008.

West DWD, Phillips SM. Associations of exercise-induced hormone profiles and gains in strength and
hypertrophy in a large cohort after weight training. Eur J Appl Physiol 112: 2693-2702, 2012.

Fink J, Schoenfeld BJ, Nakazato K. The role of hormones in muscle hypertrophy. Phys Sportsmed 46:
129-134, 2018.

West DWD, Kujbida GW, Moore DR, Atherton P, Burd NA, Padzik JP, De Lisio M, Tang JE, Parise
G, Rennie MJ, Baker SK, Phillips SM. Resistance exercise-induced increases in putative anabolic
hormones do not enhance muscle protein synthesis or intracellular signalling in young men. J Physiol 587:
5239-5247, 2009. doi: 10.1113/JPHYSIOL.2009.177220.

Lawson D, Vann C, Schoenfeld BJ, Haun C. Beyond Mechanical Tension: A Review of Resistance
Exercise-Induced Lactate Responses & Muscle Hypertrophy. J Funct Morphol Kinesiol 2022, Vol 7, Page
817:81,2022. doi: 10.3390/JFMK7040081.

Wakahara T, Fukutani A, Kawakami Y, Yanai T. Nonuniform muscle hypertrophy: its relation to muscle
activation in training session. Med Sci Sport Exerc 45: 2158-2165, 2013.

Wakahara T, Miyamoto N, Sugisaki N, Murata K, Kanehisa H, Kawakami Y, Fukunaga T, Yanai T.
Association between regional differences in muscle activation in one session of resistance exercise and in
muscle hypertrophy after resistance training. Eur J Appl Physiol 112: 1569-1576, 2012.

Schoenfeld BJ. Postexercise hypertrophic adaptations: A reexamination of the hormone hypothesis and its

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



711
712

713
714

715

717

718
719

720
721

722

724

725
726
727

728

730
731

733

734
735
736

737

739

740
741

742
743
744

745
746
747

748
749
750

751
752

753
754

Fatigue and Hypertrophy

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

applicability to resistance training program design. J Srength Cond Res27: 1720-1730, 2013. doi:
10.1519/JSC.0B013E31828DDD53.

Schoenfeld BJ. Potential Mechanisms for a Role of Metabolic Stress in Hypertrophic Adaptations to
Resistance Training. Sport Med 2013 433 43: 179194, 2013. doi: 10.1007/S40279-013-0017-1.

Vinogradova OL, Popov D V, Netreba AL Tsvirkun D V, Kurochkina NS, Bachinin A V, IaR B,
Liubaeva E V, Lysenko EA, Miller TF. Optimization of training: Development of a new partial load mode
of strength training. Fiziol Cheloveka 39: 71-85, 2013.

Houtman CJ, Stegeman DF, Van Dijk JP, Zwarts MJ. Changes in muscle fiber conduction velocity
indicate recruitment of distinct motor unit populations. J Appl Physiol 95: 1045-1054, 2003.

Sahlin K, Soderlund K, Tonkonogi M, Hirakoba K. Phosphocreatine content in single fibers of human
muscle after sustained submaximal exercise. Am J Physiol Physiol 273: C172-C178, 1997.

VOLLESTAD MK, Vaage ODD, HERMANSEN L. Muscle glycogen depletion patterns in type I and
subgroups of type II fibres during prolonged severe exercise in man: Glycogen depletion in muscle fibres
during exercise. Acta Physiol Scand 122: 433-441, 1984.

Fry CS, Glynn EL, Drummond MJ, Timmerman KL, Fujita S, Abe T, Dhanani S, Volpi E,
Rasmussen BB. Blood flow restriction exercise stimulates mTORCI signaling and muscle protein synthesis
in older men. J Appl Physiol 108: 1199-1209, 2010.

Fujita S, Abe T, Drummond MJ, Cadenas JG, Dreyer HC, Sato Y, Volpi E, Rasmussen BB. Blood
flow restriction during low-intensity resistance exercise increases S6K1 phosphorylation and muscle protein
synthesis. .

Madarame H, Neya M, Ochi E, Nakazato K, Sato Y, Ishii N. Cross-transfer effects of resistance training
with blood flow restriction. Med Sci Sports Exerc 40: 258-263, 2008. doi:
10.1249/MSS.0B013E31815C6D7E.

Takarada Y, Tsuruta T, Ishii N. Cooperative effects of exercise and occlusive stimuli on muscular
function in low-intensity resistance exercise with moderate vascular occlusion. Jpn J Physiol 54: 585-592,
2004. doi: 10.2170/JJPHY SIOL.54.585.

Yasuda T, Fujita S, Ogasawara R, Sato Y, Abe T. Effects of low-intensity bench press training with
restricted arm muscle blood flow on chest muscle hypertrophy: A pilot study. Clin Physiol Funct Imaging
30: 338-343, 2010. doi: 10.1111/1.1475-097X.2010.00949.X.

Loenneke J, Fahs CA, Rossow LM, Abe T, Bemben MG. The anabolic benefits of venous blood flow
restriction training may be induced by muscle cell swelling. Med Hypotheses 78: 151-154, 2012.

Abe T, Loenneke JP, Fahs CA, Rossow LM, Thiebaud RS, Bemben MG. Exercise intensity and muscle
hypertrophy in blood flow—restricted limbs and non-restricted muscles: a brief review. Clin Physiol Funct
Imaging 32: 247-252, 2012.

Nyakayiru J, Fuchs CJ, Trommelen J, Smeets JSJ, Senden JM, Gijsen AP, Zorenc AH, Van Loon
LJC, Verdijk LB. Blood flow restriction only increases myofibrillar protein synthesis with exercise. Med
Sci Sports Exerc 51: 1137, 2019.

Fuchs CJ, Hermans WJH, Nyakayiru J, Weijzen MEG, Smeets JSJ, Aussieker T, Senden JM, Wodzig
WKHW, Snijders T, Verdijk LB. Daily blood flow restriction does not preserve muscle mass and strength
during 2 weeks of bed rest. .

Loenneke JP, Fahs CA, Wilson JM, Bemben MG. Blood flow restriction: the metabolite/volume
threshold theory. Med Hypotheses 77: 748-752, 2011.

Sanchez-Medina L, Gonzilez-Badillo JJ. Velocity loss as an indicator of neuromuscular fatigue during
resistance training. Med Sci Sports Exerc 43: 1725-1734, 2011.

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



764
765
766

767

769

770
771
772

773
774

775
776

777
778
779

780

781
782

783
784

785
786
787

788
789
790

791
792
793

794
795

796
797
798

Fatigue and Hypertrophy

88.

90.
91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

Pareja-Blanco F, Rodriguez-Rosell D, Sinchez-Medina L, Sanchis-Moysi J, Dorado C, Mora-Custodio
R, Yaiiez-Garcia JM, Morales-Alamo D, Pérez-Suarez I, Calbet JAL. Effects of velocity loss during
resistance training on athletic performance, strength gains and muscle adaptations. Scand J Med Sci Sports
27:724-735,2017.

Kraemer WJ, Ratamess NA. Hormonal responses and adaptations to resistance exercise and training. Jport
Med 35: 339-361, 2005.

Fry AC. The role of resistance exercise intensity on muscle fibre adaptations. Sport Med 34: 663—-679, 2004.

Ogborn D, Schoenfeld BJ. The role of fiber types in muscle hypertrophy: implications for loading
strategies. Strength Cond J 36: 20-25, 2014.

Schoenfeld BJ, Contreras B, Willardson JM, Fontana F, Tiryaki-Sonmez G. Muscle activation during
low- versus high-load resistance training in well-trained men. Eur J Appl Physiol 114: 24912497, 2014.
doi: 10.1007/S00421-014-2976-9/FIGURES/2.

Schoenfeld BJ, Contreras B, Vigotsky AD, Ogborn D, Fontana F, Tiryaki-Sonmez G. Upper body
muscle activation during low-versus high-load resistance exercise in the bench press. |sokinet Exerc Sci 24:
217-224,2016.

Schoenfeld BJ, Ogborn D, Pifiero A, Burke R, Coleman M, Rolnick N. Fiber-Type-Specific
Hypertrophy with the Use of Low-Load Blood Flow Restriction Resistance Training: A Systematic Review.
J Funct Morphol Kinesiol 8: 51, 2023.

Martineau LC, Gardiner PF. Skeletal muscle is sensitive to the tension—time integral but not to the rate of
change of tension, as assessed by mechanically induced signaling. J Biomech 35: 657-663, 2002.

Grgic J, Schoenfeld BJ. Are the hypertrophic adaptations to high and low-load resistance training muscle
fiber type specific? Front Physiol 9: 402, 2018. doi: 10.3389/FPHYS.2018.00402/BIBTEX.

Campos GE, Luecke TJ, Wendeln HK, Toma K, Hagerman FC, Murray TF, Ragg KE, Ratamess NA,
Kraemer WJ, Staron RS. Muscular adaptations in response to three different resistance-training regimens:
specificity of repetition maximum training zones. Eur J Appl Physiol 88: 50-60, 2002.

Sale DG. Neural adaptation to resistance training. Med Sci Sports Exerc 20: S135-45, 1988.

Folland JP, Williams AG. Morphological and neurological contributions to increased strength. Sport Med
37: 145168, 2007.

Jenkins NDM, Miramonti AA, Hill EC, Smith CM, Cochrane-Snyman KC, Housh TJ, Cramer JT.
Greater neural adaptations following high-vs. low-load resistance training. Front Physiol 8: 331, 2017.

Noébrega SR, Ugrinowitsch C, Pintanel L, Barcelos C, Libardi CA. Effect of resistance training to
muscle failure vs. volitional interruption at high-and low-intensities on muscle mass and strength. J Srength
Cond Res 32: 162-169, 2018.

Morton RW, Oikawa SY, Wavell CG, Mazara N, McGlory C, Quadrilatero J, Baechler BL, Baker
SK, Phillips SM. Neither load nor systemic hormones determine resistance training-mediated hypertrophy
or strength gains in resistance-trained young men. J Appl Physiol 121: 129-138, 2016.

Schoenfeld BJ, Vigotsky AD, Grgic J, Haun C, Contreras B, Delcastillo K, Francis A, Cote G, Alto A.
Do the anatomical and physiological properties of a muscle determine its adaptive response to different
loading protocols? Physiol Rep 8: ¢14427, 2020.

Andersen JL, Aagaard P. Myosin heavy chain IIX overshoot in human skeletal muscle. Muscle Nerve Off
J Am Assoc Electrodiagn Med 23: 10951104, 2000.

Andersen LL, Andersen JL, Magnusson SP, Suetta C, Madsen JL, Christensen LR, Aagaard P.
Changes in the human muscle force-velocity relationship in response to resistance training and subsequent
detraining. J Appl Physiol 99: 87-94, 2005.

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



835
836

837
838

839
840

841
842

843

Fatigue and Hypertrophy

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Ito N, Ruegg UT, Kudo A, Miyagoe-Suzuki Y, Takeda S. Activation of calcium signaling through Trpv1
by nNOS and peroxynitrite as a key trigger of skeletal muscle hypertrophy. Nat Med 19: 101-106, 2013.
doi: 10.1038/nm.3019.

Ferreira DMS, Cheng AJ, Agudelo LZ, Cervenka I, Chaillou T, Correia JC, Porsmyr-Palmertz M,
Izadi M, Hansson A, Martinez-Redondo V, Valente-Silva P, Pettersson-Klein AT, Estall JL, Robinson
MM, Nair KS, Lanner JT, Ruas JL. LIM and cysteine-rich domains 1 (LMCD1) regulates skeletal muscle
hypertrophy, calcium handling, and force. Skelet Muscle 9: 1-19, 2019. doi: 10.1186/S13395-019-0214-
1/FIGURES/S.

Fajardo VA, Rietze BA, Chambers PJ, Bellissimo C, Bombardier E, Quadrilatero J, Tupling AR.
Effects of sarcolipin deletion on skeletal muscle adaptive responses to functional overload and unload. AmJ
Physiol - Cell Physiol 313: C154-C161,2017. doi:
10.1152/AJPCELL.00291.2016/ASSET/IMAGES/LARGE/ZH00081781550004.JPEG.

Mammucari C, Gherardi G, Zamparo I, Raffaello A, Boncompagni S, Chemello F, Cagnin S, Braga
A, Zanin S, Pallafacchina G. The mitochondrial calcium uniporter controls skeletal muscle trophism in
vivo. Cell Rep 10: 1269-1279, 2015.

Ruas JL, White JP, Rao RR, Kleiner S, Brannan KT, Harrison BC, Greene NP, Wu J, Estall JL,
Irving BA, Lanza IR, Rasbach KA, Okutsu M, Nair KS, Yan Z, Leinwand LA, Spiegelman BM. A
PGC-1a Isoform Induced by Resistance Training Regulates Skeletal Muscle Hypertrophy. Cell 151: 1319—
1331, 2012. doi: 10.1016/J.CELL.2012.10.050.

Kumar V, Selby A, Rankin D, Patel R, Atherton P, Hildebrandt W, Williams J, Smith K, Seynnes O,
Hiscock N, Rennie MJ. Age-related differences in the dose—response relationship of muscle protein
synthesis to resistance exercise in young and old men. J Physiol 587: 211-217, 2009. doi:
10.1113/JPHYSIOL.2008.164483.

Gao Y, Arfat Y, Wang H, Goswami N. Muscle atrophy induced by mechanical unloading: Mechanisms
and potential countermeasures. Front Physiol 9: 324534, 2018. doi: 10.3389/FPHYS.2018.00235/BIBTEX.

Lloyd SA, Lang CH, Zhang Y, Paul EM, Laufenberg LJ, Lewis GS, Donahue HJ. Interdependence of
Muscle Atrophy and Bone Loss Induced by Mechanical Unloading. J Bone Miner Res29: 1118-1130, 2014.
doi: 10.1002/JBMR.2113.

Zou K, Meador BM, Johnson B, Huntsman HD, Mahmassani Z, Valero MC, Huey KA, Boppart MD.
The a7p1-integrin increases muscle hypertrophy following multiple bouts of eccentric exercise. J Appl
Physiol 111: 1134-1141, 2011.

Zhou J, Aponte-Santamaria C, Sturm S, Bullerjahn JT, Bronowska A, Griter F. Mechanism of Focal
Adhesion Kinase Mechanosensing. PLOS Comput Biol 11: e1004593, 2015. doi:
10.1371/JOURNAL.PCBI.1004593.

Graham ZA, Gallagher PM, Cardozo CP. Focal adhesion kinase and its role in skeletal muscle. J Muscle
Res Cell Motil 36: 305-315, 2015. doi: 10.1007/S10974-015-9415-3/FIGURES/2.

Klossner S, Durieux A-C, Freyssenet D, Flueck M. Mechano-transduction to muscle protein synthesis is
modulated by FAK. Eur J Appl Physiol 106: 389-398, 2009.

Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M, Zanconato F, Le Digabel J,
Forcato M, Bicciato S. Role of YAP/TAZ in mechanotransduction. Nature 474: 179-183, 2011.

Gabriel BM, Hamilton DL, Tremblay AM, Wackerhage H. The Hippo signal transduction network for
exercise physiologists. J Appl Physiol 120: 1105-1117, 2016.

Wackerhage H, Del Re DP, Judson RN, Sudol M, Sadoshima J. The Hippo signal transduction network
in skeletal and cardiac muscle. Sci Sgnal 7: re4-re4, 2014,

Goodman CA, Dietz JM, Jacobs BL, McNally RM, You J-S, Hornberger TA. Yes-Associated Protein is

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



844
845

846
847

848

850

851
852

853

855

856
857

858
859

860
861

862

864

865
866

867
868

869
870

871
872

873
874
875
876

877
878
879

880
881
882
883

884
885

886
887

Fatigue and Hypertrophy

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

up-regulated by mechanical overload and is sufficient to induce skeletal muscle hypertrophy. FEBS Lett
589:1491-1497, 2015.

Watt KI, Goodman CA, Hornberger TA, Gregorevic P. The Hippo signaling pathway in the regulation
of skeletal muscle mass and function. Exerc Sport Sci Rev 46: 92-96, 2018.

Tumaneng K, Schlegelmilch K, Russell RC, Yimlamai D, Basnet H, Mahadevan N, Fitamant J,
Bardeesy N, Camargo FD, Guan K-L. YAP mediates crosstalk between the Hippo and PI (3) K-TOR
pathways by suppressing PTEN via miR-29. Nat Cell Biol 14: 13221329, 2012.

Hansen CG, Ng YLD, Lam W-LM, Plouffe SW, Guan K-L. The Hippo pathway effectors YAP and TAZ
promote cell growth by modulating amino acid signaling to mTORCI. Cell Res25: 1299-1313, 2015.

Hornberger TA, Chu WK, Mak YW, Hsiung JW, Huang SA, Chien S. The role of phospholipase D and
phosphatidic acid in the mechanical activation of mTOR signaling in skeletal muscle. Proc Natl Acad Sci
103: 47414746, 2006.

Hofemeier AD, Muenker TM, Herkenrath F, Ristau M, Brandt M, Shahriyari M, Tiburcy M,
Zimmermann WH, Lenz C, Mamchaoui K. Dystrophin is a mechanical tension modulator. .

Gumerson JD, Michele DE. The dystrophin-glycoprotein complex in the prevention of muscle damage.
Biomed ResInt 2011, 2011.

Rando TA. The dystrophin—glycoprotein complex, cellular signaling, and the regulation of cell survival in
the muscular dystrophies. Muscle Nerve 24: 1575-1594, 2001.

Jenkins NDM, Housh TJ, Bergstrom HC, Cochrane KC, Hill EC, Smith CM, Johnson GO, Schmidt
RJ, Cramer JT. Muscle activation during three sets to failure at 80 vs. 30% 1RM resistance exercise. Eur J
Appl Physiol 115: 23352347, 2015.

Clarkson PM, Hubal MJ. Exercise-induced muscle damage in humans. Am J Phys Med Rehabil 81: S52—
S69, 2002.

Vierck J, O’Reilly B, Hossner K, Antonio J, Byrne K, Bucci L, Dodson M. Satellite cell regulation
following myotrauma caused by resistance exercise. Cell Biol Int 24: 263-272, 2000.

Phillips BE, Hill DS, Atherton PJ. Regulation of muscle protein synthesis in humans. Curr Opin Clin Nutr
Metab Care 15: 58-63, 2012.

Schoenfeld BJ. Does exercise-induced muscle damage play a role in skeletal muscle hypertrophy? J
Srength Cond Res 26: 1441-1453, 2012.

Pareja-Blanco F, Rodriguez-Rosell D, Sinchez-Medina L, Ribas-Serna J, Lépez-Lépez C, Mora-
Custodio R, Yaiiez-Garcia JM, Gonzalez-Badillo JJ. Acute and delayed response to resistance exercise
leading or not leading to muscle failure. Clin Physiol Funct Imaging 37: 630-639, 2017. doi:
10.1111/CPF.12348.

Orssatto LB da R, Moura BM de, Bezerra E de S, Andersen LL, de Oliveira SN, Diefenthaeler F.
Influence of strength training intensity on subsequent recovery in elderly. Exp Gerontol 106: 232-239, 2018.
doi: 10.1016/J. EXGER.2018.03.011.

Alvarez IF, Damas F, Biazon TMP de, Miquelini M, Doma K, Libardi CA. Muscle damage responses to
resistance exercise performed with high-load versus low-load associated with partial blood flow restriction
in young women. https://doi.org/101080/1746139120191614680 20: 125-134, 2019. doi:
10.1080/17461391.2019.1614680.

Chen TC, Nosaka K, Sacco P. Intensity of eccentric exercise, shift of optimum angle, and the magnitude of
repeated-bout effect. J Appl Physiol 102: 992-999, 2007.

Haun CT, Mumford PW, Roberson PA, Romero MA, Mobley CB, Kephart WC, Anderson RG,
Colquhoun RJ, Muddle TWD, Luera MJ, Mackey CS, Pascoe DD, Young KC, Martin JS, DeFreitas

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



Fatigue and Hypertrophy

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

JM, Jenkins NDM, Roberts MD. Molecular, neuromuscular, and recovery responses to light versus heavy
resistance exercise in young men. Physiol Rep 5, 2017. doi: 10.14814/PHY2.13457.

Bjornsen T, Wernbom M, Levstad A, Paulsen G, D’Souza RF, Cameron-Smith D, Flesche A, Hisdal J,
Berntsen S, Raastad T. Delayed myonuclear addition, myofiber hypertrophy, and increases in strength with
high-frequency low-load blood flow restricted training to volitional failure. J Appl Physiol 126: 578-592,
2019.

Yasuda T, Fukumura K, lida H, Nakajima T. Effect of low-load resistance exercise with and without
blood flow restriction to volitional fatigue on muscle swelling. Eur J Appl Physiol 115: 919-926, 2015.

Umbel JD, Hoffman RL, Dearth DJ, Chleboun GS, Manini TM, Clark BC. Delayed-onset muscle
soreness induced by low-load blood flow-restricted exercise. Eur J Appl Physiol 107: 687-695, 2009.

Alvarez IF, Damas F, Biazon TMP de, Miquelini M, Doma K, Libardi CA. Muscle damage responses to
resistance exercise performed with high-load versus low-load associated with partial blood flow restriction
in young women. Eur J Sport Sci 20: 125-134, 2020.

Wernbom M, Schoenfeld BJ, Paulsen G, Bjornsen T, Cumming KT, Aagaard P, Clark BC, Raastad
T. Commentary: can blood flow restricted exercise cause muscle damage? Commentary on blood flow
restriction exercise: considerations of methodology, application, and safety. Front Physiol 11: 243, 2020.

Wernbom M, Apro W, Paulsen G, Nilsen TS, Blomstrand E, Raastad T. Acute low-load resistance
exercise with and without blood flow restriction increased protein signalling and number of satellite cells in
human skeletal muscle. Eur J Appl Physiol 113: 2953-2965, 2013.

Yeom D-C, Hwang D-J, Lee W-B, Cho J-Y, Koo J-H. Effects of Low-Load, High-Repetition Resistance
Training on Maximum Muscle Strength and Muscle Damage in Elite Weightlifters: A Preliminary Study. Int
J Mol i 24: 17079, 2023.

Damas F, Phillips SM, Libardi CA, Vechin FC, Lixandrao ME, Jannig PR, Costa LAR, Bacurau A 'V,
Snijders T, Parise G. Resistance training-induced changes in integrated myofibrillar protein synthesis are
related to hypertrophy only after attenuation of muscle damage. J Physiol 594: 5209-5222, 2016.

Mitchell CJ, Churchward-Venne TA, Parise G, Bellamy L, Baker SK, Smith K, Atherton PJ, Phillips
SM. Acute post-exercise myofibrillar protein synthesis is not correlated with resistance training-induced
muscle hypertrophy in young men. PLOSOne 9: e§9431, 2014.

Gharahdaghi N, Rudrappa S, Brook MS, Farrash W, Idris I, Aziz MHA, Kadi F, Papaioannou K,
Phillips BE, Sian T. Pharmacological hypogonadism impairs molecular transducers of exercise-induced
muscle growth in humans. J Cachexia Sarcopenia Muscle 13: 1134-1150, 2022.

Goldspink G. Mechanical signals, IGF-I gene splicing, and muscle adaptation. Physiology 20: 232-238,
2005.

West DWD, Phillips SM. Anabolic Processes in Human Skeletal Muscle: Restoring the Identities of
Growth Hormone and Testosterone. http://dx.doi.org/103810/psm2010101814 38: 97-104, 2015. doi:
10.3810/PSM.2010.10.1814.

West DWD, Burd NA, Tang JE, Moore DR, Staples AW, Holwerda AM, Baker SK, Phillips SM.
Elevations in ostensibly anabolic hormones with resistance exercise enhance neither training-induced
muscle hypertrophy nor strength of the elbow flexors. J Appl Physiol 108: 60—67, 2010. doi:
10.1152/JAPPLPHYSIOL.01147.2009/ASSET/IMAGES/LARGE/ZDG0011088840003.JPEG.

Fink J, Kikuchi N, Yoshida S, Terada K, Nakazato K. Impact of high versus low fixed loads and non-
linear training loads on muscle hypertrophy, strength and force development. Springerplus 5: 1-8, 2016.

West DWD, Kujbida GW, Moore DR, Atherton P, Burd NA, Padzik JP, De Lisio M, Tang JE, Parise
G, Rennie MJ. Resistance exercise-induced increases in putative anabolic hormones do not enhance muscle
protein synthesis or intracellular signalling in young men. J Physiol 587: 5239-5247, 2009.

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



933

935
936

938
939

941

942
943

944

946

947
948

949
950

951

953

954
955
956
957

958
959

960

961
962
963

964
965
966

967
968
969

970
971
972

973
974

975
976

Fatigue and Hypertrophy

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.
165.

166.

167.

168.

169.

170.

Morton RW, Sato K, Gallaugher MPB, Oikawa SY, McNicholas PD, Fujita S, Phillips SM. Muscle
androgen receptor content but not systemic hormones is associated with resistance training-induced skeletal
muscle hypertrophy in healthy, young men. Front Physiol 9: 1373, 2018.

Wilkinson SB, Tarnopolsky MA, Grant EJ, Correia CE, Phillips SM. Hypertrophy with unilateral
resistance exercise occurs without increases in endogenous anabolic hormone concentration. Eur J Appl
Physiol 98: 546-555, 2006.

Schuelke M, Wagner KR, Stolz LE, Hiibner C, Riebel T, Kémen W, Braun T, Tobin JF, Lee S-J.
Myostatin Mutation Associated with Gross Muscle Hypertrophy in a Child.
https://doi.org/101056/NEJM0a040933 350: 2682-2688, 2004. doi: 10.1056/NEJMOA040933.

Bonnieu A, Carnac G, Vernus B. Myostatin in the pathophysiology of skeletal muscle. Curr Genomics 8:
415-422,2007.

Drummond MJ, Fujita S, Takashi A, Dreyer HC, Volpi E, Rasmussen BB. Human Muscle Gene
Expression Following Resistance Exercise and Blood Flow Restriction. Med Sci Sports Exerc 40: 691, 2008.
doi: 10.1249/MSS.0B013E318160FF&4.

Kim J, Cross JM, Bamman MM. Impact of resistance loading on myostatin expression and cell cycle
regulation in young and older men and women. Am J Physiol Metab 288: E1110-E1119, 2005.

Allen DL, Hittel DS, McPherron AC. Expression and Function of Myostatin in Obesity, Diabetes, and
Exercise Adaptation. Med Sci Sports Exerc 43: 1828, 2011. doi: 10.1249/MSS.0B013E3182178BB4.

Morissette MR, Cook SA, Buranasombati C, Rosenberg MA, Rosenzweig A. Myostatin inhibits IGF-I-
induced myotube hypertrophy through Akt. Am J Physiol - Cell Physiol 297: 1124-1132, 2009. doi:
10.1152/AJPCELL.00043.2009/ASSET/IMAGES/LARGE/ZH00110961000006.JPEG.

Trendelenburg AU, Meyer A, Rohner D, Boyle J, Hatakeyama S, Glass DJ. Myostatin reduces
Akt/TORC1/p70S6K signaling, inhibiting myoblast differentiation and myotube size. AmJ Physiol - Cell
Physiol 296: 1258-1270, 2009. doi:
10.1152/AJPCELL.00105.2009/ASSET/IMAGES/LARGE/ZH00060959530008.JPEG.

Han HQ, Zhou X, Mitch WE, Goldberg AL. Myostatin/activin pathway antagonism: molecular basis and
therapeutic potential. Int J Biochem Cell Biol 45: 2333-2347, 2013.

Annes JP, Munger JS, Rifkin DB. Making sense of latent TGFf activation. J Cell Sci 116: 217224, 2003.

McIntosh MC, Sexton CL, Godwin JS, Ruple BA, Michel JM, Plotkin DL, Ziegenfuss TN, Lopez HL,
Smith R, Dwaraka VB. Different resistance exercise loading paradigms similarly affect skeletal muscle
gene expression patterns of myostatin-related targets and mTORCI signaling markers. Cells 12: 898, 2023.

Laurentino GC, Ugrinowitsch C, Roschel H, Aoki MS, Soares AG, MANOEL NEVES JR, Aihara AY,
Fernandes A da RC, Tricoli V. Strength training with blood flow restriction diminishes myostatin gene
expression. Med Sci Sport Exerc 44: 406-412, 2012.

Hornsby III G, Lawson D, Vann C, Schoenfeld BJ, Haun C. Beyond Mechanical Tension: A Review of
Resistance Exercise-Induced Lactate Responses &amp; Muscle Hypertrophy. J Funct Morphol Kinesiol
2022, Vol 7, Page 81 7: 81, 2022. doi: 10.3390/JFMK7040081.

Suga T, Okita K, Morita N, Yokota T, Hirabayashi K, Horiuchi M, Takada S, Takahashi T,
Omokawa M, Kinugawa S. Intramuscular metabolism during low-intensity resistance exercise with blood
flow restriction. J Appl Physiol 106: 1119-1124, 2009.

Tesch PA, Colliander EB, Kaiser P. Muscle metabolism during intense, heavy-resistance exercise. Eur J
Appl Physiol Occup Physiol 55: 362-366, 1986.

Buitrago S, Wirtz N, Yue Z, Kleinoder H, Mester J. Effects of load and training modes on physiological
and metabolic responses in resistance exercise. Eur J Appl Physiol 112: 2739-2748, 2012.

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



Fatigue and Hypertrophy

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Brunelli DT, Finardi EAR, Bonfante ILP, Gaspari AF, Sardeli A V, Souza TMF, Chacon-Mikahil
MPT, Cavaglieri CR. Acute low-compared to high-load resistance training to failure results in greater
energy expenditure during exercise in healthy young men. PLoS One 14: €0224801, 2019.

Amann M, Dempsey JA. Locomotor muscle fatigue modifies central motor drive in healthy humans and
imposes a limitation to exercise performance. J Physiol 586: 161-173, 2008.

Brooks GA, Osmond AD, Arevalo JA, Duong JJ, Curl CC, Moreno-Santillan DD, Leija RG. Lactate as
a Myokine and Exerkine: Drivers and Signals of Physiology and Metabolism. .

Oishi Y, Tsukamoto H, Yokokawa T, Hirotsu K, Shimazu M, Uchida K, Tomi H, Higashida K,
Iwanaka N, Hashimoto T. Mixed lactate and caffeine compound increases satellite cell activity and
anabolic signals for muscle hypertrophy. J Appl Physiol 118: 742-749, 2015. doi:
10.1152/JAPPLPHYSIOL.00054.2014/ASSET/IMAGES/LARGE/ZDG0061513400007.JPEG.

Ohno Y, Ando K, Ito T, Suda Y, Matsui Y, Oyama A, Kaneko H, Yokoyama S, Egawa T, Goto K.
Lactate Stimulates a Potential for Hypertrophy and Regeneration of Mouse Skeletal Muscle. Nutr 2019, Vol
11, Page 869 11: 869, 2019. doi: 10.3390/NU11040869.

Tsukamoto S, Shibasaki A, Naka A, Saito H, lida K. Lactate Promotes Myoblast Differentiation and
Myotube Hypertrophy via a Pathway Involving MyoD In Vitro and Enhances Muscle Regeneration In Vivo.
Int J Mol Sci 2018, Vol 19, Page 3649 19: 3649, 2018. doi: 10.3390/1JMS19113649.

Willkomm L, Schubert S, Jung R, Elsen M, Borde J, Gehlert S, Suhr F, Bloch W. Lactate regulates
myogenesis in C2C12 myoblasts in vitro. Sem Cell Res 12: 742-753, 2014. doi:
10.1016/J.SCR.2014.03.004.

Willkomm L, Gehlert S, Jacko D, Schiffer T, Bloch W. p38 MAPK activation and H3K4 trimethylation is
decreased by lactate in vitro and high intensity resistance training in human skeletal muscle. PLoS One 12:
€0176609, 2017. doi: 10.1371/JOURNAL.PONE.01766009.

Liegnell R, Apré W, Danielsson S, Ekblom B, van Hall G, Holmberg HC, Moberg M. Elevated plasma
lactate levels via exogenous lactate infusion do not alter resistance exercise-induced signaling or protein
synthesis in human skeletal muscle. Am J Physiol - Endocrinol Metab 319: E792-E804, 2020. doi:
10.1152/AJPENDO.00291.2020/ASSET/IMAGES/LARGE/AJ-AEND200028F006.JPEG.

Cheng AJ, Yamada T, Rassier DE, Andersson DC, Westerblad H, Lanner JT. Reactive
oxygen/nitrogen species and contractile function in skeletal muscle during fatigue and recovery. J Physiol
594: 5149-5160, 2016.

Powers SK, Jackson MJ. Exercise-induced oxidative stress: Cellular mechanisms and impact on muscle
force production. Physiol Rev 88: 1243-1276, 2008. doi:
10.1152/PHYSREV.00031.2007/ASSET/IMAGES/LARGE/Z9J0040824850007.JPEG.

Ismaeel A, Holmes M, Papoutsi E, Panton L, Koutakis P. Resistance Training, Antioxidant Status, and
Antioxidant Supplementation. Int J Sport Nutr Exerc Metab 29: 539-547, 2019. doi:
10.1123/IJSNEM.2018-0339.

Mason SA, Morrison D, McConell GK, Wadley GD. Muscle redox signalling pathways in exercise. Role
of antioxidants. Free Radic Biol Med 98: 29-45, 2016.

Theofilidis G, Bogdanis GC, Koutedakis Y, Karatzaferi C. Monitoring exercise-induced muscle fatigue
and adaptations: making sense of popular or emerging indices and biomarkers. Soorts 6: 153, 2018.

Tidball JG, Spencer MJ, Wehling M, Lavergne E. Nitric-oxide synthase is a mechanical signal
transducer that modulates talin and vinculin expression. J Biol Chem 274: 33155-33160, 1999. doi:
10.1074/jbc.274.46.33155.

Handayaningsih A-E, Iguchi G, Fukuoka H, Nishizawa H, Takahashi M, Yamamoto M, Herningtyas
E-H, Okimura Y, Kaji H, Chihara K. Reactive oxygen species play an essential role in IGF-I signaling

10

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



Fatigue and Hypertrophy

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.
203.

and IGF-I-induced myocyte hypertrophy in C2C12 myocytes. Endocrinology 152: 912-921, 2011.

Leslie NR, Bennett D, Lindsay YE, Stewart H, Gray A, Downes CP. Redox regulation of PI 3-kinase
signalling via inactivation of PTEN. EMBO J 22: 5501-5510, 2003.

Fernandes RV, Tricoli V, Soares AG, Miyabara EH, Aoki MS, Laurentino G. Low-load resistance
exercise with blood flow restriction increases hypoxia-induced angiogenic genes expression. J Hum Kinet
84: 82-91, 2022.

Clifford T, Jeffries O, Stevenson EJ, Davies KAB. The effects of vitamin C and E on exercise-induced
physiological adaptations: a systematic review and Meta-analysis of randomized controlled trials. Crit Rev
Food Sci Nutr 60: 3669-3679, 2020. doi: 10.1080/10408398.2019.1703642.

Bjornsen T, Salvesen S, Berntsen S, Hetlelid KJ, Stea TH, Lohne-Seiler H, Rohde G, Haraldstad K,
Raastad T, Kepp U, Haugeberg G, Mansoor MA, Bastani NE, Blomhoff R, Stelevik SB, Seynnes OR,
Paulsen G. Vitamin C and E supplementation blunts increases in total lean body mass in elderly men after
strength training. Scand J Med Sci Sports 26: 755-763, 2016. doi: 10.1111/SMS.12506.

Paulsen G, Hamarsland H, Cumming KT, Johansen RE, Hulmi JJ, Bersheim E, Wiig H, Garthe 1,
Raastad T. Vitamin C and E supplementation alters protein signalling after a strength training session, but
not muscle growth during 10 weeks of training. J Physiol 592: 5391-5408, 2014. doi:
10.1113/JPHYSIOL.2014.279950.

Ristow M, Zarse K, Oberbach A, Kléting N, Birringer M, Kiehntopf M, Stumvoll M, Kahn CR,
Bliiher M. Antioxidants prevent health-promoting effects of physical exercise in humans. Proc Natl Acad
i 106: 8665-8670, 2009.

Alway SE, McCrory JL, Kearcher K, Vickers A, Frear B, Gilleland DL, Bonner DE, Thomas JM,
Donley DA, Lively MW. Resveratrol enhances exercise-induced cellular and functional adaptations of
skeletal muscle in older men and women. Journals Gerontol Ser A Biomed Sci Med Sci 72: 1595-1606,
2017.

Cesari M, Pahor M, Bartali B, Cherubini A, Penninx BWJH, Williams GR, Atkinson H, Martin A,
Guralnik JM, Ferrucci L. Antioxidants and physical performance in elderly persons: the Invecchiare in
Chianti (InCHIANTI) study. AmJ Clin Nutr 79: 289-294, 2004.

Usher-Smith JA, Huang CL, Fraser JA. Control of cell volume in skeletal muscle. Biol Rev 84: 143-159,
20009.

Agentilho GI, DE LUCENA EGP, Teixeira LFM, Boas V V, Ribeiro IC, Barroso R, Schoenfeld BJ,
Uchida MC. Low-Load x High-Load Resistance Exercise: Greater Cell Swelling After a Training Session.
Int J Exerc Sci 16: 513, 2023.

Gillani S, Cao J, Suzuki T, Hak DJ. The effect of ischemia reperfusion injury on skeletal muscle. Injury
43: 670-675, 2012.

Stupka N, Tarnopolsky MA, Yardley NJ, Phillips SM. Cellular adaptation to repeated eccentric exercise-
induced muscle damage. J Appl Physiol 91: 1669-1678, 2001.

Beaton LJ, Tarnopolsky MA, Phillips SM. Contraction-induced muscle damage in humans following
calcium channel blocker administration. J Physiol 544: 849-859, 2002.

Pizza FX, Koh TJ, McGregor SJ, Brooks S V. Muscle inflammatory cells after passive stretches,
isometric contractions, and lengthening contractions. J Appl Physiol 92: 1873—1878, 2002.

McLoughlin TJ, Mylona E, Hornberger TA, Esser KA, Pizza FX. Inflammatory cells in rat skeletal
muscle are elevated after electrically stimulated contractions. J Appl Physiol 94: 876-882, 2003.

Grgic J. No Pain, No Gain? Examining the Influence of Ibuprofen Consumption on Muscle Hypertrophy. .

Trappe TA, Carroll CC, Dickinson JM, LeMoine JK, Haus JM, Sullivan BE, Lee JD, Jemiolo B,

11

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



1066
1067
1068

1069
1070
1071

1072
1073
1074

1075
1076

1077
1078

1079

Fatigue and Hypertrophy

204.

205.

206.

207.

Weinheimer EM, Hollon CJ. Influence of acetaminophen and ibuprofen on skeletal muscle adaptations to
resistance exercise in older adults. Am J Physiol Regul Integr Comp Physiol 300, 2011. doi:
10.1152/AJPREGU.00611.2010.

Lilja M, Mandi¢ M, Apré W, Melin M, Olsson K, Rosenborg S, Gustafsson T, Lundberg TR. High
doses of anti-inflammatory drugs compromise muscle strength and hypertrophic adaptations to resistance
training in young adults. Acta Physiol (Oxf) 222, 2018. doi: 10.1111/APHA.12948.

Rieu I, Magne H, Savary-Auzeloux I, Averous J, Bos C, Peyron M-A, Combaret L, Dardevet D.
Reduction of low grade inflammation restores blunting of postprandial muscle anabolism and limits
sarcopenia in old rats. J Physiol 587: 5483-5492, 20009.

Chatterjee S. Oxidative stress, inflammation, and disease. In: Oxidative stress and biomaterials. Elsevier,
2016, p. 35-58.

Roberts MD, Haun CT, Vann CG, Osburn SC, Young KC. Sarcoplasmic hypertrophy in skeletal muscle:
A scientific “unicorn” or resistance training adaptation? Front Physiol 11: 816, 2020.

12

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



D Likely mechanism

Low-load Potential mechanism
fatigue ? Questions remain
induced . Unlikely mechanism

hypertrophy n Upstream mechanism
Hypothesis 1: Hypothesis 2:
Indirect Direct
mechanisms mechanisms

Mechanical
tension

Fibre ) —_—
Proteins JMetabolites]

-
-—-—
—-—
-

H Fibre type :
Calcium specific  «-- Me::abollc Myostating---------------uuunn-d Oxidative
hypertrophy SUESS Stress

Downloaded from journals.physiology.org/journal/ajpcell at (083.061.228.125) on January 11, 2025.



Load

High Load Resistance Exercise
Low Load Resistance Exercise

[ ]
Downloaded from journdsphyW)WaRep.szz&lzs) on January 11, 2025.

W &8

O Type | Fibre
O Type Il Fibre

Unrecruited

. Recruited

. Fatigued
‘ Damaged



Mechanisms of Fatigue-Induced Skeletal
Muscle Hypertrophy with Low-Load

Resistance Training
2 +/ Likely Mechanisms

x Unlikely Mechanisms

High Load Low Load ? Questions Remain

Resistance Resistance
Exercise Exermse

Mechanical \ /

v ten5|2|n @ / Inﬂammat|on 7

Fibre RONS/ ?

VRecrultment . Oxidative
Exercise Stress

Induced Fatigue
? Protein8© Metabolites ?
Muscle
x 2O\ @ (8)ormones 3¢

Skeletal Muscle
Hypertrophy

Low-load resistance exercise has been proposed to increase skeletal muscle hypertrophy through multiple
mechanisms; however, we propose that exercise-induced fatigue plays a key role in the hypertrophic response via
mechanisms that increase muscle fibre recruitment during volitional exhaustion, as well as via increased
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