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Abstract figure legend Resistance training-induced adaptations involve multiple physiological pathways across the
neuromuscular system. Plastic changes in the brain and spinal circuitries promote increased excitability, synaptic input
transmission and lower synaptic noise, all producing a higher and more stable neural drive. In the skeletal muscle,
mechanical and metabolic stresses activate contractile protein synthesis, structural repair by the satellite cells and

improve endurance capacity using mitochondrial biogenesis and capillarisation.
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Introduction

Resistance training (RT) represents one of the most
extensively practised forms of physical activity, eliciting
well-characterised adaptations that enhance performance,
health and overall well-being. The canonical responses
to mechanical overloading, which include improved
maximal force production, rate of force development
(RFD) and muscle hypertrophy, are by now firmly
established (del Vecchio et al., 2024; Moritani & deVries,
1979; Roberts et al., 2023; Skarabot et al., 2021). However
structured RT regimens promote a broad range of
benefits that extend far beyond mere gains in muscle size
and strength. Such regimens have been recognised for
the prevention and improvement of various conditions
resulting from immobilisation, sedentary behaviour and
metabolic dysfunction, such as sarcopenia (Aagaard et al.,
2010; Cheng et al., 2024; Jones et al, 2022; Piasecki,
2024), diabetes-related complications (Andersen et al.,
2004; Lecce, Bellini et al., 2025; Tian et al., 2023)
and cardiovascular disorders (Braith & Stewart, 2006;
Evans et al., 2018; Vincent & Vincent, 2006). Beneficial
effects are mediated by multiple physiological processes,
ranging from molecular signalling cascades to functional
neuromuscular adaptations, all of which contribute to
improvements in body composition, metabolic health and
performance (Currier et al., 2023; Kraemer et al., 2002;
Westcott, 2012).

Although previous reviews have elegantly addressed
individual aspects of RT, covering functional,
morphological and molecular mechanisms of such
adaptations (Aagaard et al., 2020; Atkinson et al., 2022;
Dai et al., 2024; del Vecchio, Casolo et al., 2019; Folland &
Williams, 2007; Roberts et al., 2023; Skarabot et al., 2021),
a single comprehensive source concurrently detailing the
physiological pathways activated by specific structured
protocols and the resulting adaptations is lacking.

Therefore the purposes of this topical review are (a)
to summarise the most relevant and up-to-date evidence
on the sites of putative neuromuscular adaptations and
the molecular signalling pathways these engage; (b) to
critically examine how these neuromuscular changes

synergise with functional modifications to enhance
performance; (c) to delineate how distinct RT modalities
elicit specific physiological responses at the precise
extent, thereby translating these insights into clear,
evidence-based recommendations for optimising both
performance and health outcomes. Together, these efforts
aim to offer an integrated perspective on the multifaceted
adaptations to structured RT, underscoring its enduring
relevance for human adaptability in both everyday life
and athletic performance.

Search string

For this narrative review, an extensive literature search
was conducted in PubMed/MEDLINE, Scopus and Web
of Science from database inception, updated in September
2025, using a combined set of MeSH terms and free-text
keywords designed to capture the full spectrum of neuro-
muscular adaptations to RT at both the central and
peripheral nervous systems, skeletal muscle, hormonal
and molecular dimensions. The primary search string
was constructed as follows: (‘Resistance training’ OR
‘strength training’ OR ‘weightlifting’) AND (‘Muscle,
skeletal/physiology’ OR ‘neuromuscular adaptation’ OR
‘neural adaptation’ OR ‘brain/physiology’ OR ‘spinal
cord/physiology’ OR ‘motor neurons/physiology’ OR
‘motor unit’ (Mesh) OR ‘motor unit recruitment’
OR ‘corticospinal’ OR ‘cortical plasticity’ OR ‘spinal
excitability’ OR ‘synaptic plasticity’ OR ‘muscle hyper-
trophy’ OR ‘hormonal response’) AND (‘signal trans-
duction’” OR ‘molecular pathway’ OR ‘gene expression’
OR ‘myogenic regulatory factors’s OR ‘neurotrophic
factors’ OR ‘hormonal regulation’ OR ‘neuroendocrine
adaptation’ OR ‘mTOR’ OR ‘Akt’ OR ‘MAPK’ OR ‘BDNF
OR ‘IGF-1" OR ‘testosterone’ OR ‘growth hormone’). In
addition to database queries reference lists of key articles
and recent reviews were manually searched to identify
any pertinent publications that the keyword strategy may
have overlooked. All identified records were screened
by title and abstract, and full texts of potentially eligible
articles were retrieved.

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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Neural adaptations

It is widely accepted that, during the initial weeks of a RT
programme, most improvements in strength reflect neural
adaptations because these changes occur without sub-
stantial increases in physiological cross-sectional area and
early rises in muscle size have been attributed to oedema
(Aagaard, 2003; Damas et al., 2016; Moritani & deVries,
1979; Skarabot et al., 2021). These adaptations involve
changes in supraspinal regions, spinal circuitries, the
neuromuscular junction (NMJ) and intrinsic motoneuron
properties (Carroll et al., 2002; Deschenes, 2019; Folland
& Williams, 2007; Gabriel et al., 2006; Perez & Cohen,
2008). Underlying these physiological modifications are
molecular signalling cascades, including neurotrophic
factors, ion-channel modulation and gene transcription,
all contributing to synaptic remodelling and neuronal
function.

Supraspinal circuitries. After a short-term RT inter-
vention (<4 weeks), the primary motor cortex (M1)
typically exhibits changes in its excitatory—inhibitory
balance (Perez et al., 2006; Siddique et al., 2020;
Skarabot et al, 2021). Paired-pulse transcranial
magnetic  stimulation (TMS) studies consistently
demonstrate a reduction in short-interval intracortical
inhibition (SICI) following RT in young humans,
indicating downregulation of gamma-aminobutyric acid
(GABA),-mediated interneuronal activity (Kidgell et al.,
2017; Weier et al., 2012). Concurrently, TMS-induced
cortical silent period (SP), a transient interruption in
the voluntary-evoked sEMG signal during contraction,
is shorter after RT intervention (Gémez-Feria et al.,
2023; Kidgell et al, 2017; Siddique et al, 2020),
indicating a lower GABAjg-dependent suppression of
the volitional drive from M1 onto the spinal motoneurons
in recreationally active humans (Yacyshyn et al., 2016).

These modifications mirror those observed in motor
learning (Carroll et al., 2002; Martin & Morris, 2002),
suggesting that use-dependent synaptic plasticity under-
lies M1 adaptations. Specifically, N-methyl-p-aspartate
(NMDA)gr-dependent long-term  potentiation and
brain-derived neurotrophic factor (BDNF)-mediated
signalling likely contribute to these training-induced
modifications (Carroll et al., 2002; Farmer et al., 2004;
Neeper et al., 1995; Zuo et al., 2025). Additionally, several
studies report enhanced intracortical facilitation after RT
intervention in animals (Glover & Baker, 2020) and young
humans (Falvo et al., 2010), implying a modification in the
balance between GABAergic inhibition and glutamatergic
excitation within M1 circuits (Coxon et al., 2018; Maddock
etal, 2011, 2016; Stagg et al., 2011).

In contrast, measures of corticospinal excitability, such
as resting motor-evoked potential (MEP) amplitude and
input-output slope, have yielded heterogeneous responses

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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(Gémez-Feria et al., 2023). In response to short-term
interventions (<4 weeks) in humans, some studies have
reported increased MEP amplitudes following training
(Griffin & Cafarelli, 2007; Kidgell & Pearce, 2010; Kidgell
et al., 2010; Weier et al.,, 2012), whereas others have
observed no changes or even reductions in these measures
(Carroll et al., 2009; Christie & Kamen, 2014; Lee et al,,
2009). Notably, when corticospinal output is probed
using transcranial electrical stimulation (TES), which pre-
ferentially activates a larger proportion of corticospinal
neurons than TMS (di Lazzaro et al., 1998), RT appears
to alter spinal circuitry without substantially reorganising
M1 in young humans following 4 weeks of RT (Carroll
et al., 2002).

Concurrently, the reticulospinal system exhibits
clear potentiation of its drive to spinal motoneurons.
In non-human primates, high-load RT strengthens
reticulospinal-motoneuron connections, thereby
augmenting gross descending drive during maximal
voluntary efforts (Glover & Baker, 2020; Riddle et al.,
2009). This potentiation may arise via multiple pathways,
including cortico-reticular inputs, intrinsic reticular
interconnections, reticulospinal synapses onto spinal
interneurons or direct reticulospinal projections to
motoneurons (Skarabot et al., 2021). Although these
contributions have not been directly observed in humans,
evidence from high-density surface electromyography
(HDSEMG) studies suggests that synaptic input to
motoneurons increases when an auditory startling
stimulus is provided (Skarabot et al, 2022), an effect
attributed to reticulospinal facilitation of descending
commands (Atkinson et al., 2022).

Spinal circuitries. Adaptations to RT also include
spinal-level mechanisms, although determining their
precise loci remains challenging due to both the
complexity of spinal networks and methodological
constraints. Two non-invasive measures commonly
employed in human studies, the Hoffmann (H) reflex and
the V-wave, offer complementary, albeit indirect, insights
into spinal excitability and presynaptic modulation
(McNeil et al, 2013; Skarabot et al., 2021). Although
resting H-reflex amplitude usually remains unchanged
after training, the H-reflex measured during maximal
voluntary contractions improves significantly in young
adults after short-term RT (7 weeks) (Duclay et al., 2008)
and in both young and older adults after longer inter-
ventions (>14 weeks) (Aagaard et al., 2002a; Scaglioni
et al., 2002), suggesting that spinal adaptations become
evident primarily under functional loading conditions.
Concurrently, human studies indicate that the V-wave
tends to increase after a brief (4 weeks) (Fimland,
Helgerud, Gruber et al., 2009) or longer (16 weeks)
RT intervention (Aagaard et al., 2002a), suggesting either
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an enhanced descending drive or suppressed spinal
inhibition during force production (Skarabot et al.,
2021).

However, interpreting these changes as purely ‘spinal’
adaptations warrants caution (Skarabot et al., 2021). The
H-reflex is modulated by presynaptic gating of Ia afferents
and by peripheral axonal excitability. Consequently,
an increased Hpy,/Mpma ratio may reflect reduced
presynaptic inhibition or altered axonal membrane
properties rather than intrinsic motor pathway plasticity
(Theodosiadou et al., 2023). Although the V-wave is
less prone to peripheral bias, both measures include
polysynaptic contributions (e.g. interneuronal circuits),
further complicating the assignment of adaptations
to specific spinal loci (Burke et al., 1984; Grau et al,
2024; Kiehn, 2016). Moreover, eccentric-only training
appears particularly effective at augmenting both H-reflex
pathway excitability and V-wave amplitude. These effects
are thought to result from reduced Ib inhibition and
stronger supraspinal drive, even though some of the
effects may also reflect altered descending input rather
than purely spinal adaptations (Duclay et al, 2008;
Vangsgaard et al., 2014).

RT elicits spinal-level adaptations that have been
attributed to a different distribution of synaptic input
to motoneurons, a modification hypothesised to directly
influence motor unit (MU) recruitment threshold in
humans (Dideriksen & del Vecchio, 2023; Johnson et al.,
2017; Lecce et al., 2025). Concurrently, RT has been
shown to reduce synaptic noise in young male and
female individuals (Lecce et al., 2025). Synaptic noise,
defined as stochastic fluctuations in synaptic input to
motoneurons, is thought to be suppressed through a more
balanced presynaptic excitatory—inhibitory drive, more
reliable neurotransmitter release and stabilised synaptic
conductance, thereby reducing firing variability within
the active motoneuron pool (Calvin & Stevens, 1968;
Hubbard et al., 1967; Rusakov et al., 2020; Sturm et al.,
1997; Yarom & Hounsgaard, 2011). Additional spinal
adaptations include potentiation of propriospinal inter-
neuron circuits and strengthening of bilaterally projecting
reticulospinal pathways (Atkinson et al., 2022; Laliberte
et al., 2019), though direct evidence in humans is lacking.
These modifications may impact discharge behaviour of
spinal motoneurons, leading to earlier spike initiation
and higher peak discharge rates (Dideriksen & del
Vecchio, 2023; Johnson et al., 2017), effects that have been
documented in response to short-term RT in both young
(del Vecchio, Casolo et al., 2019; Lecce et al., 2025) and
older adults (Orssatto, Rodrigues et al., 2023).

Inhibitory pathways. Spinal circuitry modifications,
manifesting as enhanced excitability, may also stem
from changes in spinal inhibitory mechanisms, which
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include Ib afferent feedback, homosynaptic depression
and reciprocal and recurrent inhibition (Aagaard et al,,
2000; Grau et al., 2024; Jami, 1992; Kiehn, 2016; Proske &
Gandevia, 2012).

Ib afferent feedback originates from Golgi tendon
organs, encapsulated mechanoreceptors at the
muscle-tendon junction, whose Ib endings wrap collagen
fibrils. Rising tendon tension deforms these endings
and triggers autogenic inhibition via inhibitory inter-
neurons, thereby limiting motoneuron output (Jami,
1992; Proske, 1979). Homosynaptic depression refers
to the progressive decline in H-reflex amplitude with
repeated Ia afferent stimulation, commonly attributed
to the transient depletion of neurotransmitters at the
Ia spinal motoneuron synapse. Reciprocal inhibition
occurs when Ia afferents from an agonist muscle
excite Ia inhibitory interneurons, which, in turn,
suppress o-motoneurons of the antagonist muscle,
facilitating co-ordinated movement and protecting
against co—contraction. Recurrent inhibition is mediated
by Renshaw cells (and related GABAergic interneurons)
that receive collateral input from active «—motoneurons
and feedback inhibitory signals onto the same and
adjacent motoneurons, thereby regulating firing rates and
preventing excessive excitation (Alvarez et al., 2013; Grau
et al., 2024; Katz & Pierrot-Deseilligny, 1999; Kiehn, 2016;
Rekling et al., 2000).

RT appears to attenuate several inhibitory spinal
mechanisms converging on o—motoneurons, including
autogenic Ib inhibition, reciprocal Ia inhibition and
recurrent Renshaw-mediated inhibition, although
evidence in humans is based primarily on indirect
estimates derived from H-reflex measurements (Aagaard,
2018; Duclay et al., 2011; Hultborn & Pierrot-Deseilligny,
1979). Use-dependent plasticity is evident in Ia-mediated
reciprocal inhibition: short-term RT (12 sessions)
enhances disynaptic Ia inhibition in recreationally active
humans (Geertsen et al., 2008). Notably, long-term
strength-trained athletes present even greater Ia
disynaptic reciprocal inhibition than recreationally
active individuals (Koceja et al, 2004), potentially
influencing the marked differences in discharge rate
profiles between these populations (del Vecchio et al,
2018; Skarabot et al., 2024). These spinal-level adaptations
likely contribute to the well-documented reduction in
agonist-antagonist co-contraction following both acute
and chronic RT observed in young humans (Balshaw
et al.,, 2019; Bazzucchi et al., 2008; Pearcey et al., 2014,
2021). Moreover, the type of muscle contraction further
modulates inhibitory tone: eccentric contractions evoke
more pronounced recurrent inhibition compared to iso-
metric or concentric actions (Barrué-Belou et al., 2018),
suggesting that contraction-specific spinal gating may
impact force production and motor control adaptations
(Aagaard, 2018).

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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Evidence also suggests that local spinal inhibitory
circuits can counteract the facilitatory actions of
descending monoaminergic drive on dendritic persistent
inward currents (PICs), potentially limiting the active
dendritic integration of excitatory inputs (Hyngstrom
et al, 2007; Kuo et al., 2003; Mesquita et al., 2022).
Experimental work in animal models has shown that
sustained excitatory inputs to motoneurons are markedly
amplified by dendritic PICs, whose activation depends
on monoaminergic input from the brainstem (Heckman
et al., 2003; Rekling et al., 2000). When inhibitory
inputs from antagonist muscle afferents are concurrently
activated, they can substantially reduce PIC amplitude,
with the degree of suppression being proportional
to the strength of the inhibitory input (Kuo et al,
2003).

Under conditions of minimal monoaminergic activity,
PICs are substantially diminished, and additional
inhibition exerts little further effect. This interaction
highlights the dynamic balance between descending
neuromodulatory facilitation and local inhibitory control
within spinal motoneurons, which together regulate the
overall excitability and output of the motoneuron pool.
By reducing inhibitory tone, RT may indirectly enhance
intrinsic motoneuron excitability through increased
PIC contribution, resulting in greater net neural drive
to muscle, as observed following a short-term RT in
recreationally active young individuals (del Vecchio,
Casolo et al., 2019; Lecce, Conti et al., 2025) and in
chronically strength-trained individuals (Casolo et al,
2021; Skarabot et al., 2024). Although direct assessment
of these spinal-circuit adaptations in humans is currently
unfeasible, converging evidence supports the notion
that adaptive changes within inhibitory interneuronal
networks play a central role in the neural plasticity under-
lying RT-induced improvements in both motoneuron
function and performance outcomes (Abbasi et al,
2022; Gomez-Feria et al, 2023; Latella et al., 2012;
Ramirez-Jarquin & Tapia, 2018; Siddique et al., 2020;
Skarabot et al., 2021; Tallent et al., 2021).

Motoneuron intrinsic properties. The extent to which RT
directly modulates the intrinsic motoneuron excitability
in humans remains unclear. On one hand, mechanical
overloading (or conversely unloading) has been shown
to elicit specific changes in motoneuron properties that
translate into altered force production in both young and
older humans (Christie & Kamen, 2010; Lecce et al., 2025;
Martino et al,, 2024; Orssatto, Rodrigues et al., 2023;
Piasecki, 2024; Valli et al., 2024). On the contrary, other
human studies suggest minimal or inconsistent effects of
RT on intrinsic motoneuron excitability (Ansdell et al.,
2020; Kim et al., 2019; Nuzzo et al., 2017; Skarabot et al.,
2021).

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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Animal models provide clearer evidence: short-term
RT (5 and 12 weeks) induces a shortened action—potential
duration, increased input resistance, lower rheobase,
reduced afterhyperpolarisation (AHP) amplitude and
decreased current threshold for rhythmic firing initiation
(Krutki et al., 2015, 2017). Given the roles of voltage-gated
sodium channels (Hodgkin & Huxley, 1952) and L-type
calcium channels (Gorassini et al., 1998; Schwindt &
Crill, 1980) in human motoneuron excitability (Mesquita
et al.,, 2024), a growing body of evidence suggests that
RT induces biophysical alterations in these channels
(Cormery et al, 2005; Dai et al., 2024; Krutki et al.,
2015, 2017; Lecce et al., 2025; Orssatto, Blazevich et al.,
2023). Consequently, it is plausible that RT-driven
enhancements in intrinsic motoneuron excitability
arise from upregulated sodium (In,p) and calcium
(Icap) conductances and/or modified monoaminergic
modulation, as serotonergic and noradrenergic inputs are
known to amplify these currents (Gardiner et al., 2006;
Heckman et al., 2003, 2009).

PICs influence motoneuron behaviour using
two  complementary = mechanisms.  Subthreshold
activation lowers the membrane potential threshold
for action-potential initiation, thereby reducing the
recruitment threshold of motoneurons: larger sub-
threshold PICs imply motoneurons being recruited
over a narrower voltage input (Johnson et al., 2017;
Power et al., 2012; Rekling et al., 2000). Suprathreshold
amplification increases depolarisation during ongoing
firing: persistent Na™ and gradually recruited L-type Ca’*
channels amplify incoming synaptic drive, sustaining and
accelerating discharge in the secondary range of the
f~I curve (Cantrell & Catterall, 2001; Heckman, 1994;
Prescott & de Koninck, 2005; Shapiro & Lee, 2007).

Adaptations in intrinsic excitability thus likely
reflect changes in the expression or kinetics of these
ionic conductances: upregulated In,p and L-type
Ic,p for initiation and amplification, downregulated
delayed-rectifier K*' currents (Kpr) to prolong
depolarisation and reduced Ca’*-activated K™ currents
(Kca) to shorten the AHP phase. Although briefer
AHPs have been observed in both young and older
humans in response to a short-term (2 weeks) RT inter-
vention (Christie & Kamen, 2010), direct evidence for
RT-induced changes in channel expression underlying
AHP modifications remains to be established (Dai et al.,
2024).

Although direct evidence for RT-induced modulation
of Na® and Ca’" channels in humans is still lacking,
data from in vitro animal models of endurance exercise
demonstrate the upregulation of In,p and L-type Icqp,
alongside dendritic hypertrophy (Chen & Dai, 2022;
Ge & Dai, 2020). Enhanced Iy,p increases subthreshold
depolarising drive, lowering rheobase and supporting
firing amplification, whereas enhancement of dendritic

35UBD| 7 SUOWILLOD BAIIER1D 3(qedt|dde ayy Aq pausenob afe 9ok YO ‘8sn JO Sa|nJ 10} Ariq 1T aUIUQ AB|IM UO (SUOIIIPUOD-PUR-SWBIW0D A8 | 1M AleIq 1 U UO//SANY) SUO R IPUOD pue SWB | L) 88S *[9202/c0/.2] Uo ARiqiauluQ A3|IM (Pepiues ap OLBISIUI) UOSIACLY [RUOIRN SUeIYo0D UsiuedS AQ 9T/682dr/STTT OT/I0p/od’ A3 1m ARiqpuljuo-aosAydy/sdny wouy papeojumod ‘T ‘9202 ‘€6..691T



86 E. Lecce and others

L-type Ic,p promotes plateau potentials and firing
bistability under strong synaptic inputs (Binder et al.,
2020; Heckman et al., 2003; Lee & Heckman, 1998; Power
et al., 2012).

Downregulation of Kpr has been associated with
a decreased spiking initiation threshold and steeper
f-I slope, thereby enhancing intrinsic motoneuron
excitability following RT in animal models (Dai et al,
2002; Lombardo & Harrington, 2016). However, findings
for K¢, channels remain less consistent. Computational
models indicate that reduced K¢, conductance implicates
a steeper f-I slope and enhances motoneuron recruitment
(Dai etal., 2002; Zhang & Dai, 2020). Chronic exercise has
been associated with a lower K¢,-channel gene expression
in rodent models (Woodrow et al., 2013), a mechanism
responsible for reduced AHP in both animals (MacDonell
et al., 2015) and humans (Christie & Kamen, 2010). Non-
etheless, other animal investigations show increased AHP
amplitude following 5-12 weeks of muscle overloading
or voluntary wheel running (Beaumont & Gardiner,
2002; Krutki et al,, 2015). These conflicting results may
reflect activity-dependent suppression of PICs as a
fatigue-resistance mechanism (Dai et al., 2024), although
future investigations in humans are warranted to confirm
these hypotheses.

Neuromodulatory input. RT induces adaptations in
motoneuron pools by increasing serotonergic innervation
and upregulating facilitatory 5-HT, and o;-adrenergic
receptors, while concurrently downregulating inhibitory
5-HT; A and GABA, receptors (Dai et al., 2024; Rekling
etal.,, 2000; Thorstensen et al., 2024). These receptor-level
adaptations amplify monoaminergic facilitation of both
persistent In,p and Ic,p, thereby increasing motoneuron
gain and broadening the hysteresis window during
voluntary force exertion (Heckman et al., 2003, 2009;
Rekling et al., 2000). Although intrinsic motoneuron
excitability is mainly dependent on neuromodulatory
input from the raphe nuclei (serotonin (5-HT)) and locus
coeruleus (norepinephrine (NE)), as well as by intrinsic
spinal monoaminergic neurons (Heckman et al., 2003,
2009; Rekling et al., 2000; Revill & Fuglevand, 2017),
human studies indicate similar estimates of input-output
gain (i.e. the relationship between the synaptic input
received by the motoneuron pool and their transformation
into output firing frequency). This suggests that, despite
clear receptor-level changes, altered monoaminergic
drive may not be the primary mechanism underlying
RT-induced increases in muscle force in humans (del
Vecchio, Casolo et al.,, 2019; Kim et al., 2019; Nuzzo et al,,
2017; Skarabot et al., 2021).

Motor unit. Indirect measures from MU recordings
suggest intrinsic motoneuron adaptations. Short-termed
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RT (4 weeks) induces MUs to be recruited earlier, a
modification typically resulting from the contribution of
changes in the relative shared synaptic input and intrinsic
motoneuron subthreshold current (del Vecchio, Casolo
et al, 2019; Lecce, Conti et al., 2025). Concurrently,
increases in AF, an established index to estimate the
contribution of PICs to self-sustained motoneuron
firing (see Afsharipour et al., 2020; Gorassini et al,
1998), are reported after RT interventions in different
longitudinal studies in young (Lecce et al., 2025) and older
humans (Orssatto, Blazevich et al., 2023), likely reflecting
enhanced intrinsic motoneuron excitability. However,
a recent cross-sectional comparison of chronically
resistance- and endurance-trained young adults did
not find between-group differences in AF (Skarabot
et al., 2025). These discrepancies likely reflect differences
in study design (longitudinal vs. cross-sectional design),
muscle examined and contraction protocol, MU selection
and decomposition criteria, contraction intensity and the
specific task used to probe PICs, and the heterogeneity
of participants’ training histories. We therefore interpret
increases in AF following RT as evidence compatible with
augmented PIC contribution, while acknowledging that
chronic training status per se does not always produce
consistent cross-sectional differences in AF.

Changes in maximal discharge rate, or the plateau
discharge rate at a given force, have been proposed
to reflect an increased rate-coding gain, which is the
sensitivity of motoneurons to synaptic input (Dideriksen
& del Vecchio, 2023), fundamentally tied to PIC
contribution (Heckman et al, 2008). Although several
HDsEMG studies have suggested that rate-coding gain
contributes to force and firing adaptations in young
adults (del Vecchio, Casolo et al.,, 2019; Lecce, Conti
et al., 2025; Lecce, del Vecchio et al., 2025), no study
has yet quantified its precise role. This gap stems from
methodological challenges in isolating the output of
individual motoneurons, as opposed to the combined
influence of converging inputs onto the spinal pool
(del Vecchio et al., 2020). Additionally, quantifying the
distinct effects of subthreshold vs. suprathreshold PICs,
the modulatory impact of monoaminergic drive, and the
balance between changes in ion-channel expression
and  their  neuromodulator-mediated  activation,
remains unclear in the human cohort (Mesquita et al.,
2024).

MU adaptations to RT have been demonstrated
to mediate the enhancement in both maximal force
production and force steadiness. Increases in maximal
muscle force are accompanied by greater neural drive
from spinal motoneurons and reduced MU recruitment
thresholds, indicating the activation of a larger pool of
MUs (del Vecchio, Casolo et al., 2019; Kim et al., 2019;
Skarabot et al., 2021), with a greater extent of their changes
being directly tied to a greater change in force production
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(del Vecchio, Casolo et al., 2019; Lecce, Conti et al,,
2025; Lecce et al., 2025). These adaptations, observed in
humans, likely reflect a redistribution of synaptic inputs
and an increased contribution of PICs (Dideriksen &
del Vecchio, 2023; Johnson et al., 2017). Such changes
manifest as a higher proportion of shared synaptic drive
and increased AF after short-term training in both young
and older recreationally active individuals (Lecce et al.,
2025; Orssatto, Rodrigues et al., 2023). Furthermore, some
studies reported higher muscle fibre conduction velocity
and MU discharge rates in chronically strength-trained
individuals relative to age-matched untrained individuals
(del Vecchio et al., 2018; Skarabot et al., 2024). However,
these differences are not universal and appear strongly
dependent on the contraction type and contraction
intensity at which MU behaviour is measured (Skarabot
etal., 2025).

Enhanced force steadiness, identified as reduced
variability in steady force during sustained contractions,
is typically accompanied by decreased fluctuations in MU
spiking activity in young individuals (Lecce, Conti et al.,

Repeated Muscle Contractions
Motor Learning

Repeated Muscle Contractions
Coordinated Actions
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2025; Vila-Cha & Falla, 2016). However, variability in
individual motoneuron discharge (independent synaptic
noise) has minimal impact on steady-state force accuracy
(Castronovo et al., 2018; Dideriksen et al., 2012; Farina
& Negro, 2015). Instead, shared membrane fluctuations
across the active pool (common-input variance) are the
principal determinant of force steadiness (Dideriksen
et al,, 2012; Enoka & Farina, 2021; Hug et al.,, 2023).
Consistent with these statements, 4 weeks of RT
markedly reduces common-input variance (see Spinal
circuitries section), directly correlating with a more stable
motoneuron neural drive and steady force production in
recreationally active individuals (both males and females)
(Lecce et al., 2025). The abovementioned adaptations are
summarised in Fig. 1.

Cross-education. Unilateral RT intervention produces
improvements in muscle strength and accuracy extending
to the contralateral untrained limb, a phenomenon known
as cross-education (Green & Gabriel, 2018; Hendy &
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Figure 1. Adaptations in the neural system

Repeated muscle contractions promote neural adaptations by multiple pathways. In the motor cortex, repeated
activity increases the level of BDNF, in turn eliciting synaptic proliferation and potentiation, a process corroborated
by NMDA receptor upregulation and the mTOR cascade. Concurrently, repeated muscle contractions produce
numerous modifications along the spinal cord circuitries and within spinal motoneurons, all contributing to
improved excitability and a more co-ordinated muscle activity (i.e. reduced agonist—antagonist coactivation). At
the level of the neuromuscular junction (NMJ), heavy mechanical overloading and metabolic stress promote a
molecular cascade contributing to the increase in the neurotransmitter availability and receptor density. The image

was made using BioRender.
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Lamon, 2017; Lee & Carroll, 2007). Two complementary
cortical models have been proposed to account for
these adaptations. Cross-activation holds that unilateral
exercise increases corticospinal excitability bilaterally and
reduces interhemispheric inhibition of the untrained M1.
Bilateral access posits that motor engrams formed in
the trained hemisphere become available to the contra-
lateral motor network via transcallosal pathways (Carson,
2020; Hendy & Lamon, 2017; Manca et al., 2018;
Pearcey et al., 2022; Ruddy & Carson, 2013). Resting-state
functional magnetic resonance imaging (fMRI) data from
young males and females indicate strengthened functional
connectivity between homologous supplementary motor
areas and M1 following unilateral training, with evidence
supporting the cross-activation model (Ruddy et al,
2017). Concurrently, bilateral access mechanisms may
be central in promoting earlier and more synchronous
recruitment of motoneurons in the untrained limb
(Carson, 2005; Lecce et al.,, 2025; Lecce, Conti et al.,
2025), although the characterisation of precise adaptation
pathways is still unknown.

TMS data further support a multilevel model of
cross—education. Inhibiting the trained M1 during
unilateral exercise suppresses strength transfer to the
contralateral untrained counterpart, whereas inhibiting
the untrained M1 elicits no effects, indicating the trained
hemisphere as the driver of adaptation transfer in young
humans after a single training session (Lee et al., 2010).
Supraspinal adaptations include a reduction in SICI
(Carson, 2020; Latella et al., 2012; Ruddy & Carson, 2013)
and increased corticospinal excitability within both M1
cortices after short-term unilateral RT intervention in
humans (Frazer et al., 2017; Howatson et al., 2013; Manca
et al, 2018). Collectively, these findings suggest that
cross—education arises from focal disinhibition within
M1 and broader interhemispheric plasticity (Goodwill
et al., 2012; Muellbacher et al., 2000).

Supraspinal modifications have potential downstream
effects, where gain transfer has been associated with
increased EMG-signal amplitude in untrained muscles
after 4 weeks of unilateral RT in young males (Pelet
& Orsatti, 2021) and higher V-wave, both indicative
of enhanced neural drive and overall muscle activation
(Fimland, Helgerud, Solstad et al, 2009). In parallel,
a greater Hyax/Mpyax ratio has been reported in the
untrained limb, suggesting greater spinal excitability
(Bouguetoch et al., 2021).

As mentioned above potentiation of propriospinal
interneurons and strengthening of bilateral reticulospinal
projections likely underlie increased shared input to the
motoneuron pool (Atkinson et al., 2022; Laliberte et al.,
2019; Riddle et al., 2009). Because commissural inter-
neurons and propriospinal pathways cross the spinal cord
mid-line (Calvert & Carson, 2022; Laflamme et al., 2023;
Maxwell & Soteropoulos, 2020), plasticity within these

J Physiol 604.1

spinal circuits can increase shared input to the contra-
lateral homologous motoneuron pool, suppress synaptic
noise and lower MU recruitment thresholds, accounting
for the modest (~6%) contralateral-limb gains in maximal
force output and force steadiness following a 4 week
unilateral RT in humans (Lecce et al., 2025).

Unilateral RT and remote limb contractions also
appear to selectively amplify diffuse monoaminergic
drive, increasing intrinsic motoneuron excitability by
subthreshold PICs while leaving suprathreshold PICs
essentially unchanged (Lecce et al., 2025). This inter-
pretation of human data is supported by observations
of earlier MU recruitment thresholds and increased
net neural drive (i.e. gain in the neural drive from
the MU activation to the relative target force) with no
concomitant increases in self-sustained firing or peak
discharge rates, supporting a predominant subthreshold
modulation (Green & Gabriel, 2018; Lecce, Conti et al.,
2025). However, direct quantification of monoaminergic
input following RT is still lacking in humans. To address
these mechanistic questions, future investigations should
integrate morphological assessments, channel-specific
expression assays and in vivo electrophysiological
recordings to map the temporal progression and causal
role of RT-induced motoneuron modifications.

Synaptic plasticity. Across the corticospinal axis,
activity—-dependent synaptic plasticity unfolds through
distinct yet complementary processes at multiple
hierarchical levels (Fig. 2).

In the primary motor cortex, the acquisition and
refinement of novel motor skills hinge on rapid,
activity—triggered neurotrophin release and local
protein synthesis, which together drive both structural
and functional reorganisation (Adkins et al., 2006;
Goémez-Palacio-Schjetnan & Escobar, 2013). It has
been suggested that mature BDNF (serum) is released
within minutes of patterned synaptic activity in humans
(Arazi et al,, 2021; Borges Junior et al., 2024; Walsh &
Tschakovsky, 2018), initiating downstream pathways
involving extracellular signal-regulated kinase (ERK1-2)
(Impey et al., 1999; Komiyama et al., 2002; Mazzucchelli
et al, 2002), calmodulin-dependent protein kinase II
(CaMKII) (Kim & Hayashi, 2014; Martinez-Canton et al.,
2021; Yasuda et al., 2022), casein kinase (CK2)-dependent
modulation of synaptic NMDA receptor (Kimura &
Matsuki, 2008; Sanz-Clemente et al., 2010; Vints et al.,
2022), insulin-like growth factor (IGF-1) (Ding et al., 2006)
and mammalian target of rapamycin (mTOR) pathways
(Bockaert & Marin, 2015; Takei & Nawa, 2014).

Animal models suggest that enhanced BDNF
expression within M1 engages synaptic potentiation
via the tyrosine kinase B (TrkB) receptor pathway
(Albini et al., 2023; Fernandez-Garcia et al., 2020) to
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initiate PI3K/Akt, MAPK and PLCy cascades, as well as
Fyn-mediated phosphorylation of NMDA-receptor sub-
units. These convergent pathways lower the threshold for
LTP induction and enhance postsynaptic excitability
(Blum & Konnerth, 2005). Concurrently, mouse
models have shown that BDNF enhances presynaptic
release probability for both glutamate and GABA via
MAPK-dependent phosphorylation of synapsin and
amplifies evoked postsynaptic currents independently of
Ca**-influx signalling (Jovanovic et al., 2000).

Because the primary extrinsic sources of synaptic
noise are fluctuations in the excitation-inhibition balance
(mainly driven by glutamate-GABA dynamics) and
variability in neurotransmitter release probability,
whereas intrinsic noise from stochastic ion-channel
gating is largely attenuated by membrane capacitance,
as shown in vitro models (Ermentrout et al., 2008; Faisal
etal., 2008; Yarom & Hounsgaard, 2011), the RT-induced
reduction in the estimated synaptic noise observed in
humans (Lecce et al., 2025) likely reflects changes in those
extrinsic factors exclusively.
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NMDA receptor-mediated Ca*" influx promotes
both synapse formation and the stabilisation of newly
potentiated connections, contributing to the expansion
and reorganisation of cortical motor maps observed
in in vitro models (Lau et al.,, 2009; Rosendo-Pineda
et al., 2020). Calcium influx activates CaMKII, which
phosphorylates cAMP response element-binding protein
(CREB) in astrocytes (Eisner et al., 2023; Kim & Kaang,
2023), stimulating the transcription of activity-dependent
genes (Lonze & Ginty, 2002; Ma et al., 2014; Yan et al,,
2016). Concurrently, neuronal mTORCI1 activation,
via the PI3K-Akt-TSC1/2-Rheb axis, phosphorylates
p70-S6K1 and 4E-binding protein-1 (4E-BP1), promoting
local dendritic mRNA translation that is essential for
synaptic growth and long-term potentiation (Lipton &
Sahin, 2014; Panwar et al., 2023). Although the specific
mechanisms by which synaptic activity couples with
mTORC2 remain to be elucidated, these co-ordinated
molecular events collectively support the long-term
structural and functional remodelling that underpins
improved motor performance.
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Figure 2. The potential roles of synaptic plasticity

In the motor cortex, resistance training (RT) enhances glutamate and reduces GABAag inhibition, lowering
short-interval intracortical inhibition (SICI) and cortical silent period while enhancing intracortical facilitation. In
the spinal cord, reduced synaptic noise and recurrent inhibition, enhanced net synaptic input, and stochastic
ion-channel gating improve cumulative spike train (CST) stability, lower motor unit (MU) recruitment threshold via
reduced time-to-spiking initiation, alongside increased peak firing rate, persistent inward currents (PIC) amplitude,
H-reflex and voluntary wave. At the level of the MU, upregulated persistent Nat and Ca?* currents, 5-HTy/
receptors and monoaminergic drive amplify sub- and suprathreshold PICs. In the neuromuscular junction (NMJ),
RT elicits an increase in ACh availability, receptor density and endplate size with slower removal, all contributing
to improved action-potential transmission. The model is based on the evidence presented in the section ‘synaptic

plasticity’. The image was made using BioRender.
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Regular exercise drives extensive structural and
functional remodelling of spinal motor circuits. In
spinal motoneurons and their interneuronal partners,
animal in vitro models suggest that exercise can expand
dendritic arbours and increase synaptic spine density,
reflecting dendritic outgrowth (Gardiner et al., 2006; von
Bohlen Und Halbach & von Bohlen Und Halbach, 2018)
alongside upregulated neurotrophic-factor synthesis and
enhanced synaptic connectivity throughout the cord
(Gardiner et al., 2005, 2006).

Atthe NM]J, 7 weeks of RT promotes the increase in pre-
synaptic terminal branching and neurotransmitter release,
endplate surface enlargement, broader evoked potential
amplitudes and an increased postsynaptic receptor density
in rats (Deschenes et al., 2000). It has been suggested that
both acute and chronic RT can alter the gene expression
of ACh receptor and muscle-specific kinase (MuSK)
signalling proteins (Baraldo et al., 2020; Soendenbroe
et al, 2020), together with the mTORCI signalling
for proper skeletal muscle innervation (Baraldo et al,
2020; Castets et al., 2020). Additionally, it seems that
motoneuronal activity-induced agrin release promotes the
aggregation of synaptic proteins on muscle fibre surface
(McMahan et al,, 1992; Reist et al, 1992), engaging
Lrp4-MuSK-Dok?7 pathways to phosphorylate and cluster
AChRs (Makanae et al., 2025). Cytoskeletal remodelers
(e.g. CLASP2/LL5pB) capture microtubules and guide
AChR-containing vesicles to the endplate (Basu et al,
2015; Rodriguez Cruz et al., 2020), whereas sub-synaptic
transcription factors upregulate AChR subunit genes
(Charbonnier et al., 2003). Together, these processes may
explain the mechanisms underlying enlarged endplates,
increased presynaptic branching and denser postsynaptic
receptor fields, adaptations that occur independently of
muscle fibre hypertrophy (Deschenes, 2019), although
human data are lacking.

Exercise appears to selectively augment excitatory
synaptic contacts on spinal motoneurons without
altering inhibitory inputs, thereby shifting the balance
towards greater excitatory drive (Adkins et al., 2006). In
dorsal root ganglion neurons of rats, prolonged activity
upregulates p-opioid receptor subunit mRNA while
reducing 5-HT; A, TrkA, TrkB and §-opioid receptor
transcripts (Paddock et al., 2018). Training has also been
associated with astrocyte proliferation, stabilisation of
basal catecholamine levels, enhanced glutamate uptake
and increased release of neurotrophic factors (Maugeri
et al., 2021). Because these findings are primarily based
on animal models, targeted investigations in humans are
needed to confirm whether similar adaptations occur
after RT.

Collectively, these spinal and glial changes likely
account for the well-documented enhancements in
corticospinal excitability and concurrent reductions
in intracortical inhibition observed after exercise in
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humans (Christie & Kamen, 2014; Colomer-Poveda
et al., 2020; Nuzzo et al., 2016; Weier et al., 2012). This
framework proposes that the convergence of neurotrophic
signalling, metabolic support and altered electrical activity
during and after resistance exercise creates a permissive
environment for motor-circuit remodelling, ultimately
enhancing motor learning and performance (Ding et al.,
2006; Gomez-Palacio-Schjetnan & Escobar, 2013; Perez
et al., 2006; Vints et al., 2022).

Skeletal muscle adaptations

Mechanical overloading imposed by external resistance
initiates numerous cascades of events in skeletal muscle,
beginning with the transduction of mechanical forces
into biochemical signals and culminating in myo-
fibre hypertrophy, enhanced metabolic capacity and
improved contractile properties (Fig. 3). Because
previous reviews have extensively discussed the
molecular and physiological pathways underlying the
mechanisms of adaptations in the skeletal muscle (Ji
et al., 2025; Roberts et al., 2023; Thomas et al., 2024),
the following section highlights how specific training
variables (i.e. % load, volume, mechanotransduction and
metabolic signalling) optimally engage these adaptive
pathways.

Mechanical stress. When muscle fibres are exposed to
external resistive loads, particularly during eccentric
contractions that stretch the active sarcomeres (Franchi
et al,, 2017; Ji et al., 2025), the resulting deformation
of the extracellular matrix and cytoskeleton is detected
by integrin complexes (Bodine, 2022; Goodman, 2019;
Panwar et al.,, 2023; Warneke et al., 2023). In human
muscles, clustering of these transmembrane receptors
induces autophosphorylation of focal adhesion kinase
(FAK) at Y®7¢/577 with peak activation within 4 h from the
end of exercise in untrained individuals, even after a single
RT session. Notably, 10 weeks of RT has been suggested to
be sufficient for increasing FAK Y>’%”7 phosphorylation
even at rest in young male individuals (Thomas et al,,
2024; Wilkinson et al., 2008).

Once activated, FAK recruits both phospholipase D
(PLD) and diacylglycerol kinase ¢ (DGK¢) (Ji et al,
2025; You et al., 2014), which are enzymes that produce
phosphatidic acid (PA), a lipid second messenger. PA
then binds directly to mTOR, displacing its inhibitor
FKBP38 and thereby enhancing mTOR kinase activity
observed in animal models (Hornberger et al., 2006).
Concurrently mechanical overloading induces sustained
MKK3b/6-p38MAPK-MK2 cascade that converges on
mTORCI1 for its activation (Zhu et al., 2025). mTORC1
phosphorylates p70S6K1 and 4E-BP1, causing its release
from eIF4E to initiate cap-dependent translation (Dreyer
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etal., 2006; Dunlop et al., 2009; Marabita et al., 2016; Yoon
etal., 2011). By bypassing upstream growth—factor signals,
this pathway increases ribosome recruitment and protein
synthesis even under limited amino acid availability
(Roberts et al., 2023).

Mechanical microdamage from eccentric contractions
or heavy loading rapidly (within 2 h after exercise)
upregulates local IGF-1 splice variants mechano-growth
factor (MGF) and IGF-IEa in humans (Hameed et al,
2003; Matheny et al., 2010), especially within the exercised
muscle (Psilander et al., 2003; Roberts et al., 2010). These
peptides bind the IGF-1 receptor on adjacent fibres,
inducing phosphorylation of insulin receptor substrate 1
(IRS-1) and recruitment of PI3K to the membrane, where
it converts PIP, to PIP; (Ji et al., 2025; Rommel et al.,
2001; Schiaffino & Mammucari, 2011). PIP; has been
indicated to anchor Akt/PKB (Deldicque et al., 2008;
Glass, 2010; Schiaffino & Mammucari, 2011; Stitt et al,,
2004), which phosphorylates TSC2, thereby lifting its
inhibition on mTOR (Crossland et al., 2013; Jacobs et al.,
2017) and sequesters FOXO transcription factors in the
cytosol (Jaiswal et al., 2022; Léger et al,, 2006; Zheng
et al., 2010). This also causes the downexpression of the
ubiquitin ligases MAFbx and MuRF1, observed in both
animals (Baehr et al., 2014) and young humans (Mascher
et al., 2008) in response to repeated RT exposure.

Neuromuscular adaptations to resistance training 91

Furthermore, Akt/mTORC2 action has been associated
with enhanced glucose uptake, exerting a further anabolic
effect and contributing to blood glucose management and
muscle mass preservation (Laplante & Sabatini, 2012). The
net effect is an enhanced protein synthesis alongside the
suppression of targeted proteolysis (Ji et al., 2025; Roberts
etal., 2023).

In parallel, mechanosensitive adaptor proteins
concurrently activate the MAPK/ERK cascade (Ji et al,
2025). ERK1/2 phosphorylation peaks shortly after RT,
with a more pronounced activation after eccentric loading
compared to the concentric regime, as shown in human
skeletal muscles (Boppart et al., 1999). ERK translocates
to the nucleus to phosphorylate transcription factors like
Elk-1, driving genes involved in cytoskeletal remodelling,
cell-cycle progression and ribosomal RNA synthesis
(Carlson et al., 2001; Haddad & Adams, 2004; Winter
et al, 2011). Additionally, data from in vitro models
indicate ERK can phosphorylate p70S6K1 independently
of mTORCI, providing parallel anabolic signals under
high mechanical tension (Arvisais et al., 2006; Roberts
etal., 2023).

Myostatin (MSTN), a member of the transforming
growth factor (TGF)- 8 superfamily, downregulates muscle
hypertrophy by binding activin type II receptors (ActRsII)
(Roberts et al., 2023; Schiaffino et al., 2021). MSTN action
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pathways for distinct signalling cascades to promote skeletal muscle adaptations. Mechanical stress activates
integrin-MKK3/6 and Akt-follistatin pathways to stimulate mTORC 1-dependent protein synthesis and suppress
catabolism, leading to muscle hypertrophy. Metabolic stress elevates Akt, CaMKII, reactive oxygen species (ROS),
HIF-1a and mechano-growth factor (MGF) to promote angiogenesis, mitochondrial biogenesis/enlargement and
GLUT—4 translocation for enhanced glucose uptake. Microdamage recruits follistatin, Pax7 and hepatocyte growth
factor (HGF) to induce satellite cell fusion, repair and remodelling. The image was made using BioRender.
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isinhibited by follistatin (FST), which binds and sequesters
MSTN, thereby initiating pro-hypertrophic signalling
(Han et al., 2019; Lee & McPherron, 2001). When MSTN
engages ActRsll, Smad3 is phosphorylated and sub-
sequently inhibits the Akt-mTOR and IGF-1 pathways
(Morissette et al, 2009). In contrast, FST promotes
Akt-mTOR activation and protein synthesis observed in
animal skeletal muscle models (Schiaffino et al., 2021;
Winbanks et al., 2012).

Mechanical overloading also induces focal damage to
the sarcolemma and basement membrane, promoting the
release of hepatocyte growth factor (HGF) and fibroblast
growth factors (FGFs) into the satellite cell niche, as
demonstrated in numerous in vitro and in vivo studies on
both animal (Miller et al., 2000; Schiaffino & Bormioli,
1973; Schiaffino et al., 1972) and human skeletal muscles
(Pawlikowski et al., 2017; Snijders et al., 2015; Tatsumi
et al., 2002). Data from animal skeletal muscle models
also indicate that within minutes of focal damage, nitric
oxide (NO) production further contributes to satellite
cell activation and adhesion decrease in the fibre-lamina
complex, facilitating hypertrophy (Anderson, 2000;
Buono et al., 2012). Notably, quiescent satellite cells
express the transcription factor Pax7. Upon activation,
these cells co-express Pax7 and MyoD and initiate
proliferation. Most progeny then downregulate Pax7,
upregulate myogenin and fusogenic proteins, thereby
fusing with existing myofibres to expand the myonuclear
domain needed to transcribe the mRNA and supporting
long-term growth (Hernandez-Hernandez et al., 2017;
Murach et al,, 2021; Yin et al., 2013). A subset of daughter
cells, however, reverts to quiescence by maintaining Pax7
and losing MyoD, preserving the satellite—cell pool for
future repair and adaptation as shown in animal models
(Zammit et al., 2004, 2006).

Beyond fusion, results from in vitro and in vivo animal
models indicate that satellite cells exert nonfusion roles
by releasing exosomes containing micro-RNAs and other
cargo, such as matrix metalloproteinases (MMPs), which
modulate gene expression in myofibres, fibrogenic cells
and endothelial cells, thereby promoting extracellular
matrix remodelling and hypertrophy (Roberts et al., 2023;
Smith et al., 2020; Yamada et al., 2008).

Metabolic stress. Energetic stress from repeated or
prolonged contractions, such as high-volume RT
protocols with short rest or taken to failure, activates
distinct adaptive pathways. As ATP is hydrolysed
and AMP accumulates, the AMP:ATP ratio suddenly
rises, activating AMP-activated protein kinase (AMPK)
(Hardie, 2011; Ke et al, 2018). Consequently, AMPK
phosphorylates TSC2 (T'2%7/S!3*%) and raptor (S7%2/S7%%),
imposing a temporary restraint on mTOR activity to
preserve cellular energy observed in both in vitro and in
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vivo models (Garcia & Shaw, 2017; Gwinn et al., 2008;
Inoki et al., 2003). This inhibition is most pronounced
during prolonged sets but is rapidly interrupted once
the ATP level is restored and the Akt/mTOR signalling
resumes, enabling a robust protein synthesis 1-2 h after a
RT session in human skeletal muscle (Dreyer et al., 2006;
Ji etal., 2025).

AMPK  signalling also upregulates peroxisome
proliferator-activated receptor gamma coactivator-1 alpha
(PGC-1a), stimulating mitochondrial biogenesis and
oxidative enzyme expression, as confirmed by in vitro
and in vivo data (Cant6 & Auwerx, 2009; Groennebaek
& Vissing, 2017; Halling & Pilegaard, 2020; Wu et al.,
1999; You et al,, 2024). Rise in NO level also contributes
to increased PGC-la expression, further potentiating
mitochondrial biogenesis in humans (Mueller et al,
2025).

Prolonged contractions or high-volume short-rest
RT sessions also imply a significant rise in skeletal
muscle Ca’" concentration, activating CaMKII activity
as a first-line calcium-buffering system. Activated
CaMKII promotes mitochondrial biogenesis via
PGC-la upregulation, and it has also been suggested
to influence the expression of specific muscle fibre
types (Eisner et al., 2023; Martinez-Canton et al., 2021;
Tavi & Westerblad, 2011; Wang et al., 2011; Wu et al,
1999). Increase in cytosolic Ca’™ concentration also
promotes calmodulin-dependent NO formation, which is
thought to enhance the maximal rate of isometric force
development, unloaded shortening velocity and peak
power (Kumar et al., 2022), although precise mechanisms
remain to be fully elucidated. Contemporary models
propose that NO at the NMJ augments excitation by
promoting synaptic vesicle release, increasing ACh
availability and inhibiting acetylcholinesterase, alongside
sustaining higher intracellular Ca’" by activating
ryanodine receptors and modulating SERCA pump
activity, thereby amplifying contractile output (Mueller
et al., 2025).

Local hypoxia promotes HIF- 1w stabilisation, inducing
vascular endothelial growth factor (VEGF) and glycolytic
enzymes to expand capillary networks and improve sub-
strate delivery in animal (Rodriguez-Miguelez et al., 2015)
and human skeletal muscles (Aragén-Vela & Casuso,
2025; Gustafsson et al., 1999; Ramakrishnan et al., 2014).
Furthermore, reactive oxygen species (ROS), which are
thought to be generated by heightened mitochondrial
flux in humans (Bloomer & Goldfarb, 2004; McBride
et al,, 1998), act as second messengers for muscle hyper-
trophy (Powers et al., 2020). In moderate amounts, ROS
activate NF-«B and MAPK/ERK pathways that converge
on both mitochondrial (via PGC-la) and myofibrillar
protein synthesis (via p70-S6K1) (Arvisais et al., 2006;
Halling & Pilegaard, 2020; Lira et al., 2010; Roberts et al.,
2023; Wright et al., 2007).
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Muscle contraction also promotes insulin-independent
translocation of GLUT-4 to the muscle membrane,
improving glucose uptake, glycaemic control and anabolic
responses to RT in humans (Bellini et al., 2024; Lecce,
Bellini et al., 2025). Data from in vivo animal models
indicate that GLUT-4 mobilisation is dependent on
AMPK activation in response to energy depletion (Fueger
et al., 2007; Kido et al,, 2021; Leprivier & Rotblat, 2020),
and is further facilitated by NO signalling and CaMKII
activity elicited by muscle contraction (Knudsen et al.,
2020; Lecce, Bellini et al., 2025; Richter & Hargreaves,
2013).

Endocrine adaptations

RT elicits rapid hormonal changes that support both
neural and muscular adaptations. Acute bouts of muscle
contractions against an external load provoke transient
spikes in anabolic hormones, particularly testosterone,
growth hormone (GH) and IGF-1, alongside catabolic
mediators like catecholamines and cortisol in humans
(Kraemer & Ratamess, 2005; Kraemer et al., 2020).
Although early work linked these brief surges (peaking
within hours of exercise) to muscle hypertrophy, more
recent studies demonstrate that neither the magnitude
nor the duration of the acute endocrine response pre-
dicts increases in muscle protein synthesis or contributes
to long-term hypertrophic gains (Morton et al., 2016; van
Every et al., 2024; West & Phillips, 2012; West et al., 2009,
2010, 2012; Wilkinson et al., 2006).

Notably, research has shown that female individuals
achieve comparable relative improvements in muscle
mass and strength as males despite much lower baseline
androgen levels (Refalo et al., 2025; Roberts et al., 2020).
This is supported by evidence showing no sex-based
differences between young individuals in muscle protein
synthesis rate measured immediately (post-3 h) and
over the following 24 h postexercise (van Every et al,,
2024; West et al., 2012). Because sex-specific physio-
logical adaptations to RT have been comprehensively
reviewed elsewhere (see Handelsman et al., 2018; Hunter
& Senefeld, 2024; Hyer et al., 2018; Joyner et al., 2025;
Lulic-Kuryllo & Inglis, 2022; Szadvari et al., 2023), these
details are not repeated in the present document.

Androgens. Heavy-load RT raises circulating androgens,
which act via androgen receptors (ARs), promoting both
neural and muscle adaptations (Brooks et al., 1998;
Davey et al, 2017; Kuwahara et al, 2021; Vingren
et al,, 2010). Both satellite cells and myoblasts express
ARs, which, upon activation by androgens, promote
activation, proliferation, migration, differentiation and
eventual fusion with existing muscle fibres (Braga et al,,
2012; Dalbo & Roberts, 2015). Androgens also enhance
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Notch signalling in satellite cells, likely by lowering MSTN
levels and increasing Akt activity, thereby promoting myo-
genesis (Dubois et al., 2012; Kovacheva et al., 2010).
In addition, in vitro data indicate that AR activation
upregulates IGF-1 expression in both satellite cells and
mature muscle fibres, amplifying anabolic signalling
(Sculthorpe et al,, 2012). However, recent studies on
animal models show that testosterone can elicit similar
hypertrophy even in the absence of satellite cells (Englund
et al., 2019), suggesting that additional mechanisms
mediate androgen-driven muscle growth (Roberts et al.,
2023).

At the molecular level, androgens can increase FST
production while suppressing MSTN signalling by down-
regulating Acvr2b receptor expression and reducing
Smad2/3 phosphorylation, inhibiting MSTN influence
(Kraemer et al., 2020). Concurrently, they also promote
the expression of myogenic regulators such as MyoD
and myogenin, which enhance myotube formation,
increase myonuclear number and ensure correct nuclear
positioning within growing fibres, as demonstrated in
animal models (Dubois et al., 2014; MacKrell et al., 2015;
Singh et al., 2003). Androgens also appear to stimulate
ribosome biogenesis, further supporting elevated rates of
muscle protein synthesis (Mobley et al., 2016; Roberts
et al,, 2023).

Androgens also exert rapid (i.e. in a few minutes),
non-genomic effects that complement their slower,
gene-mediated activity. These swift signals occur when
androgens bind directly to intracellular AR (i.e. Src
kinase), to a membrane-associated AR or via altered
membrane fluidity (Michels & Hoppe, 2008). Such
interactions can activate G-protein—coupled receptors,
stimulating PI3K and phospholipase C to raise IP; levels
and trigger Ca’" release from the sarcoplasmic reticulum
(Kraemer et al., 2020). The resulting Ca’" transient
may modulate contractile properties in humans (Dent
et al,, 2012) and feed into MAPK (Ras/ERK1/2) and
mTORC1/S6K1 pathways, amplifying anabolic signalling
within seconds to minutes, as shown in animal skeletal
muscle models (Basualto-Alarcon et al., 2013; Hamdi &
Mutungi, 2010).

Chronic androgen deprivation (e.g. castration) reduces
Akt/mTORC1 activity and AR expression, whereas
androgen treatment restores both, and when combined
with RT and dihydrotestosterone (DHT), further enhances
AR phosphorylation, IGF-1 production, mTOR signalling
and skeletal muscle hypertrophy (Kraemer et al., 2020).
These non-genomic effects thus operate alongside
classical AR-mediated gene transcription and even
feedback via MAPK-driven AR phosphorylation to
maximise muscle growth (Hamdi & Mutungi, 2010).

Androgen signalling also influences the neural system.
Data obtained from in vitro human models indicate
this pathway enhances synaptic transmission and
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neurotransmitter release, increases motoneuron soma
and dendritic size, and supports repair of injured peri-
pheral nerves (Brooks et al., 1998). Moreover, evidence
from animal models indicates that androgen action within
central neurons is necessary to maintain fast-twitch
muscle fibres, even when systemic testosterone levels
rise (Davey et al, 2017). However, RT stimulus is the
primary driver of muscle activation; the role of androgens
in modulating neural drive warrants further investigation
(Kraemer et al., 2020).

GH and IGF-1. RT induces large, pulsatile surges in
GH, especially in response to high-volume, short-rest
protocols (Kraemer & Ratamess, 2005; Kraemer et al.,
1998; Mccall et al., 1999). GH, in turn, stimulates
hepatic secretion of systemic IGF-1 and upregulates
muscle-specific splice variants (e.g. mechano-growth
factor) that promote metabolic, mitogenic and anabolic
responses within the tissue (Florini et al., 1996). Both
circulating and locally produced IGF-1 activate the
PI3K-Akt-mTOR pathway (Latres et al., 2005), enhancing
protein synthesis and inhibiting degradation, partly via
suppression of MSTN expression (Retamales et al., 2015).

Chronic RT frequently elevates muscle IGF-1 content
and receptor abundance, even when serum IGF-1 shows
only modest change (Adams, 1998; Jiang et al., 2020), with
moderate increases observed in middle-aged and older
adults (Rodriguez-Gutierrez et al., 2023). This GH/IGF-1
axis further promotes satellite-cell proliferation and
differentiation, driving fibre repair and hypertrophy. This
is also supported by the observation that blocking IGF-1
signalling in vivo markedly blunts these growth responses
(Adams, 1998; Kraemer et al., 2020; Rodriguez-Gutierrez
et al., 2023).

Beyond muscle, IGF-1 crosses the blood-brain barrier
to support human central nervous system plasticity and
function (Frater et al., 2018). In astrocytes and the
choroid plexus, it activates PI3K/Akt to recruit GLUT
transporters and enhance glucose uptake in humans
(Arjunan et al., 2023; Bondy & Cheng, 2004). In micro-
glia, IGF-1 shifts cells towards a reparative phenotype
via TLR4-NF-«B/NLRP3 signalling, reducing oxidative
stress and inflammation (Nagaraj et al., 2018; O’Connor
et al.,, 2008; Sun et al., 2020). Neuronal PI3K/Akt and
MAPK/CREB pathways, downstream of IGF-1, inhibit cell
death (via GSK-3, Bad and FOXO) and promote axon
outgrowth and synaptic plasticity (Wiggin et al., 2002;
Zheng & Quirion, 2006).

IGF-1 stimulates oligodendrocyte proliferation and
Schwann-cell myelination, modulating Na*/Ca**/K*
channel activity and NMDA/AMPA /kainate receptors to
optimise neural excitability and neurotransmitter release
(Chattopadhyay & Shubayev, 2009; Delaney et al., 2001;
Ge et al, 2022; Gonzalez de La Vega et al, 2001;
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Sonntag et al., 2000). It also supports metabolic regulation
in the brain, upregulates other neurotrophic factors,
facilitates clearance of protein aggregates and stimulates
angiogenesis, as observed in animal models (Carro et al,,
2006; Trejo et al., 2001) and humans (Arjunan et al., 2023;
Okamoto et al., 2021).

Collectively, these GH/IGF-1-mediated adaptations
promise potential implications for both performance and
therapeutic targets for neurodegenerative and metabolic
disorders associated with sedentary lifestyles (for reviews,
see Arjunan et al., 2023; Lecce et al., 2025; Pinto et al,,
2023).

Catecholamines and cortisol. RT acutely elevates
circulating catecholamines, which rise way above
baseline levels in proportion to training intensity and
duration (Guezennec et al., 1986; Kraemer et al., 1987,
1999). These hormones bind p-adrenergic receptors
on muscle fibres to enhance Na®/K*-ATPase activity,
augmenting ACh release at the NMJ and modulating
sarcoplasmic calcium handling and contractile properties.
Concurrently, catecholamines promote glycogenolysis
and lipolysis to meet the rising energy demand (Barth
et al., 2007; Cairns & Borrani, 2015; Roatta & Farina,
2010). NE, in particular, is implicated in the synaptic
input amplification, contributing to spinal motoneuron
discharge activity through its neuromodulatory action
(Heckman et al., 2003, 2009; Mesquita et al., 2024).
Cortisol is considered the principal glucocorticoid
in the human body (Walker & Seckl, 2001) and is
likewise elevated by high-volume or short-rest RT
sessions (Hakkinen & Pakarinen, 1993; Kraemer &
Ratamess, 2005; Kraemer et al., 1987, 1993). Although
cortisol promotes proteolysis, especially in type II fibres
(Dekhuijzen et al., 1995), and antagonises insulin/IGF-1
signalling (Kraemer et al., 2020; Walker & Seckl, 2001),
transient spikes are a physiological component of training
stress and do not necessarily preclude muscle hyper-
trophy (Athanasiou et al.,, 2023; Oakley & Cidlowski,
2013; Ramamoorthy & Cidlowski, 2016). Furthermore,
it seems that a change in the testosterone/cortisol
ratio would indicate a potential change in the state of
anabolism (De Luccia, 2016; Kraemer & Ratamess, 2005).
This depends on the androgen counterbalance effects
on cortisol catabolic actions by competing for DNA
binding and downregulating glucocorticoid receptors
(Kraemer et al., 2020). Eccentric contraction-RT acutely
increases glucocorticoid receptor levels and myofibrillar
protein breakdown, peaking 24 h after the first bout,
alongside elevated serum cortisol (Willoughby et al.,
2003). However, after a second identical session, both the
receptor upregulation and cortisol responses are blunted,
as its activity in the ubiquitin-proteasome pathway.
This suggests that repeated eccentric training induces a
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protective adaptation, limiting muscle catabolism and
damage (Kraemer & Ratamess, 2005).

Although chronic overtraining-induced  cortisol
elevations (i.e. high resting cortisol concentration) can
impair muscle gains, the acute hormonal fluctuations
elicited by well-designed resistance exercise have only a
temporary catabolic effect in humans (Armstrong et al.,
2022; Kraemer et al., 2020; Kreher & Schwartz, 2012;
Kuipers & Keizer, 1988; Lee et al., 2015).

Reconciling the time-course of neural and muscular
adaptations to RT

A long-standing and operationally helpful rule of thumb
holds that early strength gains are predominantly neural,
whereas muscular (metabolic and structural) adaptations
emerge later. The empirical data presented above support
rapid, use-dependent plasticity within supraspinal and
spinal networks that reduces intracortical inhibition and
increases descending and motoneuronal drive to muscle
within weeks of training; these neural changes account
for much of the initial rise in voluntary force. However,
portraying adaptation as strictly sequential ‘neural first,
muscle later’ is misleading, as no study has precisely
partitioned the temporal contributions of neural and
muscular mechanisms to increases in force output.

A single bout of RT elicits robust increases in
intramuscular anabolic signalling and muscle-protein
synthesis (mTOR-pathway activation within 1-2 h),
although these acute molecular responses require
repeated, cumulative stimuli to produce measurable
hypertrophy. Acute endocrine responses also occur
but do not reliably predict longer-term hypertrophic
gains. Recent work emphasises overlap and reciprocity:
neural plasticity can persist beyond the earliest weeks
and continue to contribute to strength improvements
alongside progressive intramuscular remodelling, whereas
muscle adaptations (e.g. satellite-cell activation, ribosome
biogenesis and increases in fibre cross-sectional area)
begin soon after exercise but require time to accumulate
into macroscopic growth.

Taken together, the evidence favours an integrated,
stimulus-dependent model in which neural and muscular
mechanisms are both engaged early after exposure to
resistive loading but follow different temporal courses
and dose dependencies. Practically, an absolute sequential
narrative (neural - then muscle) could be reconsidered
in favour of wording that (1) acknowledges rapid neural
plasticity as a major driver of very early strength gains; (2)
recognises that molecular and metabolic muscle responses
occur acutely after single bouts but need repeated overload
to yield cumulative hypertrophy; and (3) emphasises that
the relative contribution of each mechanism depends on
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training variables (load, volume, velocity) and participant
status, with neural and muscular contributions tightly
coupled across the continuum of RT adaptations.

Specificity of neuromuscular adaptations

Activity-dependent plasticity within the human neuro-
muscular system is well documented (Ajay & Bhalla,
2006; Chin, 2005; Goémez-Palacio-Schjetnan & Escobar,
2013; Snijders et al., 2015), yet the precise integration of
the underlying molecular pathways and the associated
plastic responses is not fully defined. Existing data
indicate that both the nature and magnitude of neuro-
muscular adaptations are critically determined by
training parameters. In particular, these neuromuscular
adaptations depend on the training intensity, duration,
rest and specific training modality (i.e. contraction
regimens and lengthening/shortening speed), as
extensively detailed above. A summary of the reported
evidence, detailing the underlying molecular mechanisms
and the functional modifications associated with the
neuromuscular system, is presented in Table 1.

Implications for human performance

RT elicits marked changes in maximal force production
(MVF or 1RM), maximal power output (MP), rate
of force development (RFD) and muscle endurance
(ME) in healthy individuals (Aagaard et al., 2002b;
Folland & Williams, 2007; Kraemer et al., 2002; Lecce,
Romagnoli, Frinolli et al., 2024; Makaruk et al., 2024).
The classical repetition continuum model posits that
heavy loads (>80%1RM) optimise strength, moderate
loads (60%-80%1RM) preferentially promote hyper-
trophy when sufficient volume is performed, and lighter
loads (<60%1RM) and prolonged contractions/sets
most effectively improve endurance (Kraemer &
Ratamess, 2004; Schoenfeld et al., 2021). Contemporary
investigations largely corroborate this concept, with
heavy-load RT consistently producing the greatest
improvements in 1RM, whereas moderate- and light-load
protocols, when matched in volumes, enhance both
strength and hypertrophy, with light loads yielding the
largest gains in ME (Baz-Valle et al., 2022; Schoenfeld
et al, 2017). Adaptations in MP and RFD, however,
are primarily induced by the velocity and intent of
movement in RT rather than load per se, underscoring
the specificity of the stimuli for developing the capacity of
rapid force production (Behm & Sale, 1993a, 1993b; Haft
& Nimphius, 2012).

Below, the quantitative outcomes (% change) for each
variable by load and contraction regime are discussed
by distinguishing short-term (between 4 and 8 weeks)
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Table 1. Physiological adaptive pathways
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Stimulus

Underlying mechanisms

Adaptations

Mechanical stress
Heavy resistance
Eccentric loading

Metabolic stress
Prolonged contractions
Short-rest sessions

Microdamage
Heavy resistance
Eccentric loading

Activity dependent
High resistance
Prolonged contractions

Voluntary activity
Muscle contractions
Co-ordinated actions
Repeated activity

Voluntary activity
Motor learning
Repeated contractions

Muscle fibres:

1 Integrin — FAK — PLD/DGK¢ — PA — mTORC1
1 MKK3/6 — p38 MAPK — MK2 — mTORC1

4+ mTORC1 - p70S6K1 + 4E-BP1

4 ERK1/2 — p7056K 1

1 IGF-1/MGF - IRS-1 - PI3K — PIP3 — Akt/PKB
+ Akt — | FOXO + | MAFbx/MuRF1

4 FST - | MSTN

Muscle fibres and capillary:

1 IGF-1/MGF - IRS-1 - PI3K — PIP3 — Akt/PKB
4 Akt/PKB — | TSC2 — 4 mTORC1

4 CaMKII - PGC-1ex

1 ROS — NF-xB — MAPK/ERK - PGC-1a 4+ p70S6K1
4 HIF1e — VEGF

Satellite cells:

4+ HGF/FGF — NO - SC activation

1 Pax7 + 1 MyoD — myogenin + fusogenic molecules
4 FST — | Smad3

1 Exosomal micro-RNA/MMP

NMJ:

4 Catecholamines - 1 B8-AR

1+ NO

4 Lrp4-MuSK-Dok7

1 CLASP2/LL58

Spinal circuitries and motoneurons:

T 5-HT2/0(1 - AR

| 5-HT{A/GABA

4 Propriospinal/reticulospinal

1+ NMDA, AMPA (?)

J la inhibition

| Recurrent inhibition

4 Sub-suprathreshold PICs

Supraspinal regions and cortex:

4 BDNF — TrkB — PI3K/Akt

+ MAPK/ERK — PLCy Fyn — NMDAR

4+ mTORC1 (neuronal)

1 Ribosome biogenesis

4 Mitochondrial biogenesis
4 GLUT1-4 translocation

1 Protein synthesis

| Proteolysis

1 Angiogenesis

1 CSA

1 Fusion to myofibres
1 Myonuclei

1 Repair activity

1 Remodelling activity

4 ACh availability

1 Vesicle release

| Acetylcholinerase

4 Terminal branching

1 Ach receptor density

4+ Common synaptic input
| Synaptic noise

1 Motoneuron excitability
1 Input-output slope

| MU-RT

1 MU-ISIv

4 MU-DR

4 Corticospinal drive
1 sicl

4 LTP

4 Cross-education

Abbreviations: BDNF, brain-derived neurotrophic factor; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; PIC, persistent
inward current; ROS, reactive oxygen species; SICl, short-interval intracortical inhibition; VEDF, vascular endothelial growth factor.

vs. long-term (>12 weeks) training, balancing different
arbitrary perspectives on acute and more prolonged
exposure to RT intervention (Ashton et al., 2020; Hughes
et al., 2018; Pearcey et al., 2021). Because the pre-
sent review summarises the specificity of RT effects
on performance metrics, detailed hypertrophy protocols
and muscle-size outcomes are not included here but
summarised in many relevant reviews (see Baz-Valle et al.,
2022; Bernardez-Véazquez et al., 2022; Currier et al., 2023;
Grgicetal.,, 2022; Schoenfeld, 2010; Schoenfeld et al., 2017,
2021; Warneke et al., 2023).

Derived from this synthesis, specific loading
recommendations to maximise each performance variable
are summarised in Table 2.

Maximal strength. RT elicits the largest short-term
improvements in maximal force production when heavy
loads are used. Meta-analytic data indicate that protocols
employing loads > 80% 1RM increase 1RM by an average
of ~35% compared to ~28% following lighter-load
(<60% 1RM) protocols in interventions of similar
duration (Schoenfeld et al., 2017). When comparing
moderate- and light-load interventions across a 12-week
intervention in active young male and female individuals,
RT produces comparable strength gains (Kapsis et al,,
2022). Across studies, heavy-load RT typically elicits
20%-40% increases in 1RM, moderate-load protocols
15%-30% and light-load regimens 10%-20%, with the
magnitude of adaptation influenced by participants’
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Table 2. Loading recommendations for performance.
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RT MODALITY LOAD 1RM MP RFD ME
(>85% 1RM)
CONTROLLED Moderate ok o * ok
CONTRACTIONS (60%-80% 1RM)
nght * * * EE TS
(<60% 1RM)
(>85% 1RM)
BALLISTIC Moderate * A o o
CONTRACTIONS (60%-80% 1RM)
Ligh‘t * ok ok Kk ok
(<60% 1RM)

Note: Magnitude of change is defined as small*, moderate** and large*** based on del Vecchio et al. (2024); Frost et al. (2016); Haff
and Nimphius (2012); Kapsis et al. (2022); Lecce et al. (2024); Mangine et al. (2008); Schoenfeld et al. (2017, 2021).
Abbreviations: 1RM, one-repetition maximum; ME, muscle endurance; MP, maximal power output; RFD, rate of force development.

training level, total volume and contraction velocity
(Mangine et al., 2008; Munn et al., 2005; Schoenfeld et al.,
2016, 2021; Weakley et al., 2023).

The canonical stimulus for maximal strength
development is represented by dynamic contractions
performed under heavy resistive loading. Nonetheless,
eccentric-contraction RT, often employing supramaximal
loads, can evoke even greater strength and hyper-
trophic adaptations, owing to elevated mechanical
tension and unique neural activation patterns during
muscle lengthening overloading (Enoka, 1996; Roig
et al., 2009; Schoenfeld et al, 2021). Contraction
velocity further modulates these adaptations. In
chronically strength-trained male and female athletes,
both slow-controlled and ballistic regimens produce
equivalent improvements in 1RM (Lecce, Romagnoli,
Frinolli et al., 2024; Lecce, Romagnoli, Maffiuletti
et al., 2025; Mangine et al, 2008), whereas untrained
individuals take larger benefits from higher-velocity
efforts, suggesting that movement intent and contraction
speed may outweigh time under tension in promoting
early strength gains in this population (Munn et al,
2005).

Ballistic contractions performed without substantial
external resistance provided by heavy loads produce
mechanical stimuli that are insufficient to elicit maximal
strength gains (i.e. 1IRM). However, it is well accepted
that combining rapid contractions with heavy-load RT
(>80% 1RM), the contribution of elevated mechanical
overload and enhanced neural activation produces greater
long-term gains in maximal strength than either modality
alone (Behm, 1995; Behm & Sale, 1993a, 1993b; Boccia
et al., 2025; del Vecchio et al., 2024; Haff & Nimphius,
2012; Lecce, Romagnoli, Frinolli et al., 2024; Pearcey et al.,
2021; Taien et al., 2022).

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.

Both young and older adults gain significant strength
benefits from RT, although absolute improvements tend
to be minor in the elderly population. In a meta-analysis
of healthy older adults (mean age > 60 years) undergoing
4-16 weeks of RT, mean increases in maximal strength
were approximately 18% (Guizelini et al, 2018). By
contrast, younger cohorts typically achieve larger relative
improvements in the range of 20%-40% over comparable
intervention durations (Roberts et al., 2020).

When accounting for baseline differences, males and
females attain equivalent relative gains in 1RM, with
similar increases in muscle cross-sectional area and
lower-limb strength (Roberts et al., 2020). Notably,
untrained females may experience greater percentage
improvements in upper-body strength than their male
counterparts, despite males’ higher absolute gains driven
by greater initial force-producing capacity. Although
absolute IRM enhancements are greater in males (Joyner
et al., 2025), sex does not appear to influence the relative
magnitude of maximal strength or maximal neural drive
adaptations to RT (Hunter & Senefeld, 2024; Lecce, Conti
et al., 2024; Roberts et al., 2020).

Maximal power. RT elicits robust adaptations in MP, yet
the nature of the stimulus dictates the magnitude and
specificity of the response. Consistent with the principle
of specificity, low-load ballistic or plyometric protocols
maximise both movement velocity and RFD, whereas
heavy-load RT primarily enhances maximal strength,
thereby potentiating MP under high-load conditions (Haff
& Nimphius, 2012; Lecce, Romagnoli, Frinolli et al,
2024; Lecce, Romagnoli, Maffiuletti et al., 2025; Mafhuletti
et al., 2016; Nishioka & Okada, 2023). Indeed, ballistic
contractions produce greater enhancements in MP across
diverse modalities (free weights, pneumatic devices,

35UBD| 7 SUOWILLOD BAIIER1D 3(qedt|dde ayy Aq pausenob afe 9ok YO ‘8sn JO Sa|nJ 10} Ariq 1T aUIUQ AB|IM UO (SUOIIIPUOD-PUR-SWBIW0D A8 | 1M AleIq 1 U UO//SANY) SUO R IPUOD pue SWB | L) 88S *[9202/c0/.2] Uo ARiqiauluQ A3|IM (Pepiues ap OLBISIUI) UOSIACLY [RUOIRN SUeIYo0D UsiuedS AQ 9T/682dr/STTT OT/I0p/od’ A3 1m ARiqpuljuo-aosAydy/sdny wouy papeojumod ‘T ‘9202 ‘€6..691T



98 E. Lecce and others

isotonic machines) than do slow or non-ballistic regimens
in both male and female individuals at any training level
(Balshaw et al., 2016; Frost et al., 2016; Lecce, Romagnoli,
Mafhiuletti et al., 2025; Mc Dermott et al., 2022).

When ballistic exercises are performed with
light-to-moderate loads, increases in MP are most
pronounced at those specific loads, whereas heavy-load
training improves MP predominantly at higher
%1RM (Haft & Nimphius, 2012). By systematically
incorporating ballistic movements across the entire
overloading spectrum, it is expected that a shift in
the force-velocity-power relationship will be observed,
reflecting concurrent gains in maximal strength and
maximal shortening speed. This load-velocity-power
adaptation occurs in both wuntrained and trained
individuals (Gonzalez-Badillo et al, 2014; Lecce,
Romagnoli, Frinolli et al, 2024; Morin & Samozino,
2016; Pareja-Blanco et al., 2014) and is underpinned by
distinct neural and contractile modifications evoked by
ballistic loading (Boccia et al., 2025; del Vecchio, Negro
etal, 2019, 2022, 2024; Maffiuletti et al., 2016).

By contrast, RT performed exclusively with slow,
controlled contractions increases MP predominantly
through gains in maximal force, often resulting in the
absence of a net change, or even a relative decline, when
MP is normalised to 1RM or MVF (Folland et al., 2014;
Haff & Nimphius, 2012; Lecce, Romagnoli, Mafhiuletti
et al., 2025). Such adaptations suggest that prolonged
emphasis on slow-velocity loading may attenuate the
expression of MP relative to underlying force-producing
capacity, a critical determinant of athletic performance in
younger populations and of quality of life in older adults
(D’Antona, 2003; Ferretti et al., 1994; Folland et al., 2014;
Losa-Reyna et al., 2020; Reid & Fielding, 2012).

Rate of force development. RFD is mathematically
expressed as the slope of the force-time curve
(Aforce/ Atime) and represents the principal index
of the rapid force production (Kozinc et al, 2022;
Maffiuletti et al., 2016). Both ballistic and slow-heavy
RT interventions can increase RFD. However, greater
improvements in early-phase RFD (0-100 ms) pre-
dominantly require ballistic contractions that prioritise
rapid muscle activation, as it implies both higher MU
recruitment speed and maximal discharge rates (del
Vecchio, Negro et al., 2019, 2024; Maffiuletti et al., 2016).
Although non-ballistic RT also enhances MU discharge
rates (Aagaard, 2003; del Vecchio, Casolo et al., 2019;
Lecce et al., 2025; Lecce, Conti et al., 2025), the lack of
rapid recruitment observed with slow-type contractions
limits gains in the initial RFD window (del Vecchio
et al,, 2022). Notably, even chronically strength-trained
individuals, despite exhibiting higher MU discharge
rates than untrained counterparts (Casolo et al., 2021),

J Physiol 604.1

demonstrate comparable relative RFD when normalised
to %1RM, a finding partly attributed to training-induced
slowing of intrinsic contractile properties (Skarabot et al.,
2024).

Expected RFD improvements vary by training modality
and population. In young individuals, short-term
ballistic RT interventions typically induce 10%-40%
improvements in RFD (Aagaard et al., 2002b; Balshaw
et al., 2016; de Oliveira et al., 2013; Hakkukinen et al.,
1985; Mafhuletti et al., 2016; Tillin & Folland, 2014;
van Cutsem et al., 1998). Older adults can also achieve
approximately 20%-30% gains in RFD across both acute
and chronic RT interventions (Héikkinen et al., 2001).
Notably, no changes in RFD, especially when normalised
to MVF or 1RM, are expected when training with slow
isometric-contraction RT (Balshaw et al., 2016; Del
Vecchio et al., 2022; Lecce, Romagnoli, Maffiuletti et al.,
2025; Tillin & Folland, 2014).

Muscle endurance. Local ME, which is the capacity to
sustain the maximal number of repetitions to failure at
a specific submaximal load, is most effectively enhanced
by high-repetition, low-load RT (>15 repetitions at
<60%1RM) compared to heavy-load RT (Schoenfeld
et al., 2021). Across a 9 week intervention prescribing
very light (>100 repetitions per set) and moderate (~30
repetitions per set) loads produced markedly greater
increases in both absolute (same load) and relative (same
%1RM) ME than the heavy-load group (absolute ME:
~40% vs. ~28%; relative ME: ~25% vs. ~7%) (Anderson
& Kearney, 1982).

Older individuals demonstrate similar relative end-
urance enhancements using 10-15 RM regimens
(Chodzko-Zajko et al., 2009; Wang et al., 2023), with
no significant advantage for heavier loads (Schoenfeld
et al,, 2021). Despite greater fatigue resistance for females
compared to males, their endurance adaptations to
light-load, high-volume training closely mirror those of
male individuals (Hunter & Senefeld, 2024), indicating
minimal sex-based disparity in ME modifications with
RT (Hunter, 2014; Schoenfeld et al., 2021). These findings
underscore that, regardless of age or sex, low-load,
high-repetition training is the optimal strategy for
enhancing ME.

Conclusions

RT elicits integrated neuromuscular remodelling,
whereby mechanosensitive signalling and hormonal
cascades drive both neural adaptations and muscle-tissue
plasticity. These modifications culminate in enhanced
strength, power, rapid force production and endurance.
Although considerable progress has been made in
mapping individual molecular pathways and functional

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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outcomes, the precise translation of intracellular events
into performance gains remains to be fully elucidated.
Moreover, the modulation of these adaptations by age, sex
and pathological status is poorly defined. Addressing these
points through studies that couple detailed molecular
profiling with rigorous, population-specific performance
measures will deepen our understanding of RT physio-
logy and improve clinical and athletic prescriptions to
optimise health, function and independence across the
lifespan.
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