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Abstract
Maintaining and enhancing skeletal muscle mass and strength are essential for optimizing metabolic function and preventing 
chronic diseases. Resistance exercise plays a pivotal role in this process by modulating the balance between synthesis and 
degradation of skeletal muscle protein. While the efficacy of such exercise in stimulating these processes is well established, 
uncertainties persist regarding the fibre-type specificity and contraction mode-dependent regulation of key signalling path-
ways, including mTORC1, AMPK, and the ubiquitin–proteasome system. Furthermore, the interplay between metabolic 
stressors—such as biopsy timing, muscle damage, inflammation, and oxidative stress—and skeletal muscle adaptation 
remains insufficiently characterized, posing challenges to mechanistic research. To address these gaps, this review system-
atically synthesizes current evidence on fibre-specific and contraction mode-specific regulation of skeletal muscle protein 
turnover. We critically examine the influence of these factors on major signalling pathways and muscle adaptation, identify-
ing key areas of uncertainty and methodological limitations in existing studies. Based on these insights, we propose a novel 
theoretical framework and predictive model to guide future investigations. By providing a comprehensive and mechanisti-
cally driven analysis, this review advances the understanding of resistance exercise-induced muscle adaptations and their 
physiological implications. Our findings offer valuable insights for optimizing exercise strategies and developing targeted 
interventions for muscle-related conditions, including sarcopenia, cachexia, and metabolic disorders.
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Abbreviations
IGF-1	� Insulin-like growth factor 1
IGF-1R	� Insulin-like growth factor 1 receptor
MGF	� Mechano-growth factor
FGFs	� Fibroblast growth factors

TNF-α	� Tumour necrosis factor-α
GH	� Growth hormone
SOL	� Soleus muscle
EDL	� Extensor digitorum longus muscle
IRS-1	� Insulin receptor substrate 1
EPI	� Epitrochlear anconeus muscle
PI3K	� Phosphoinositide 3-kinases
PIP2	� (4, 5)-Bisphosphate
PIP3	� Phosphatidylinositol (3, 4, 5)-trisphosphate
AKT	� Protein kinase B
AMPK	� AMP-activated protein kinase
PLA	� Plantaris muscle
GAS	� Gastrocnemius muscle
TA	� Tibialis anterior muscle
VL	� Vastus lateralis muscle
mTOR	� Mammalian target of rapamycin
S6K1	� Ribosomal protein S6 kinase
eIF4E	� Eukaryotic translation initiation factor 4E
4E-BP1	� Eukaryotic translation initiation factor 

4E-binding protein
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ATP	� Adenosine triphosphate
FTI	� Force–time integral
ERK1/2	� Extracellular signal-regulated kinase 1/2
ECM	� Extracellular matrix
PLD	� Phospholipase D
PA	� Phosphatidic acid
DGK ζ	� Diacylglycerol kinase
DAG	� Diacylglycerol
PTEN	� Phosphatase and tensin homolog
FOXOs	� Forkhead box proteins family
FOXO1	� Forkhead box protein O1
FOXO3A	� Forkhead box O3
MAFbx	� Muscle atrophy F-box gene
MyoD	� Myoblast determination protein 1
FHL	� Flexor hallucis longus muscle
MuRF1	� Muscle ring-finger protein-1
IKK	� IκB kinase kinase
NF-κB	� Nuclear factor kappa-light-chain enhancer of 

activated B cells
LPS	� Lipopolysaccharide
ROS	� Reactive oxygen species
PDTC	� Pyrrolidine dithiocarbamate

Introduction

The skeletal muscle is essential not only for movement and 
posture, but also for overall health (Ji et al. 2025; Merz and 
Thurmond 2011). Impairments in skeletal muscle mass and 
strength are associated with an increased risk of various 
diseases, including type II diabetes, obesity, sarcopenia, 
cardiovascular disease, disability, and even cancer (Mcleod 
et al. 2019). Conversely, preserving and enhancing skeletal 
muscle function can help prevent or delay the onset of these 
conditions (Wolfe 2006). Consequently, strategies to main-
tain and improve skeletal muscle mass and strength have 
become a key focus in health promotion and disease preven-
tion (Joanisse et al. 2020; Liu et al. 2025).

Resistance exercise is widely recognized as one of the 
most effective interventions for maintaining and increasing 
skeletal muscle mass and strength (McLeod et al. 2024). Its 
ability to stimulate protein synthesis has been well estab-
lished, and it is a powerful tool for promoting skeletal mus-
cle hypertrophy and functional improvement (Areta et al. 
2013; Damas et al. 2015; McGlory et al. 2017; Wackerhage 
et al. 2019). In addition to activating protein synthesis path-
ways, resistance exercise simultaneously stimulates protein 
degradation pathways (Liu and Kim 2024; McGlory et al. 
2017; McKendry et al. 2021; Zeng et al. 2020). While this 
may seem paradoxical, it reflects the dynamic and adaptive 
nature of skeletal muscle remodelling. This concurrent acti-
vation of synthesis and degradation is essential for continu-
ous muscle adaptation, ensuring the maintenance of muscle 

mass, quality, and metabolic function. Understanding this 
balance is crucial for optimizing resistance exercise proto-
cols and maximizing muscle health benefits.

Despite extensive research, gaps remain in our under-
standing of the molecular mechanisms underlying skeletal 
muscle protein turnover following resistance exercise. Key 
areas of uncertainty include fibre-type specificity, con-
traction mode-dependent regulation, and the interactions 
between metabolic stressors and muscle adaptation. Moreo-
ver, a comprehensive review synthesizing current evidence 
on these aspects is lacking.

This review aims to critically examine the changes in skel-
etal muscle protein synthesis and degradation in response to 
resistance exercise, with a particular focus on muscle fibre 
specificity, contraction mode-dependent regulation, metab-
olism, and adaptation. By identifying current limitations 
and knowledge gaps, we propose informed hypotheses and 
novel perspectives on underexplored areas. Ultimately, this 
review seeks to enhance our understanding of the molecu-
lar mechanisms governing skeletal muscle remodelling in 
response to resistance exercise, providing valuable insights 
for optimizing training strategies and developing therapeutic 
approaches for muscle-related diseases.

The effects of resistance exercise on protein 
synthesis pathways

IGF‑1/IRS/1‑PI3K/Akt/mTOR/S6K1 and 4E‑BP1 
pathway

Insulin‑like growth factor 1 (IGF‑1)

IGF-1 is a key upstream regulator of protein synthesis, play-
ing a crucial role in cell proliferation, differentiation, and 
energy metabolism, while also inhibiting apoptosis (Yoshida 
and Delafontaine 2020). Studies on IGF-1 knockout mice 
have demonstrated delayed muscle development, whereas 
IGF-1 overexpression leads to increased body weight and 
muscle hypertrophy (Liu et al. 1993; Musarò et al. 2001; 
Yang et al. 1997). Additionally, IGF-1 has been shown to 
reverse dexamethasone-induced skeletal muscle atrophy in 
mice, further underscoring its critical role in muscle hyper-
trophy (Stitt et al. 2004).

A wealth of independent studies (Feng et  al. 2022; 
Matheny et al. 2009; Suetta et al. 2010) have confirmed that 
resistance training facilitates skeletal muscle hypertrophy 
by activating IGF-1 signalling and counteracting disease-
related muscle atrophy. However, some studies have failed to 
observe a significant increase in IGF-1 expression, following 
resistance exercise, suggesting that various factors can mod-
ulate this response (Roberts et al. 2010; Suetta et al. 2010; 
Sullivan et al. 2020). For instance, obesity has been shown 
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to attenuate IGF-1 stimulation due to increased expression 
of miR-206, an epigenetic regulator that post-transcription-
ally inhibits IGF-1 (Sullivan et al. 2020). Additionally, the 
regulation of IGF-1 expression is highly complex, involving 
multiple signalling pathways with different temporal dynam-
ics. Research indicates that specific IGF-1 splice variants, 
such as IGF-IEa and mechano-growth factor (MGF), exhibit 
distinct expression patterns at different time points post-
exercise. As some variants are upregulated during the later 
stages of recovery, they may not show significant changes 
in the early post-exercise period (Hameed et al. 2003). Age 
and training status also influence IGF-1 expression following 
resistance exercise. Older individuals exhibit a delayed and 
attenuated IGF-1 response to mechanical loading compared 
to younger individuals, likely due to reduced sensitivity 
to anabolic stimuli (Roberts et al. 2010). This diminished 
response may be attributed to impaired MGF activation, 
which could explain the lack of significant IGF-1 upregula-
tion in the ageing population (Roberts et al. 2010).

IGF-1 expression in skeletal muscle is influenced by con-
traction, with eccentric contractions eliciting significantly 
higher expression levels compared to other contraction types 
(Bamman et al. 2001; Heinemeier et al. 2007; Taghibeikza-
dehbadr et al. 2020). Eccentric contractions induce greater 
mechanical damage, triggering an increase in inflammatory 
mediators such as TNF-α, which can further activate the 
IGF-1 signalling pathway (Heemskerk et al. 1999). Addi-
tionally, these contractions elevate serum concentrations of 
acidic fibroblast growth factors (FGFs), which are released 
in response to mechanical injury and stimulate myocyte pro-
liferation and hypertrophy in vitro (Clarke et al. 1998; Clarke 
and Feeback 1996; Florini 1987). These findings suggest 
that localized inflammation and mechanical damage follow-
ing eccentric contractions enhance IGF-1 expression, accel-
erating skeletal muscle hypertrophy.

However, inflammation presents a double-edged sword: 
while moderate inflammation promotes muscle repair and 
growth, excessive or chronic inflammation may suppress 
IGF-1 expression. Pro-inflammatory cytokines, oxidative 
stress, and disruptions in the growth hormone (GH)/IGF-1 
axis have been implicated in the downregulation of IGF-1 
under conditions of excessive inflammation (Erlandsson 
et al. 2017; Guijarro et al. 2021; Novosyadlyy et al. 2009). 
Thus, further research is required to elucidate the balance 
between inflammatory responses and IGF-1-mediated mus-
cle adaptation in different contraction modalities.

Moreover, the expression of IGF-1 in skeletal muscle 
appears to be specific, although direct evidence remains lim-
ited. An animal study demonstrated that, under resting con-
ditions, type I muscle fibres exhibit higher levels of IGF-1 
expression than type II fibres (Nagasao et al. 2022). Simi-
larly, studies have shown that the rat soleus (SOL), which 
is predominantly composed of type I fibres, exhibits greater 

IGF-1 downstream protein activity and phosphorylation lev-
els than the rat extensor digitorum longus (EDL), which is 
primarily composed of type II fibres (Song et al. 1999).

Although there have been no direct comparisons of fibre-
specific IGF-1 expression post-resistance exercise, some 
evidence suggests that this type of exercise increases IGF-1 
receptor (IGF-1R) expression in type I, but not type II fibres 
(Gallagher et al. 2013). Based on these findings, the pre-
sent study hypothesized that IGF-1 expression will be more 
pronounced in type I fibres, following resistance exercise. 
However, this assumption requires further validation, as type 
II fibres experience greater mechanical loading and are more 
susceptible to damage during resistance exercise. Given that 
muscle damage and localized inflammation can significantly 
enhance IGF-1 expression (Clarke et al. 1998; Clarke and 
Feeback 1996; Florini 1987; Heemskerk et al. 1999), it is 
plausible that IGF-1 expression could also be elevated in 
type II fibres post-exercise.

In summary, while existing evidence suggests that IGF-1 
expression is influenced by muscle fibre type, contraction 
mode, and physiological conditions such as ageing and obe-
sity, direct experimental validation remains limited. Further 
research is needed to elucidate the precise fibre-specific 
IGF-1 responses to resistance exercise and their implica-
tions for muscle hypertrophy and adaptation.

Insulin receptor substrate 1 (IRS‑1)

IRS-1 is a key signal transduction protein in the insulin 
receptor substrate family, undergoing tyrosine phospho-
rylation in response to IGF-1 stimulation and subsequently 
activating multiple intracellular signalling pathways. 
Although IRS-1 tyrosine phosphorylation is well estab-
lished, the functional significance of its serine phosphoryla-
tion remains incompletely understood. The review by Gual 
et al. (2005) offers a comprehensive analysis of IRS-1 serine 
phosphorylation—particularly at residues such as IRS1Ser302 
and IRS1Ser789—which appear to mediate dual regulatory 
effects. Experimental studies highlight the critical role of 
IRS-1 in growth and development, as IRS-1 knockout mice 
can exhibit diabetes and severe growth retardation, weighing 
only 50% of their wild-type counterparts (Kido et al. 2000). 
Conversely, transgenic overexpression of IRS-1 in mouse 
skeletal muscle significantly increases PI3K activity and Akt 
phosphorylation, reinforcing its essential role in activating 
the PI3K/Akt pathway and promoting skeletal muscle hyper-
trophy (Morino et al. 2008).

Resistance exercise has been shown to enhance IRS-1 
activity through various mechanisms, including increased 
p-IRS-1Tyr612 and/or decreased p-IRS-1Ser612 expression (de 
Matos et al. 2014; Jorge et al. 2011; Muñoz et al. 2021). 
These findings suggest that resistance exercise modulates 
IRS-1 function by altering its phosphorylation status. 
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However, some studies report no significant changes in 
IRS-1 activity post-resistance exercise, despite increased 
downstream signalling (Christ et al. 2002; Møller et al. 
2013; West et al. 2019). One possible explanation for these 
discrepancies is the timing of muscle biopsies. IRS-1 sig-
nalling undergoes rapid and transient changes following 
stimulation, and missing the optimal detection window may 
lead to an underestimation of total IRS-1 or p-IRS-1 expres-
sion despite enhanced downstream activity (Khamzina et al. 
2005). Validating this hypothesis requires precise experi-
mental protocols with biopsy intervals less than 5 min, pre-
senting a considerable technical challenge. Additionally, 
resistance exercise may activate mTOR through IGF-1/
IRS-1-independent pathways (Hornberger 2011; Philp et al. 
2011), potentially explaining increased downstream signal-
ling activity in the absence of detectable IRS-1 changes. 
These alternative regulatory mechanisms will be discussed 
in detail in a later section.

A potential mechanism for the reduction in IRS-1 activ-
ity following resistance exercise involves negative feedback 
regulation. Activation of mTOR via S6K1 has been shown 
to induce IRS-1 serine phosphorylation at multiple sites, 
including Ser-270, Ser-307, Ser-636, and Ser-1101, lead-
ing to decreased IRS-1 activity and subsequent degradation 
(Zhang et al. 2008). This regulatory mechanism has also 
been observed under conditions characterized by elevated 
S6K1 activity, such as high nutrient availability, chronic 
insulin stimulation, and hepatitis C virus infection, where 
IRS-1 function is similarly impaired (Bose et  al. 2012; 
Tremblay et al. 2007; Veilleux et al. 2010). The negative 
feedback loop between mTOR and IRS-1 likely serves as 
a homeostatic mechanism to prevent excessive signalling 
activation and maintain intracellular balance.

The impact of contraction mode on IRS-1 expression 
remains largely unexplored. Indirect evidence suggests 
that eccentric contractions may inhibit IRS-1 activity due 
to increased muscle damage and elevated inflammatory 
responses (Del Aguila et  al. 2000). The suppression of 
IRS-1 activity by inflammatory mediators has been well 
demonstrated in both in vivo and in vitro studies (Hotamis-
ligil et al. 1996; Kanety et al. 1995; Kirwan and del Aguila 
2003). Moreover, when insulin is combined with eccentric 
contractions, IRS-1 tyrosine phosphorylation and associated 
PI3K activity increase, but to a lesser extent than insulin 
alone (Del Aguila et al. 2000), indirectly supporting the 
inhibitory effect of eccentric contractions on IRS-1 activ-
ity. Although direct comparisons of IRS-1 expression and 
activity between eccentric and concentric contractions are 
lacking, it is hypothesized that eccentric contractions, due to 
their greater induction of muscle damage and inflammatory 
factor activation, are more likely to suppress IRS-1 activity 
compared to concentric contractions. Future studies should 
directly compare these contraction modes under controlled 

experimental conditions to elucidate their specific effects on 
IRS-1 regulation in skeletal muscle.

Interestingly, although eccentric contractions have been 
reported to suppress IRS-1 activity more than concentric 
contractions—likely due to heightened muscle damage and 
inflammatory cytokine activation—this does not contradict 
the well-established fact that eccentric contractions induce 
greater skeletal muscle hypertrophy. Several mechanisms 
may explain this apparent paradox. First, the inhibition of 
IRS-1 is typically transient and localized, with signalling 
recovering during the post-exercise regeneration phase (Del 
Aguila et al. 2000). Second, eccentric contractions strongly 
activate alternative anabolic pathways that bypass IRS-1, 
such as the PLD/DGKζ/PA-mTOR axis and MAPK/ERK1/2 
signalling, both of which are responsive to mechanical stress 
and membrane disruption. Third, eccentric contractions gen-
erate greater mechanical load and myofibrillar tension, lead-
ing to more substantial satellite cell activation, extracellular 
matrix remodelling, and protein turnover (LaStayo et al. 
2003). These adaptations can outweigh the transient reduc-
tion in IRS-1 signalling. Lastly, the net effect on protein 
synthesis remains positive, as multiple hypertrophy-related 
pathways converge in a time-dependent and fibre-specific 
manner. Together, these findings suggest that IRS-1 sup-
pression during eccentric contractions does not preclude, 
and may even be part of, a complex remodelling process that 
ultimately enhances muscle growth.

The skeletal muscle fibre-specific expression of IRS-1 
following resistance exercise remains largely unexplored. 
While direct evidence is lacking, existing findings suggest 
potential fibre-type differences in IRS-1 activity. Song et al. 
(1999) reported that, under resting conditions, IRS-1 expres-
sion and signalling vary among muscle fibre types, with oxi-
dative fibres (type I) exhibiting higher IRS-1 activity com-
pared to glycolytic fibres (type II). This suggests that IRS-1 
may be more active in type I fibres following resistance exer-
cise. Furthermore, in vitro insulin stimulation studies have 
shown greater IRS-1 activity in SOL, a muscle predomi-
nantly composed of type I fibres, compared to epitrochlear 
anconeus (EPI) and EDL, which contain a larger proportion 
of type II fibres (Song et al. 1999). However, in vitro insu-
lin stimulation may not fully reflect IRS-1 activity in skel-
etal muscle following resistance exercise. Therefore, these 
findings should be interpreted with caution. Future studies 
should directly investigate the effects of resistance exercise 
on IRS-1 expression and activity across muscle fibre types 
to clarify potential fibre-specific adaptation.

This discrepancy prompts further discussion regarding 
the relationship between fibre type-specific signalling and 
observed hypertrophic outcomes. Although type I fibres 
may show relatively higher basal levels of IGF-1 and IRS-1 
expression, this does not contradict the fact that type II 
fibres generally undergo greater hypertrophy in response to 
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resistance exercise. This apparent paradox can be explained 
by several key factors. First, type II fibres possess inher-
ently greater hypertrophic potential, characterized by a 
larger cross-sectional area, lower myonuclear density, and 
heightened sensitivity to mechanical load stimuli (Suetta 
et al. 2010). Second, hypertrophic adaptations depend more 
on the dynamic responsiveness to exercise rather than on 
basal expression levels. Type II fibres tend to exhibit greater 
amplitude in signalling activation post-exercise, including 
more rapid and robust activation of the Akt/mTOR/S6K1 
pathway and higher peaks of protein synthesis. Third, resist-
ance exercise preferentially recruits type II fibres under 
high-intensity loading, subjecting them to greater mechani-
cal tension and metabolic stress—direct inducers of mus-
cle remodelling. Fourth, the activity of IGF-1 is not solely 
dependent on expression quantity but also on the presence of 
splice variants such as MGF, which is more markedly upreg-
ulated in type II fibres following mechanical stimulation 
and more directly linked to localized hypertrophy (Hameed 
et al. 2003). Lastly, skeletal muscle hypertrophy is governed 
by the integrated contribution of multiple signalling path-
ways—not just IGF-1 or IRS-1—and these pathways appear 
to converge more potently in type II fibres during and after 
resistance training. Together, these factors explain why type 
II fibres, despite sometimes lower basal expression of certain 
anabolic factors, exhibit superior hypertrophic responses to 
resistance stimuli.

IRS-1 plays a central role in mediating skeletal muscle 
adaptation to resistance exercise through its involvement in 
the IGF-1/PI3K/Akt pathway. While resistance exercise can 
modulate IRS-1 phosphorylation and activity, its response 
appears to be highly dynamic and influenced by factors such 
as contraction mode, exercise timing, and negative feedback 
regulation via mTOR/S6K1. Additionally, indirect evidence 
suggests potential differences in IRS-1 activity across mus-
cle fibre types, though direct experimental confirmation is 
needed. Future research should focus on the precise tempo-
ral dynamics of IRS-1 signalling, the effects of contraction 
mode, and the fibre-specific regulation of IRS-1 in response 
to resistance exercise.

Phosphoinositide 3‑kinases (PI3K)

PI3K is a downstream signalling protein of IRS-1 and a 
family of enzymes involved in critical cellular processes 
such as growth, proliferation, and differentiation (Wymann 
and Pirola 1998). Upon IRS-1 activation, the regulatory 
p85 subunit binds to IRS-1, leading to activation of the 
catalytic p110 subunit, which initiates PI3K signalling. 
Structural abnormalities in PI3K, such as subunit deletions 
or dysfunction, result in embryonic lethality in mice, high-
lighting the indispensable role of intact PI3K in develop-
ment (Yu and Cui 2016). Furthermore, PI3K activation has 

been shown to counteract dexamethasone-induced skeletal 
muscle atrophy (Stitt et al. 2004), indirectly suggesting its 
potential role in promoting skeletal muscle hypertrophy.

Several studies have documented that resistance exer-
cise enhances PI3K activity (Li et al. 2022; Yin et al. 
2020). However, PI3K activity in the PLA muscle fluc-
tuates significantly in response to overloaded weight-
bearing, decreasing at the 3rd hour, peaking at the 12th 
hour, and returning to baseline by the 24th hour (Carlson 
et al. 2001). These findings suggest that PI3K activation is 
stimulus dependent, with excessive or prolonged stimula-
tion potentially leading to decreased activity due to energy 
stress and/or inflammatory responses as part of a negative 
feedback mechanism for muscle protection. Thus, future 
studies investigating PI3K expression should carefully 
control exercise intensity to optimize its activation.

Although most studies report an increase in PI3K activ-
ity following resistance exercise, some findings suggest 
otherwise. For instance, one study reported no significant 
increase in PIK3 activity or expression in skeletal muscle 
post-resistance exercise (Hamilton et al. 2010), though 
such observations are uncommon. This discrepancy may 
arise from the possibility that PI3K is not the sole key 
regulator of skeletal muscle hypertrophy; in certain condi-
tions, alternative pathways such as MAPK, may compen-
sate for PI3K signalling. The role of MAPK-related signal-
ling in resistance exercise adaptation will be discussed in 
a later section.

The effect of contraction mode on PI3K expression 
remains largely unexplored. We hypothesize that eccentric 
contractions may further enhance PI3K expression in skel-
etal muscle. Eccentric contractions significantly stimulate 
the JNK signalling pathway, which is associated with inflam-
matory responses triggered by myofibre damage and repair 
(Boppart et al. 1999; Martineau and Gardiner 2001). JNK 
activation has been linked to increased PI3K activity, either 
directly or indirectly (Boppart et al. 1999; Park et al. 2006; 
Utsugi et al. 2009). Additionally, eccentric contractions 
have been shown to significantly upregulate the expression 
of S6K1, a downstream effector of the PI3K pathway (Elias-
son et al. 2006; Rahbek et al. 2014). One possible explana-
tion for these findings is an increase in upstream signalling 
through PI3K.

Comparative transcriptomic analysis of eccentric and 
concentric contractions further supports this hypothesis. 
Eccentric contractions have been found to significantly 
upregulate genes related to protein synthesis and mus-
cle growth, including members of the IGF-1 and PGC-1α 
families (Taghibeikzadehbadr et al. 2020). Given that these 
signalling proteins serve as major upstream regulators of 
PI3K, their upregulation may contribute to increased PI3K 
expression following eccentric contractions. Although these 
findings provide indirect support for our hypothesis, direct 
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experimental evidence is required to establish the role of 
muscle contraction mode specificity in PI3K regulation.

The muscle fibre type-specific regulation of PI3K fol-
lowing resistance exercise remains unclear. Hamilton et al. 
(2010) investigated PI3K expression in different muscle 
types (PLA, SOL, and EDL) following electrically stimu-
lated resistance exercise and found no significant changes. 
However, as PI3K expression may exhibit a delayed response 
post-exercise (Carlson et al. 2001; Yin et al. 2020), the 
immediate post-stimulation analysis used in that study may 
not accurately reflect its true dynamics.

Further evidence suggests that PI3K signalling may 
exhibit fibre-type specificity. Whole transcriptome RNA 
sequencing revealed that PI3K-related genes showed 
stronger responses in type II muscle fibres following resist-
ance exercise (Dickinson et al. 2018). However, this finding 
was not validated at the protein expression level, leaving the 
extent of PI3K fibre-specific regulation uncertain. Future 
studies should integrate both gene expression analysis and 
protein quantification to elucidate the role of muscle fibre 
type in PI3K regulation post-resistance exercise.

PI3K is a crucial downstream effector of IRS-1, playing a 
key role in skeletal muscle adaptation to resistance exercise. 
While resistance exercise generally enhances PI3K activity, 
its response appears to be influenced by factors such as exer-
cise intensity, contraction mode, and potential compensatory 
pathways like MAPK signalling. Current evidence suggests 
that eccentric contractions may further augment PI3K acti-
vation, potentially due to increased upstream signalling via 
JNK and IGF-1-related pathways, though direct validation is 
required. Additionally, while transcriptomic data indicate a 
preferential activation of PI3K-related genes in type II mus-
cle fibres post-resistance exercise, further research is needed 
to confirm these findings at the protein level. Future stud-
ies should focus on the temporal regulation of PI3K activ-
ity, the effects of contraction mode, and potential fibre-type 
specificity to fully understand its role in skeletal muscle 
hypertrophy.

Protein kinase B (AKT/PKB)

AKT comprises a family of three serine/threonine-specific 
protein kinases that regulate various cellular processes. 
Upon PI3K activation, AKT translocates to the membrane, 
where it binds to PDK, leading to its partial activation. AKT 
knockout mice exhibit impaired skeletal muscle growth and 
reduced lifespan (Chen et al. 2001; Cho et al. 2001), while 
AKT overexpression promotes hypertrophy and inhibits 
dexamethasone-induced atrophy (Cleasby et al. 2007; San-
dri et al. 2004). These findings highlight the essential role of 
AKT in promoting skeletal muscle hypertrophy and prevent-
ing muscle atrophy.

Resistance exercise has been widely documented to 
enhance AKT activity in skeletal muscle, as demonstrated 
in both human and animal studies (Camera et al. 2010; Kido 
et al. 2016; Li et al. 2022; Yin et al. 2020). However, some 
studies have reported no significant changes in AKT activity 
post-resistance exercise (Spiering et al. 2008; Vissing et al. 
2013) despite increased downstream mTOR activity. This 
suggests that mTOR activation may occur independently of 
the IRS-1/PI3K/AKT pathways, a topic further explored in 
a later section. Additionally, a reduction in AKT activity 
following resistance exercise has been reported (Deldicque 
et al. 2008). This decline may be associated with AMPK 
activation, as studies have shown that AICAR, an AMPK 
activator, significantly reduces p-AKTSer473 expression in 
skeletal muscle (Bolster et al. 2002; Koopman et al. 2006). 
Although AICAR and resistance exercise activate AMPK 
through distinct mechanisms, both significantly increase 
AMPK activity, suggesting that unchanged or decreased 
AKT expression post-exercise may be linked to elevated 
AMPK activity.

Other factors, including the metabolic state of exercise 
subjects, may also influence AKT activity. Research sug-
gests that resistance exercise performed in a fasted or obese 
state leads to a significant reduction in AKT phosphorylation 
at Thr308 and Ser473 due to reduced nutrient availability 
and oxidative stress (Deldicque et al. 2008; Ji et al. 2024). 
Additionally, the timing of muscle biopsies may impact 
observed AKT expression changes, a topic further discussed 
in relation to skeletal muscle fibre type.

There is no substantial evidence indicating that contrac-
tion mode influences AKT expression (Ato et al. 2016; 
Eliasson et al. 2006; Rahbek et al. 2014). However, eccen-
tric contractions have been shown to induce higher mTOR 
and S6K1 activation compared to concentric contraction 
(Eliasson et al. 2006; Rahbek et al. 2014). This supports 
the hypothesis that skeletal muscle hypertrophy mediated 
through mTOR and S6K1 involves pathways beyond the 
IRS-1/PI3K/AKT axis.

The role of inflammatory factors in AKT expression can-
not be overlooked. Eccentric contraction-induced skeletal 
muscle damage elevates TNF-α levels, yet its effect on AKT 
expression remains unclear. While TNF-α downregulates 
IRS-1 (upstream of AKT), it does not appear to suppress 
AKT expression in eccentric contraction (Kirwan and del 
Aguila 2003; Newham et al. 1983). We hypothesize that, 
despite TNF-α-mediated IRS-1 inhibition, inflammatory 
signals directly activate AKT, compensating for reduced 
IRS-1 expression. Supporting this, in vitro studies demon-
strate that TNF-α can enhance AKT expression, promoting 
cell survival and protecting against excessive programmed 
cell death (Burow et al. 2000; Hiraoka et al. 2001).

Skeletal muscle fibre type significantly influences AKT 
expression. In vitro electrical stimulation revealed a marked 
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increase in p-AKTSer473 expression in multiple muscle types 
(EDL, SOL, PLA, GAS-red, and GAS-white), with the 
greatest increase in fast-twitch fibre-rich EDL and the lowest 
in slow-twitch fibre-rich SOL (Sakamoto et al. 2002). Simi-
lar findings were reported for rat TA and SOL (Nader and 
Esser 2001), where SOL exhibited a lack of AKT response 
to resistance exercise despite insulin stimulation. This sug-
gests that resistance exercise-induced AKT expression is 
fibre-type dependent, with fast-twitch fibres showing greater 
responsiveness.

The timing of biopsies is another critical factor in AKT 
activity. In rats, AKT phosphorylation peaks at the 5th min-
ute post-resistance exercise and returns to baseline within 
15 min (Sakamoto et al. 2002). Another study reported 
a significant increase in p-AKTSer473 only between 5 and 
10 min post-resistance exercise, with no significant changes 
detected by the 20th minute (Bolster et al. 2003). In contrast, 
in humans, AKT phosphorylation at both p-Akt Thr308 and 
p-Akt Ser473 in the VL remains elevated for up to 30 min 
post-resistance exercise (Camera et al. 2010). Whether these 
discrepancies arise from differences in resistance exercise 
modalities (high-frequency electrical stimulation vs. leg 
extension machine) or species (rodent vs. human) remains 
unclear. Future studies should comprehensively evaluate the 
temporal aspects of AKT activity and expression to improve 
our understanding of its role in skeletal muscle adaptation.

Mammalian target of rapamycin (mTOR)

mTOR, a member of the phosphatidylinositol 3-kinase-
related kinases family, is a critical regulator of cell growth 
and protein synthesis (Mitra et al. 2015). The key down-
stream effectors of mTOR in protein synthesis include the 
eukaryotic translation initiation factor 4E (eIF4E)-binding 
protein (4E-BP) and ribosomal protein S6 kinase (S6K1). 
Specific knockdown of mTOR and RAPTOR proteins in 
mouse skeletal muscle reduces phosphorylation of down-
stream targets S6K1 and 4EBP1, leading to severe myopathy 
and premature death between 22 and 38 weeks of age (Ris-
son et al. 2009). These findings underscore the essential role 
of mTOR in skeletal muscle hypertrophy and growth.

Baar and Esser (1999) first demonstrated that mTOR 
activation promotes protein synthesis following resistance 
exercise, a finding widely confirmed in subsequent stud-
ies (Camera et al. 2010; Li et al. 2022; Yin et al. 2020). 
However, not all studies have reported increased mTOR 
expression or activity post-resistance exercise. For exam-
ple, no significant changes in p-mTORSer2488 levels were 
observed in the quadriceps (QD) of older adults following 
resistance exercise (Francaux et al. 2016), potentially due 
to increased REDD1 expression with ageing and decreased 
insulin response (Choi et al. 2016; Katiyar et al. 2009). 
Similar results were observed in young male volunteers, 

where no significant change in p-mTOR expression was 
detected immediately and 1  h after resistance exercise 
(Kakigi et al. 2011). However, Mazo et al. (2021) found 
increased p-mTORSer2488 expression in skeletal muscle 4-h 
post-exercise. These discrepancies suggest that the timing of 
sample collection is a critical factor affecting mTOR expres-
sion. Specifically, mTOR phosphorylation begins to increase 
30-min to 1-h post-exercise, peaks within 1–3 h, and gradu-
ally declines between 3 and 6 h, returning to baseline within 
24 h (Dickinson and Rasmussen 2013; Dreyer et al. 2006).

Animal studies further support the importance of tissue 
collection timing and exercise frequency in mTOR expres-
sion. Takegaki et al. (2017) reported no significant changes 
in mTOR or p-mTORSer2488 expression over 72-h periods 
(three resistance exercise sessions spaced 72 h apart), but 
observed significant increases in p-mTORSer2488 expression 
in the 24-h and 8-h groups. These findings suggest that exer-
cise frequency and rest intervals influence mTOR activation. 
Moreover, mTOR activation is modulated by metabolic sta-
tus. In healthy mice, p-mTORSer2488 expression increases 
for 15 min, whereas that in obese mice peaks at 5 min and 
returns to baseline within 15 min (Khamzina et al. 2005). 
The inhibition of mTOR expression in obesity may be linked 
to decreased IGF-1 levels due to increased miR-206 expres-
sion. Thus, factors such as age, sampling time point, exercise 
frequency, rest intervals, and obesity significantly influence 
mTOR expression and activity following resistance exercise. 
Accounting for these variables can enhance experimental 
reproducibility and improve understanding of skeletal mus-
cle protein synthesis mechanisms.

There is ongoing debate regarding contraction mode-
specific mTOR activation. Some human and animal studies 
report increased mTOR expression following both maximal 
eccentric and concentric contractions, with no significant 
difference between the two modes (Eliasson et al. 2006; 
Sadri et al. 2021; Taghibeikzadehbadr et al. 2020). Simi-
larly, Ato et al. (2016) found no significant differences in 
p-mTORSer2488 expression immediately or 3-h post-resist-
ance exercise across concentric, eccentric, and isometric 
contractions. However, eccentric contractions elicit higher 
S6K1 phosphorylation levels than concentric and isometric 
contractions, suggesting greater mTOR activation (Eliasson 
et al. 2006; Rahbek et al. 2014). This may be due to pro-
longed mTORSer2488 phosphorylation following eccentric 
contractions, with elevated levels observed until 5-h post-
exercise, whereas concentric contraction-induced phospho-
rylation returns to baseline by 3-h post-exercise (Rahbek 
et al. 2014). These findings suggest that, while mTOR acti-
vation does not differ between contraction modes, eccentric 
contractions sustain peak activation for a longer duration. 
Additionally, eccentric contractions may further enhance 
S6K1 expression via a non-AKT/mTOR pathway, such as 
the MAPK pathway, which warrants further investigation.
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Skeletal muscle fibre type also influences mTOR expres-
sion following resistance exercise. Parkington et al. (2003) 
reported significant mTOR expression in PLA immediately 
post-exercise and in both TA and PLA at 6-h post-resistance 
exercise, but not in SOL. These findings suggest that mTOR 
expression and its delayed response are fibre-type specific. 
Compared to the SOL, the TA and PLA contain a larger pro-
portion of type IIa fibres, which may explain the increased 
mTOR expression following resistance exercise. Further 
evidence suggests that phosphorylated mTOR at Ser2488 
localizes predominantly within the intracellular regions 
and sarcolemma of type IIa fibres (Parkington et al. 2003). 
Supporting this, Edman et al. (2019) demonstrated a six-
fold increase in mTOR phosphorylation in type II fibres fol-
lowing resistance exercise, compared to a twofold increase 
in mTOR phosphorylation in type I fibres under adequate 
nutrition. These data confirm that mTOR expression post-
exercise is fibre-type specific, with preferential activation in 
type IIa fibres. While these findings explain the fibre-specific 
expression of mTOR, the delayed response in certain mus-
cles remains unclear. We speculate that differences in mus-
cle fibre composition between PLA and TA, particularly the 
higher proportion of type IIa fibres in PLA, may explain the 
earlier mTOR expression observed in PLA compared to the 
delayed response in TA.

Ribosomal protein S6 kinase beta‑1 (S6K1)

S6K1 is a downstream target of mTOR that is activated by 
directly phosphorylating multiple sites, promoting skeletal 
muscle protein synthesis and muscle hypertrophy (Ochi 
et al. 2010). S6K1 knockout mice exhibit significantly lower 
skeletal muscle mass compared to wild-type mice, higher 
mortality rate, and slower development (Chen et al. 2001; 
Pende et al. 2004). Conversely, mice overexpressing the 
S6K1 gene display significant skeletal muscle hypertrophy 
(Ohanna et al. 2005), indicating that S6K1 plays a crucial 
role in skeletal muscle growth.

Both human and animal studies have widely demonstrated 
that resistance exercise significantly increases S6K1 expres-
sion (Atherton et al. 2005; Camera et al. 2010; Koopman 
et al. 2006; Li et al. 2022; Terzis et al. 2008). However, 
some studies have not observed a significant increase in 
S6K1 expression post-resistance exercise. One possible 
explanation for this discrepancy is the activation of AMPK. 
Although it remains unclear whether AMPK directly 
regulates S6K1, it can reduce p-mTORSer2446 expression, 
impairing insulin- and growth factor-induced S6K1 acti-
vation (Cheng et al. 2004; Thomson et al. 2008). Kazior 
et al. (2016) reported that 7 weeks of resistance exercise 
decreased S6K1 expression in human VL. Excluding 
AMPK’s inhibitory effect, another plausible explanation is 
the negative feedback mechanism during skeletal muscle 

protein synthesis. While the precise mechanisms remain 
unclear, S6K1 upregulation amplifies its inhibitory feed-
back on IRS-1, impairing PI3K and AKT activation (Adams 
1998; Harrington et al. 2004; Um et al. 2004). This feedback 
mechanism may serve to maintain metabolic homeostasis. 
However, the significance of reduced S6K1 levels remains 
speculative, necessitating further research. Additionally, 
sampling time point is critical for detecting changes in 
S6K1 expression. Significant increases in p-S6K1Thr389 
were observed in EDL and TA only at 3-h post-resistance 
exercise (Baar and Esser 1999). In rats, significant increases 
were noted only at 6-h post-resistance exercise (Hernandez 
et al. 2000), suggesting a delayed positive effect of resistance 
exercise on S6K1 expression in skeletal muscle.

S6K1 expression is also contraction mode specific, with 
eccentric contraction inducing higher S6K1 phosphorylation 
levels than other modes. Post-maximal eccentric contrac-
tion, p-S6K1Thr421/Ser424 increased fourfold and p-S6K1Thr389 
expression doubled compared to pre-exercise levels, while 
maximal concentric contraction did not induce significant 
changes (Eliasson et  al. 2006). Furthermore, eccentric 
contractions sustain high p-S6K1Thr389 levels for over 5 h, 
whereas concentric contractions maintain them for only 3 
h (Rahbek et al. 2014). Ato et al. (2016) similarly reported 
significantly higher p-S6K1Thr389 expression after eccentric 
contraction at 3-h post-exercise. These findings suggest that 
eccentric contraction not only induces greater S6K1 upregu-
lation but also sustains its expression longer than other con-
traction modalities.

Skeletal muscle fibre type significantly affects S6K1 
expression post-resistance exercise. Parkington et al. (2003) 
reported significant increases in p-S6K1Thr389 in EDL imme-
diately post-exercise and in TA at 6 h, whereas no significant 
increase was observed in SOL. Another study found signifi-
cant increases in S6K1 expression in rat PLA, EDL, and TA 
at 3-h post-resistance exercise, persisting beyond 36 h, but 
not in SOL (Baar and Esser 1999). This may be attributed to 
the fibre type-specific localization of S6K1 expression fol-
lowing resistance exercise. Immunohistochemistry analysis 
revealed that p-S6K1Thr389 is almost exclusively expressed 
in type II fibres, with minimal expression in type I fibres 
(Koopman et al. 2006). A human study further confirmed 
that expression of p-S6K1Thr389, p-S6K1Thr421/Ser424, and 
p-S6K1Ser424/Thr421 was significantly elevated only in type II 
fibres (Tannerstedt et al. 2009). These findings collectively 
indicate that p-S6K1 expression post-resistance exercise 
is fibre type specific and contributes primarily to type II 
fibre hypertrophy. However, differences in S6K1 expression 
among the three type II fibre subtypes (IIa, IIb, and IIx) 
after resistance exercise are not yet clear and require further 
investigation. As a key upstream signal for S6K1, mTOR 
signalling is primarily localized in type IIa fibres. It remains 
uncertain whether mTOR signalling continues to activate 
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S6K1 predominantly within type IIa fibres, or whether S6K1 
activation “shifts” to other fibre types over time. Further 
research into the subcellular and fibre-type localization of 
S6K1 will enhance our understanding of the mechanisms 
underlying resistance exercise-induced skeletal muscle pro-
tein synthesis and provide scientific data to support exercise 
prescription development.

Eukaryotic translation initiation factor 4E‑binding protein 
1 (4E‑BP1)

Another key downstream effector of mTOR is 4E-BP1. 
mTOR phosphorylates multiple sites on 4E-BP1, leading to 
its dissociation from eIF4E and relieving the inhibition on 
protein translation initiation (Dreyer et al. 2006). Overex-
pression of the 4E-BP1 gene results in significant reductions 
in body weight, lean mass, and skeletal muscle cross-sec-
tional area (Tsai et al. 2015). Conversely, 4E-BP1 knockout 
mice exhibit reduced adipose tissue accumulation and are 
protected against ageing-related diseases and sarcopenia 
(Tsukiyama-Kohara et al. 2001). These findings underscore 
the importance of 4E-BP1 inhibition in promoting skeletal 
muscle hypertrophy and overall health.

The effects of resistance exercise on 4E-BP1 expression 
remain controversial. In rats, resistance exercise induced a 
peak in p-4E-BP1 expression 10 min post-exercise, signifi-
cantly exceeding pre-exercise levels (Bolster et al. 2003). 
Similarly, resistance exercise significantly increased p-4E-
BP1Thr37/Thr48 expression, which returned to baseline within 
3 h (Atherton et al. 2005), supporting the hypothesis that 
resistance exercise enhances skeletal muscle protein syn-
thesis. However, other studies have reported immediate 
decrease in p-4E-BP1Thr31 and p-4E-BP1Thr37/Thr48 following 
resistance exercise, with levels returning to baseline within 
30 min (Koopman et al. 2006). Likewise, Deldicque et al. 
(2008) observed significant reductions in p-4E-BP1Thr37/46 
immediately post- resistance exercise, with recovery occur-
ring within 24 h. The underlying reasons for these discrepan-
cies remain unclear.

One possible explanation for the reduction in p-4E-BP1 
expression post-resistance exercise is the activation of 
AMPK. In a vitro study has shown that AICAR-induced 
AMPK activation significantly decreases p-4E-BP1Thr37 
expression in skeletal muscle (Bolster et al. 2002). Although 
the physiological effects of AICAR and resistance exer-
cise differ, both findings support AMPK's inhibitory effect 
on p-4E-BP1 expression. A negative correlation between 
AMPK and p-4E-BP1 has been observed, with Dreyer 
et al. (2006) reporting a 75% increase in AMPK follow-
ing resistance exercise, accompanied by a 36% decrease 
in p-4E-BP1Thr37/46 expression. Additionally, Bolster et al. 
(2002) demonstrated that an AICAR injection in mice led to 
decreased skeletal muscle p-4E-BP1 expression. However, 

whether AMPK inhibits p-4E-BP1 expression indirectly 
by suppressing upstream signals, such as AKT, or directly 
modulates remains to be clarified. Furthermore, mTOR, like 
AMPK, functions as an energy sensor, with reduced ATP 
levels leading to decreased mTOR expression and activity 
(Dennis et al. 2001). Thus, resistance exercise influences 
4E-BP1 activity through multiple energy stress pathways. 
Future studies should investigate this mechanism under con-
ditions of sufficient energy and nutrient reserves to yield 
more definitive insights.

Beyond investigating the physiological mechanisms, the 
development of more precise methods for assessing 4E-BP1 
activity is essential. 4E-BP1 activity can potentially be 
assessed through its non-phosphorylated expression. Total 
4E-BP1 is composed of three isoforms: α4E-BP1, β4E-BP1, 
and γ4E-BP1. The expression of γ4E-BP1 serves as a marker 
of 4E-BP1 activity, with increased γ4E-BP1 levels indicat-
ing a larger proportion of phosphorylated 4E-BP1 and subse-
quent enhancement of intracellular protein synthesis (Chen 
et al. 2017; Jansova et al. 2017; Takegaki et al. 2017). Nota-
bly, a study reported a significant increase in the γ4E-BP1/
total 4E-BP1 ratio following resistance exercise, despite no 
significant changes in p-4E-BP1Thr37/Thr48 levels (Takegaki 
et al. 2017). Therefore, future research should consider both 
phosphorylation status and γ4E-BP1 expression to provide 
a more comprehensive evaluation of 4E-BP1 activity post-
resistance exercise.

The influence of contraction mode on 4E-BP1 expression 
remains inconclusive. Ato et al. (2016) found no significant 
differences in p-4E-BP1Thr37/Thr46 expression immediately or 
3-h post-exercise across concentric, eccentric, and isometric 
contractions when matched for the force–time integral (FTI). 
Similarly, Rahbek et al. (2014) reported no significant dif-
ferences in p-4E-BP1 levels following acute concentric and 
eccentric contractions. However, after 12 weeks of resist-
ance exercise, a greater reduction in 4E-BP1 expression was 
observed after concentric compared to eccentric contrac-
tions (Rahbek et al. 2014). One possible explanation is that 
prolonged eccentric contractions may induce inflammatory 
responses that exceed the muscle's self-regulatory threshold, 
inhibiting resistance exercise-mediated 4E-BP1 regulation. 
Supporting this hypothesis, an animal study demonstrated 
that TNF-α injection in rats significantly increased 4E-BP1 
expression in GAS and decreased p-4E-BP1 expression 
(Lang et al. 2002). However, the physiological mechanisms 
underlying exogenous injections and prolonged eccentric 
contraction differ, necessitating cautious interpretation. 
Furthermore, some studies question the regulatory role 
of inflammatory factors like TNF-α on 4E-BP1 expres-
sion, suggesting they primarily affect other translation ini-
tiation and elongation factors rather than directly targeting 
4E-BP1 phosphorylation sites (Lang and Frost 2007; Lang 
et al. 2002; Velásquez et al. 2016). Clarifying the role of 
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inflammatory factors in 4E-BP1 regulation will provide 
deeper insights into the influence of contraction modes on 
skeletal muscle protein synthesis.

Unlike mTOR and S6K1, the fibre-type specificity of 
4E-BP1 expression and phosphorylation in skeletal muscle 
remains largely unknown. However, evidence suggests that 
4E-BP1 level and its phosphorylation may be concentrated 
in type II fibres. Koopman et al. (2006) reported that 4E-BP1 
expression is more pronounced in type II fibres compared to 
type I fibres during post-resistance exercise recovery, indi-
cating a fibre type-specific regulatory mechanism. Addition-
ally, anabolic agent-induced muscle hypertrophy models, 
such as clenbuterol treatment, have demonstrated increased 
4E-BP1 phosphorylation, which is primarily associated with 
enhanced anabolic signalling in type II fibres (Sumi et al. 
2014). Furthermore, 4E-BP1 activity has been implicated 
in the metabolic regulation of fast-twitch fibres, suggesting 
a role in adaptive responses to metabolic challenges (Tsai 
et al. 2015). Finally, exercise and nutrient stimuli robustly 
enhance 4E-BP1 phosphorylation in type II fibres, further 

underscoring its significant role in these fibres (Witard et al. 
2009). Collectively, these findings support the hypothesis 
that 4E-BP1 expression and its phosphorylation are predom-
inantly localized in type II fibres, reflecting their specialized 
metabolic and functional roles. However, direct evidence is 
lacking, necessitating further experimental studies to con-
firm these hypotheses (Tsai et al. 2015; Witard et al. 2009).

Deficiencies and limitations

Future research on the IGF-1/IRS-1/PI3Ks/Akt/mTOR/
S6K1 and 4E-BP1 pathway should prioritize the following 
areas (Fig. 1).

1.	 Comprehensive analysis of the distinct responses of IGF-
1, IRS-1, PI3K, and 4E-BP1 in different muscle fibre 
types (type I vs. type II) following exercise is needed. 
Studies should systematically examine these responses 
under standardized exercise conditions to establish clear 
distinctions.

Fig. 1   Overview of resistance exercise-promoted protein synthesis 
pathway events in skeletal muscle. Abbreviations: 4E-binding pro-
tein 1 (4EBP1), eukaryotic initiation factor 4E (eIF4E), phosphatidic 
acid (PA), diacylglycerol kinase (DGK ζ), insulin receptor substrate1 
(IRS-1), insulin-like growth factor-1 (IGF-1), insulin-like growth fac-
tor-1 receptor (IGF-1R), p70 S6 kinase 1 (S6K1), (4, 5)-bisphosphate 

(PIP2), phosphatidylinositol (3, 4, 5)-trisphosphate (PIP3), phospho-
inositide 3-kinase (PI3K), phospholipase D (PLD), protein kinase 
B (Akt), extracellular signal-regulated kinase 1/2 (ERK1/2), phos-
phatase and tensin homolog (PTEN), AMP-activated protein kinase 
(AMPK), and mammalian target of rapamycin (mTOR)
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2.	 The effects of contraction mode (eccentric vs. concen-
tric) on molecular signalling, particularly IGF-1, IRS-1, 
PI3K, mTOR, and 4E-BP1, must be further explored. 
Investigations are needed to elucidate their specific roles 
in muscle adaptation.

3.	 A deeper understanding of the temporal dynamics of key 
signalling molecules, such as IRS-1 and AKT, following 
resistance exercise is required. Future studies should aim 
to map the precise time course of activation and deacti-
vation to clarify their role in muscle growth.

4.	 The interactions of metabolic stress induced by factors 
such as energy expenditure and AMPK activation with 
muscle growth pathways involving AKT, S6K1, Mtoe, 
and 4E-BP1 warrant further investigation. Understand-
ing how metabolic stress modulates these pathways will 
provide critical insights into muscle adaptation mecha-
nisms.

MAPK/S6K1 pathway

Extracellular signal‑regulated kinase 1/2 (ERK1/2)

ERK1 and ERK2 share 85% sequence identity and play a 
critical role in skeletal muscle protein synthesis by promot-
ing slow muscle fibre formation (Boulton and Cobb 1991; 
Boyer et al. 2019; Murgia et al. 2000). The essential func-
tion of ERK2 is evident from studies in transgenic mouse 
embryos, where ERK2 knockout resulted in embryonic 
lethality at day 6.5 (Yao et al. 2003). In contrast, ERK1-
deficient mice survived, likely due to compensatory ERK2 
activity, though immune cell development was significantly 
impaired (Pagès et al. 1999). These findings underscore the 
importance of ERK1/2 in growth and development.

ERK1/2 expression and activity significantly increase in 
skeletal muscle following resistance exercise (Deldicque 
et al. 2008; Dreyer et al. 2006; Takegaki et al. 2019a, b; 
Taylor et al. 2012). Similarly, p-ERK1/2Thr180/Tyr182 levels 
were markedly elevated following high-frequency electri-
cal stimulation of isolated rat EDL, simulating resistance 
exercise (Atherton et al. 2005). Another study found sig-
nificant changes in p-ERK1/2Thr180/Tyr182 expression in SOL 
and PLA muscles following mechanical overload induced by 
surgical removal of the GAS in mice (Carlson et al. 2001). 
Although the exact mechanism by which p-ERK1/2 acti-
vates S6K1 remains unclear, in vivo and in vitro studies 
suggest that ERK1/2 positively regulates S6K1 expression 
(Deldicque et al. 2008). Notably, resistance exercise signifi-
cantly increases S6K1 expression without altering upstream 
AKT and mTOR levels, suggesting that ERK1/2 activation 
may contribute to S6K1 signalling independent of the AKT/
mTOR pathway (Barnabé et al. 2023; Boppart et al. 1999).

However, some studies have reported conflicting find-
ings, indicating that resistance exercise may not enhance 

ERK1/2 expression and may even suppress it (Brown et al. 
2017; Coffey et al. 2005; Takegaki et al. 2017; Williamson 
et al. 2003). For example, in obese Zucker rats, resist-
ance exercise did not alter p-ERK1/2Thr202/Tyr204 levels 
in the GAS (Brown et al. 2017). Similarly, no significant 
changes were observed in p-ERK1/2Thr202/Tyr204 levels in 
the VL of human subjects following resistance exercise 
(Coffey et al. 2005). Furthermore, a study reported that 
p-ERK1/2Thr202/Tyr204 expression was significantly reduced 
in rat GAS following 10 repetitions of resistance exer-
cise (Takegaki et al. 2017), and a similar reduction was 
observed in elderly human after resistance exercise (Wil-
liamson et al. 2003). These findings suggest that resistance 
exercise may lead to aberrant ERK1/2 expression under 
certain conditions.

A potential explanation for this inconsistency is extracel-
lular matrix (ECM) damage in skeletal muscle following 
exercise. The ECM, which transduces mechanical stress 
signals, is susceptible to alterations caused by obesity, age-
ing, and exercise-induced damage (Kragstrup et al. 2011; 
Takagi et al. 2016). The α7β1 integrin, a key ECM protein in 
skeletal muscle, is upregulated in response to ECM damage 
(Kääriäinen et al. 2002; Song et al. 1992). Overexpression 
of α7β1 integrin has been shown to reduce p-ERK1/2Thr202/

Tyr204 expression (Boppart et al. 2006). Therefore, resistance 
exercise-induced ECM damage may elevate α7β1 integrin 
expression, leading to reduced ERK1/2 phosphorylation. 
Additionally, ERK1/2 has been implicated in slow muscle 
fibre formation while inhibiting fast fibre differentiation 
(Higginson et al. 2002; Murgia et al. 2000). Since resist-
ance exercise primarily promotes fast muscle fibre protein 
synthesis, the observed decrease in ERK1/2 expression post-
resistance exercise may facilitate this process. Supporting 
this hypothesis, in vitro experiments demonstrated that 
ERK1/2 inhibition reduced myosin heavy chain I mRNA 
expression while increasing myosin heavy chain IIx and IIb 
mRNA levels (Higginson et al. 2002).

ERK1/2 expression also varies depending on the mode of 
skeletal muscle contraction. Eccentric contraction has been 
shown to induce greater ERK1/2 expression compared to 
concentric contraction (Boppart et al. 1999). In rat PLA, 
p-REK1/2 levels were significantly higher following eccen-
tric contraction than after isometric and concentric contrac-
tions (Martineau and Gardiner 2001). Similarly, in human 
VL, eccentric contraction during a 30- minute resistance 
exercise session significantly increased p-ERK1/2Thr202/Tyr204 
expression, whereas concentric contraction did not (Franchi 
et al. 2014). These findings indicate that eccentric contrac-
tion is a more potent stimulus for ERK1/2 activation. S6K1 
regulation by ERK1/2 through a non-AKT/mTOR pathway 
explains why S6K1 phosphorylation is higher after eccentric 
contraction despite similar mTOR activation levels between 
the two contraction modes.
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The greater ERK1/2 activation observed following eccen-
tric contraction may be related to skeletal muscle micro-
damage. Eccentric contraction induces greater muscle 
damage, leading to increased cytokine and inflammatory 
factor concentrations, both of which are known to promote 
ERK1/2 phosphorylation (Close et al. 2005; Raingeaud et al. 
1995). Additionally, the higher absolute tensions generated 
during eccentric contraction may also be a reason for this. 
Absolute tensions generated by eccentric contractions may 
contribute to greater ERK1/2 activation (Hather et al. 1991; 
Lieber 1992). However, these interpretations require caution. 
While ECM damage and α7β1 integrin overexpression have 
been associated with reduced ERK1/2 expression, muscle 
damage-induced cytokines and inflammatory factors can 
enhance ERK1/2 phosphorylation (Liao et al. 2010; Szele-
nyi and Urso 2012). These contradictory findings highlight 
the need for further research on the interactions among α7β1 
integrin, cytokines, and inflammatory factors in response to 
resistance exercise-induced muscle damage.

ERK1/2 expression also exhibits fibre-type specificity 
following resistance exercise. In resting skeletal muscle, 
p-ERK expression appears to be positively correlated with 
fast-twitch fibre content (Oishi et al. 2019). Studies in mice 
and rats have reported significantly higher p-ERK1/2 levels 
in fast fibre-dominant muscles following resistance exercise 
(Shi et al. 2008). However, within the same muscle, no sig-
nificant differences in p-ERK1/2 expression were observed 
between different fibre types post-resistance exercise (Eli-
asson et al. 2006). Based on available data, we hypothesize 
that the fibre type-dependent activation of ERK1/2 likely 
reflects differences in responsiveness at the level of muscle 
groups, rather than an intrinsic specificity of individual mus-
cle fibres. Accordingly, it is plausible that ERK1/2 signalling 
in skeletal muscle is predominantly regulated by mechanical 
loading patterns and the architectural and functional prop-
erties of specific muscle groups, rather than by fibre type 
alone.

Deficiencies and limitations

Future research on the MAPK/S6K1 pathway should focus 
on the following key areas (Fig. 1).

1.	 The interplay between cytokines and inflammatory fac-
tors induced by eccentric contractions and α7β1 integrin 
upregulation following skeletal muscle damage requires 
further investigation to clarify their integrated effects on 
ERK1/2 signalling.

2.	 The conflicting findings on ERK1/2 activation at both 
the whole-muscle and muscle fibre levels underscore 
the need for molecular-level investigations to elucidate 
how specific muscle fibre types differentially respond to 
specific exercise modalities.

PLD or DGK ζ/PA/mTOR

Resistance exercise is widely accepted to regulate mTOR 
expression through the IGF-1/AKT pathway, enhancing 
skeletal muscle protein synthesis. However, Coppola et al. 
(1994) demonstrated that transgenic mice expressing a 
dominantly inactivated IGF-1R in skeletal muscle failed 
to activate downstream AKT signalling following IGF-1 
stimulation, but exhibited a preserved hypertrophic response 
induced by skeletal muscle contraction. This finding was the 
first indication that skeletal muscle hypertrophy can occur 
independent of IGF-1/ATK activation. Subsequent research 
further established that passive stretching of skeletal mus-
cle activates mTOR signalling without altering IGF-1/
AKT activity (Hornberger and Chien 2006). O'Neil et al. 
(2009) reported that IGF-1/AKT activation following resist-
ance exercise is transient, lasting less than 30 min, whereas 
mTOR activation persists for longer than 12 h. While IGF-1/
AKT signalling may contribute to contraction-induced 
hypertrophy, its transient nature suggests the existence of 
alternative pathways mediating mTOR activation. These 
findings challenge the exclusivity of the IGF-1/AKT path-
way in mTOR-mediated skeletal muscle hypertrophy.

Supporting this perspective, You et al. (2012) demon-
strated that mTOR activation can occur independent of 
IGF-1/AKT signalling by using the ERK1/2 inhibitor U0126 
on passively stretched mouse EDL muscle. While U0126 
effectively blocked stretch-induced ERK1/2 phosphoryla-
tion, it only partially reduced S6K1 phosphorylation, sug-
gesting the presence of an alternative pathway that activates 
S6K1 and enhances skeletal muscle protein synthesis in 
response to mechanical stimuli. Further studies by O'Neil 
et al. (2009) and You et al. (2014) proposed the existence 
of the PLD or DGK ζ/PA/mTOR pathway, which mediates 
mTOR activation in response to resistance contraction. 
There in vitro studies on mouse EDL muscle highlighted 
this pathway as an independent regulator of mTOR, distinct 
from the conventional PI3K/AKT signalling pathway.

Phospholipase D (PLD)

Phospholipase D (PLD) is integral to numerous physiologi-
cal processes, including protein synthesis (Damnjanovic and 
Iwasaki 2013). It also catalyses the hydrolysis of phosphati-
dylcholine into phosphatidic acid and choline (Jenkins and 
Frohman 2005). Research has shown that PLD expression is 
closely linked to skeletal muscle growth and development. 
In vitro studies revealed that inhibiting PLD with FIPI (a 
PLD inhibitor) in L6 myotubes led to significant atrophy, 
while PLD overexpression induced hypertrophy in the GAS 
of mice and reversed atrophy caused by dexamethasone and 
inflammatory factors (Jaafar et al. 2013). These findings 
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highlight the essential role of PLD in promoting and main-
taining skeletal muscle hypertrophy.

PLD is located in the Z-bands of skeletal muscle, which 
are critical for force transmission (Fridén and Lieber 2001). 
During repeated skeletal muscle resistance contractions, 
PLD dissociates from α-actinin, reducing its inhibition and 
enhancing PLD activation (Hornberger et al. 2006). This 
suggests that repeated contractions increase PLD activity. 
Hornberger and Chien (2006) found that AKT expression 
remained unchanged, but S6K1 was activated in a rapam-
ycin-sensitive manner after intermittent stretching of iso-
lated mouse muscle. This implies that intermittent stretching 
activates downstream mTOR signalling through an AKT-
independent mechanism.

However, conflicting findings exist. Another study on 
isolated muscle stretching reported no significant changes 
in PLD activity despite a notable increase in mTOR activ-
ity (You et al. 2014). This suggests that PLD is not the sole 
regulator of mTOR activation following mechanical stretch-
ing. Furthermore, these findings are based on ex vivo mouse 
skeletal muscle studies, providing indirect insights rather 
than direct evidence of the role of PLD in mTOR regula-
tion following in vivo resistance exercise. It is not known 
whether PLD-mediated mTOR activation in human skel-
etal muscle aligns with that found in animal studies. Addi-
tionally, the expression of PLD in different muscle fibre 
types and its response to distinct contraction modes remain 
unclear. Elucidating the role of PLD in mTOR regulation 
could enhance our understanding of resistance exercise-
induced muscle protein synthesis.

Diacylglycerol kinase (DGK ζ)

Hornberger et al. (2006) were the first to demonstrate that 
ex vivo skeletal muscle stretching increases PLD expression. 
They further showed that inhibiting PLD with 1-butanol 
blocked the PLD/PA/mTOR pathway, supporting PLD’s 
role in mTOR regulation through PA. However, several chal-
lenges have arisen regarding this conclusion. First, many 
biological effects of 1-butanol are not solely attributable 
to PLD inhibition (Gardiner et al. 2003). Second, blocking 
PLD expression does not prevent mTOR activation induced 
by ex vivo stretching (You et al. 2014). Third, the timeline 
of PLD expression increase does not correlate with PA accu-
mulation (You et al. 2014). These discrepancies suggest an 
alternative pathway for PA synthesis, potentially involving 
diacylglycerol (DAG) phosphorylation by DGK ζ.

Evidence indicates that DGK ζ activity increases with 
prolonged ex vivo stretching (O'Neil et al. 2009), lead-
ing to elevated DAG concentration (Vaughan et al. 2014; 
Zick et al. 2014). This provides substrates for subsequent 
PA synthesis. DGK ζ-knockout mice exhibit reduced skel-
etal muscle mass and impaired hypertrophic responses 

compared to wild-type mice, particularly in type II 
fibre–rich muscles such as the PLA, while DGK ζ overex-
pression increases the cross-sectional area in mouse TA 
and mitigates rapamycin-induced atrophy (You et al. 2014, 
2018). High-frequency electrical stimulation to simulate 
resistance exercise resulted in two-fold increases in DAG 
and PA levels in rat skeletal muscle (Cleland et al. 1989). 
These findings suggest that DGK ζ plays a crucial role in 
skeletal muscle hypertrophy.

Compared to PLD, the role of DGK ζ in regulating skel-
etal muscle hypertrophy through resistance exercise has 
been validated using in vivo animal experiments. In rat 
PLA muscle, DGK ζ expression significantly increased 
following resistance exercise (You et al. 2018). Moreo-
ver, resistance exercise-induced upregulation of DGK ζ 
was observed to mitigate the inhibitory effects of FOXO 
transcription factors and the ubiquitin system on skeletal 
muscle protein synthesis (You et al. 2018). These find-
ings support the physiological role of DGK ζ in promot-
ing skeletal muscle hypertrophy in response to resistance 
exercise. Furthermore, we hypothesize that DGK ζ expres-
sion following resistance exercise exhibits muscle fibre 
specificity. Specifically, DGK ζ expression may may pre-
dominantly regulated in type IIb fibres. This hypothesis is 
supported by findings in DGK ζ-knockout rats, where type 
IIb fibres continued to atrophy after resistance exercise, 
whereas the cross-sectional areas of type IIa and type IIx 
fibres significantly increased (You et al. 2018).

Nevertheless, current research on the regulation of 
DGK ζ expression in response to resistance exercise 
remains limited. First, while existing studies highlight 
the involvement of FOXO transcription factors and the 
ubiquitin system in DGK ζ regulation, they fail to explore 
other potential upstream signalling pathways that may 
interact with DGK ζ and influence its expression follow-
ing resistance exercise. Second, most research focuses on 
the acute changes in DGK ζ expression immediately after 
resistance exercise, lacking data on its dynamic regulation 
with long-term resistance training. Third, skeletal muscle 
contractions during resistance exercise can be classified 
into concentric, eccentric, and isometric types, which may 
differentially regulate DGK ζ expression. Finally, most 
studies rely on rodent models, which, despite their utility 
in elucidating fundamental muscle biology mechanisms, 
exhibit physiological differences from humans. Future 
research should focus on the multiple regulatory mecha-
nisms of DGK ζ expression in response to resistance exer-
cise and explore how different types of exercise and long-
term adaptive changes affect this pathway. Additionally, it 
is crucial to perform human studies to better understand 
the physiological mechanisms regulating skeletal muscle 
protein synthesis in response to resistance exercise.
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Phosphatidic acid (PA)

Phosphatidic acid (PA) functions as a lipid second mes-
senger crucial for cellular signalling. Its inhibition disrupts 
mTOR-Rictor association, impairing protein synthesis 
(Mehri et al. 2023). Although debates persist regarding the 
regulatory mechanisms of PA on mTOR (Frias et al. 2023), 
its role in mTOR activation is well supported (Avila-Flo-
res et al. 2005; Hornberger et al. 2006; Tang et al. 2006). 
Exogenous PA or overexpression of PA-producing enzymes 
increase mTOR expression, whereas limiting PA production 
suppresses it (Chen et al. (2005).

Both PLD and DGK ζ, upstream regulators of PA, can be 
activated by ex vivo skeletal muscle stretching and resistance 
exercise (O'Neil et al. 2009; Rasmussen 2009; You et al. 
2018, 2014). Thus, PA expression appears to be closely 
linked to resistance exercise. Passive skeletal muscle stretch-
ing increases PA levels, maintaining elevated levels for at 
least 90 min (Hornberger et al. 2006; You et al. 2014). Simi-
larly, electrical stimulation-simulated resistance exercise in 
rats significantly increased PA levels in skeletal muscle (Cle-
land et al. 1989). Additionally, electrical stimulation of the 
rat EDL to simulate eccentric contraction significantly ele-
vated PA concentrations, which were maintained for at least 
60 min (O'Neil et al. 2009). The changes in PA concentration 
following contractions appear to be muscle fibre specific, 
with potentially higher levels in fast-twitch fibres. This is 
supported by findings that PA level increased immediately in 
the rat TA and was sustained for a prolonged period, whereas 
no changes were observed in the rat SOL muscle (O'Neil 
et al. 2009). However, this is the only such study available so 
far, and more evidence is needed to support these findings.

Despite these insights, the precise physiological mecha-
nisms by which resistance exercise regulates the PLD- or 
DGK ζ-mediated PA/mTOR pathway remain unclear. Sig-
nificant alterations in signalling of those pathways have been 
observed predominantly in response to eccentric contrac-
tions induced by ex vivo stretching or in vivo electrical stim-
ulation. While such stimulation can simulate certain aspects 
of resistance exercise, these findings should be interpreted 
cautiously. The regulatory mechanisms of the PLD or DGK 
ζ/PA/mTOR pathway in skeletal muscle following resistance 
exercise require further investigation.

Deficiencies and limitations

Current research priorities for the PLD or DGK ζ/PA/mTOR 
include the following (Fig. 1).

1.	 Validating whether PLD or DGK ζ/PA regulation fol-
lowing actual resistance exercise aligns with in vitro and 
electrical stimulation findings.

2.	 Identifying upstream regulators of PLD and DGK ζ in 
controlling PA synthesis.

3.	 Investigating muscle fibre-specific and contraction 
mode-specific variations in PLD or DGK ζ/PA pathway 
activation following resistance exercise.

The effects of resistance exercise on protein 
degradation pathways

AKT/FOXOs/MAFbx and MuRF‑1

Forkhead box proteins family (FOXOs)

FOXOs are transcription factors that play crucial roles in 
metabolic regulation, longevity, and tumour suppression 
(Mammucari et al. 2007; Sandri et al. 2004). The upregula-
tion of MuRF1 and MAFbx genes is typically associated 
with increased nuclear translocation and decreased phospho-
rylation of FOXOs (Lee 2004; Stitt et al. 2004). AKT phos-
phorylates FOXO proteins, preventing their translocation 
to the nucleus and subsequent DNA binding (Brunet et al. 
1999; Kops et al. 1999). Overexpression of FOXO genes 
in mice leads to reduced skeletal muscle mass, decreased 
cross-sectional area, and increased myofibre atrophy (Kamei 
et al. 2005; Southgate et al. 2007). Conversely, FOXO gene 
knockdown reverses skeletal muscle atrophy and signifi-
cantly reduces MAFbx expression (Liu et al. 2007; Sandri 
et al. 2004). These findings underscore the essential role of 
FOXOs in skeletal muscle atrophy.

Resistance exercise has been widely shown to inhibit 
skeletal muscle atrophy by reducing the nuclear transloca-
tion of FOXOs (Léger et al. 2006; Takegaki et al. 2019a, 
b; Williamson et al. 2010; Yu et al. 2022). However, some 
studies have reported contradictory findings (Fry et al. 2013; 
Sullivan et al. 2020). One study found no significant changes 
in FOXO1 levels at 15-min and 3-h post-resistance exercise 
in either sedentary obese or lean individuals (Sullivan et al. 
2020). Additionally, p-FOXO3ASer253 expression remained 
below baseline for 24 h after resistance exercise (Fry et al. 
2013). These discrepancies may be due to the regulation 
of FOXOs by other signalling pathways following resist-
ance exercise. For instance, while AKT levels increase post-
exercise, they may be counteracted by AMPK, modulating 
FOXO activity (Greer et al. 2007; Sanchez et al. 2012). Fur-
thermore, resistance exercise-induced skeletal muscle hyper-
trophy follows a "damage–repair–hypertrophy" process. 
Notably, FOXO1 and FOXO3A expression levels signifi-
cantly increased in the GAS after high-frequency eccentric 
contraction-induced muscle damage in rats (Lee et al. 2015), 
suggesting that FOXO upregulation may facilitate the clear-
ance of damaged cells and proteins, creating an environment 
conducive to muscle growth.
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Another perspective suggests that increased FOXO 
expression may be associated with post-exercise muscle 
inflammation (Ito et al. 2009; Kim et al. 2019; Lundell 
et al. 2019). However, inflammation is unlikely to be the 
primary driver of FOXO expression as its duration typi-
cally exceeds that of FOXO upregulation (Nedergaard et al. 
2007). Ageing may also be a contributing factor. In aged 
rats, FOXO3A expression increased following nine weeks 
of resistance exercise (Luo et al. 2013), and the p-FOXO3A-
Ser253/FOXO3A ratio in the GAS was significantly reduced 
post-resistance exercise (Zeng et  al. 2020). Decreased 
p-FOXO levels can lead to muscle mass loss and impaired 
functional capacity. One hallmark of ageing is the exces-
sive accumulation of " garbage " and/or damaged proteins 
in skeletal muscle (Demontis and Perrimon 2010). There-
fore, we hypothesize that resistance exercise-induced FOXO 
upregulation may facilitate the clearance of these cellular 
debris, potentially slowing the decline of skeletal muscle 
function.

The effect of contraction mode on FOXO expression is 
also noteworthy. Following chronic resistance exercise, no 
significant differences were observed in FOXO1 mRNA, 
FOXO3A mRNA, FOXO3A, FOXO1, p-FOXO1Ser256, and 
p-FOXO3ASer253 levels between eccentric and concentric 
contractions (Stefanetti et al. 2014a, b). However, at 5-h post-
acute resistance exercise, concentric contractions induced 
greater reduction in p-FOXO1Ser256 and p-FOXO3ASer253 
expression than did eccentric contractions, while p-FOX-
O1Ser256 expression was higher (Stefanetti et al. 2014a, b). 
This suggests that the interaction between exercise duration 
(chronic and acute) and contraction mode influences FOXO 
expression and activity. Additionally, some studies have 
shown that concentric contractions result in greater FOXO1 
expression than eccentric contractions (Nedergaard et al. 
2007; Sabouri et al. 2022). Among FOXO family members, 
FOXO1 is more sensitive to changes in cellular energy levels 
(Nedergaard et al. 2007). LaStayo et al. (2000) demonstrated 
that, under the same absolute workload, concentric contrac-
tions required higher energy expenditure than eccentric con-
tractions. Supporting this, endurance exercise significantly 
upregulates FOXO1 expression (Jorgensen et al. 2005; Li 
et al. 2014; Sanchez 2015). This suggests that differences in 
FOXO responses to contraction mode may be due to vari-
ability in adaptation to energetic stress. Further studies are 
needed to validate this hypothesis for understanding skeletal 
muscle protein adaptations to resistance exercise.

Not all FOXO family members exhibit muscle fibre speci-
ficity. Specifically, FOXO3A does not show muscle fibre-
type specificity, whereas FOXO1 does. Following both 
low- (Macedo et al. 2014) and high-intensity (Krug et al. 
2016) chronic resistance exercise (8 weeks), no significant 
changes in FOXO3A expression were observed in the FHL 
(flexor hallucis longus), TA, and SOL. In contrast, FOXO1 

expression significantly decreased in SOL but remained 
unchanged in GAS (Ribeiro et al. 2019). These findings sug-
gest that type I muscle fibres selectively regulate FOXO1 
expression in response to resistance exercise. Kamei et al. 
(2005) demonstrated that FOXO1 overexpression in mice 
downregulated type I fibre-associated genes but did not 
affect type II fibre-associated genes, further supporting the 
link between FOXO1 and type I muscle fibres. This mecha-
nism may help protect type I fibres from damage caused by 
prolonged mechanical loading (Sandri et al. 2006).

We propose that FOXO3A does not exhibit fibre-type 
specificity after resistance exercise because its role in pro-
tein degradation and metabolic stress regulation is consistent 
across all muscle fibre types. Resistance exercise induces 
metabolic stress such as energy depletion, myofibre damage, 
and nutrient deficiency, which activate FOXO3A to meet 
the increased demand for protein degradation. In this pro-
cess, FOXO3A activation is widespread and not fibre-type 
dependent. All muscle fibres rely on FOXO3A to regulate 
energy balance and maintain cellular homeostasis (Raue 
et al. 2007; Schachter et al. 2012). The consistent behaviour 
of FOXO3A across fibre types reflects its crucial role in 
muscle function (Zheng et al. 2010).

Muscle atrophy F‑box gene (MAFbx/atrogin‑1)  MAFbx was 
first identified through transcriptional analysis in a rodent 
model of skeletal muscle atrophy (Bodine et  al. 2001). In 
skeletal muscle, MAFbx expression is tightly regulated at 
the transcription of upstream FOXO factors (Ni et al. 2006; 
Sandri et al. 2004). Overexpression of MAFbx leads to the 
polyubiquitination of MyoD, inhibiting MyoD-induced 
myotube differentiation and formation (Lagirand-Canta-
loube et al. 2009). Conversely, MAFbx knockdown prevents 
endogenous MyoD protein degradation and effectively miti-
gates skeletal muscle atrophy in vivo (Lagirand-Cantaloube 
et al. 2009). These findings confirm that MAFbx plays a piv-
otal role in skeletal muscle hypertrophy and atrophy.

Resistance exercise is a primary intervention to prevent 
skeletal muscle atrophy and promote hypertrophy, and its 
inhibitory effect on MAFbx expression has been widely 
demonstrated (Feng et al. 2022; Kazior et al. 2016; Li et al. 
2022). However, some studies challenge this notion (Bor-
genvik et al. 2012; Stefanetti et al. 2014a, b). For instance, 
no significant change in MAFbx expression was observed 
in human VL 3-h post-acute resistance exercise (Borgenvik 
et al. 2012). Similarly, Stefanetti et al. (2014a, b) reported 
no alteration in MAFbx mRNA expression in human skeletal 
muscle even 22 h after acute resistance exercise. A plausible 
explanation is that short-term assessments may not accu-
rately reflect changes in MAFbx protein and mRNA expres-
sion levels. Supporting this, Mascher et al. (2008) found that 
MAFbx mRNA expression significantly decreased only 48 
h after the first resistance exercise session. Also, MAFbx 
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expression is regulated by FOXOs (Ni et al. 2006; Sandri 
et al. 2004). During or shortly after exercise, AMPK and 
other energy-sensing signals may inhibit the AKT/mTOR 
pathway and activate FOXOs, upregulating MAFbx expres-
sion (Greer et al. 2007; Sanchez et al. 2012). However, as the 
energy availability is restored and AKT/mTOR signalling is 
reactivated, MAFbx expression gradually declines, allowing 
protein synthesis pathways to dominate. This dynamic regu-
lation reflects the adaptive balance of skeletal muscle post-
resistance exercise: an initial increase in protein degradation 
facilitates repair, followed by enhanced protein synthesis to 
promote skeletal muscle hypertrophy. Moreover, changes 
in MAFbx expression may not fully reflect alterations in 
protein degradation rates post-resistance exercise. Increased 
MAFbx expression following resistance exercise is more 
likely a marker of skeletal muscle's adaptive response rather 
than an indicator of heightened degradation (Nedergaard 
et al. 2007). While eccentric contractions increase skeletal 
muscle damage, the concurrent downregulation of MAFbx 
appears counterintuitive. However, this may not be paradoxi-
cal. As discussed previously, MAFbx expression is likely 
dynamic: it may promote early degradation of damaged 
proteins post-eccentric contraction, but sustained activation 
could impede muscle regeneration. Therefore, a transient 
upregulation followed by timely suppression may represent 
an optimal repair mechanism. To test this hypothesis, future 
studies should implement precisely timed tissue sampling 
strategies.

MAFbx expression is also contraction mode specific. Sig-
nificant reduction in MAFbx mRNA expression has been 
observed in human skeletal muscle following eccentric con-
tractions compared to concentric contractions (Sabouri et al. 
2022). Chronic resistance exercise with eccentric contrac-
tions has been shown to significantly reduce MAFbx mRNA 
expression, maintaining lower levels of certain isoforms for 
up to 1 week (Nedergaard et al. 2007). This suggests that 
MAFbx expression is sensitive to contraction mode, with 
greater decreases following eccentric contractions. One 
possible explanation is that eccentric contractions impose 
lower physiological stress and metabolic cost compared to 
concentric contractions (Hody et al. 2019; Peñailillo et al. 
2013; Perrey et al. 2001). Lower motor unit recruitment 
during eccentric contractions results in reduced oxygen and 
energy consumption, potentially diminishing the need for 
MAFbx-mediated protein degradation (Hody et al. 2019). 
An alternative explanation attributes the significant decrease 
in MAFbx expression after eccentric contractions to the 
higher mechanical load and muscle damage they induce, 
which trigger a stronger repair response. During eccentric 
contractions, the extent of skeletal muscle damage is greater, 
leading myofibres to downregulate atrophy-related proteins 
such as MAFbx to support regeneration and repair (Kostek 
et al. 2007). While studies consistently show that eccentric 

contractions lead to reduced MAFbx expression, the under-
lying mechanisms remain debated. Some emphasize lower 
metabolic demand, while others highlight the role of dam-
age-induced repair responses, underscoring the complexity 
of skeletal muscle adaptation.

MAFbx expression also exhibits muscle fibre-type 
specificity. At rest, MAFbx mRNA expression is signifi-
cantly higher in type I fibres than in type II fibres (Yang 
et al. 2006b). Following resistance exercise, MAFbx mRNA 
expression decreases in type I fibres but remains unchanged 
in type II fibres (Yang et al. 2006b). An animal study further 
demonstrated that MAFbx mRNA expression significantly 
decreased in the SOL but remained unchanged in the GAS 
after resistance exercise (Ribeiro et al. 2019). This suggests 
that MAFbx expression differences stem from distinct meta-
bolic characteristics and adaptive responses of type I and 
type II fibres to resistance exercise. After resistance exercise, 
type I fibres may downregulate MAFbx expression to reduce 
protein degradation and enhance protein synthesis, preserv-
ing metabolic stability, maintaining muscle structure and 
function, and reducing the risk of atrophy (Raue et al. 2007). 
In contrast, type II fibres may maintain higher MAFbx 
expression to facilitate timely removal of damaged proteins 
and support rapid remodelling and hypertrophy. Given that 
type II fibres experience greater mechanical stress, their 
dynamic balance between protein degradation and synthesis 
is more active, preventing a significant decrease in MAFbx 
expression (Yang et al. 2006b).

Resistance exercise intensity also influences MAFbx 
expression in different muscle fibre types. Two independ-
ent studies utilized the same resistance exercise protocol (5 
days/week, 8 weeks) but at different intensities. The low-
intensity group trained at 60% of the maximum voluntary 
tolerance (14–20 stair climbs per session) (Macedo et al. 
2014), while the high-intensity group trained at 80% (9–10 
stair climbs per training session) (Krug et al. 2016). The 
results revealed that MAFbx expression decreased only 
in the FHL after chronic low-intensity resistance exercise 
(Macedo et al. 2014). The FHL, TA, and SOL in rats are 
mainly composed of type IIa and IIx fibres (Lee et al. 2004), 
type IIb fibres (Zhong et al. 2007), and type I types (Pel-
legrino et al. 2004), respectively. This suggests that MAFbx 
expression in type IIa and IIx fibres is more sensitive to 
resistance exercise intensity.

Muscle ring‑finger protein‑1 (MuRF1)  MuRF1 is an E3 
ubiquitin ligase identified through transcriptional analysis 
in rodent models of muscular atrophy induced by fasting 
and immobilization (Bodine et al. 2001). While MuRF1 and 
MAFbx share several common features, they differ in regu-
latory mechanisms and substrate targets (Cai et  al. 2004). 
MuRF1 preferentially interacts with structural proteins, 
such as myosin, mediating their degradation under condi-
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tions like dexamethasone treatment, denervation, and fast-
ing (Centner et  al. 2001; Cohen et  al. 2009; Foletta et  al. 
2011). These findings suggest that MAFbx primarily targets 
molecules affecting protein synthesis, whereas MuRF1 reg-
ulates protein degradation and contributes to skeletal muscle 
metabolism and structural remodelling (Foletta et al. 2011). 
Notably, MuRF1 gene-knockout rats exhibit preserved skel-
etal muscle mass and resistance to atrophy (Bodine and 
Baehr 2014). In contrast, MuRF1 overexpression increases 
skeletal muscle protein ubiquitination and neuromuscular 
junction instability (Baehr et al. 2021). These findings sug-
gest that MuRF1 plays a key role in skeletal muscle protein 
degradation, and its inhibition may promote muscle mass 
and function.

Resistance exercise is generally believed to promote skel-
etal muscle hypertrophy by suppressing MuRF1 expression 
(Borgenvik et al. 2012; Feng et al. 2022; Li et al. 2022). 
However, these conclusions face challenges. Kazior et al. 
(2016) found no significant changes in MuRF1 expression in 
human quadriceps (QD) following chronic resistance exer-
cise. Similarly, Stefanetti et al. (2015) reported no significant 
alterations in MuRF1 protein and mRNA expression levels 
22-h post-acute resistance exercise, with no changes in its 
protein substrate targets. Another study found no significant 
change in MuRF1 expression post-acute resistance exercise 
regardless of age (Stefanetti et al. 2014a, b). We hypothesize 
that variations in MuRF1 expression following resistance 
exercise are closely related to an individual's training his-
tory. In untrained individuals, MuRF1 and MuRF1 mRNA 
expression increased post-resistance exercise (Borgenvik 
et al. 2012; Glynn et al. 2010). In contrast, trained indi-
viduals show no significant changes in MuRF1 expres-
sion (Churchley et al. 2007). This suggests that increased 
MuRF1 expression may be a stress response specific to 
those unaccustomed to resistance training, as their baseline 
physiological state influences the acute genetic response of 
skeletal muscle (Coffey et al. 2006; Mascher et al. 2008). A 
study on untrained individuals demonstrated a significant 
rise in MuRF1 expression at 2-h post-resistance exercise, 
returning to baseline before the second exercise (48 h later), 
and increasing again afterward (Mascher et al. 2008). This 
implies that post-exercise MuRF1 expression fluctuations 
reflect an adaptive response to physiological stress. Addi-
tionally, the simultaneous increase in MAFbx and MuRF1 
expression may establish a new basal level necessary for 
maintaining protein degradation in the hypertrophied muscle 
environment.

In contrast, individuals with long-term weight training 
experience or athletes do not exhibit significant changes in 
MuRF1 expression following resistance exercise. This is 
likely due to skeletal muscles having adapted to repeated 
training stimuli, effectively balancing protein synthesis 
and degradation and reducing the activation of protein 

degradation-related genes like MuRF1. Long-term resist-
ance exercise minimizes excessive acute stress responses, 
particularly those associated with protein degradation, main-
taining skeletal muscle homeostasis and fostering adaptive 
growth (Mascher et al. 2008). Moreover, trained muscle 
may develop more efficient recovery mechanisms, mitigat-
ing acute catabolic response triggered by resistance exercise 
(Coffey et al. 2006).

Current findings on MuRF1 expression concerning con-
traction modes remain inconclusive. Sabouri et al. (2022) 
reported that concentric and eccentric contractions did not 
alter MuRF1 expression in human VL post-resistance exer-
cise. Similarly, Ato et al. (2017) found no changes in MuRF1 
expression, regardless of contraction mode, under the same 
force–time integral (FTI) conditions. Conversely, other 
studies observed downregulated MuRF1 mRNA expression 
following eccentric contractions and upregulation follow-
ing concentric contractions (Nedergaard et al. 2007; Ste-
fanetti et al. 2014a, b). This discrepancy may be related to 
skeletal muscle energy stress. Compared to eccentric con-
tractions, concentric have higher energy demands, which 
could reduce upstream AKT-mediated FOXO inhibition to 
increase MuRF1 expression. However, due to the limited 
number of studies, definitive conclusions cannot be drawn, 
necessitating further research on the regulatory mechanisms 
of MuRF1 expression in response to resistance exercise.

Post-resistance exercise, MuRF1 expression exhibits mus-
cle fibre-type specificity. At rest, MuRF1 mRNA expression 
is significantly higher in type I fibres than in type II fibres 
(Yang et al. 2006b). Following resistance exercise, MuRF1 
mRNA levels increase in both type I and type II fibres at 
4-h post-exercise, with no significant differences between 
them. By 24 h, MuRF1 mRNA levels return to baseline in 
both fibre types (Yang et al. 2006b). These findings sug-
gest that differences in MuRF1 mRNA expression in differ-
ent fibres at rest are reversed post-resistance exercise, and 
the interaction of time and fibre types significantly affects 
MuRF1 expression. Chronic resistance exercise induces spe-
cific changes in MuRF1 mRNA levels in skeletal muscle, 
with significant reductions in the SOL, but not in the GAS 
(Ribeiro et al. 2019). This may be due to the higher resting 
state MuRF1 mRNA content in the SOL (Yang et al. 2006b), 
composed mainly of type I fibres. Alternatively, MuRF1 
mRNA expression that decreased in type I fibres might be 
more sensitive to resistance exercise.

The absence of detectable changes in MuRF1 mRNA 
levels in GAS following resistance exercise should not be 
overlooked, as this may be related to biopsy timing. Specifi-
cally, MuRF1 mRNA levels significantly increase within 1-h 
post-resistance exercise before gradually declining (Louis 
et al. 2007; Mascher et al. 2008). Consequently, the fail-
ure to observe MuRF1 mRNA expression changes in GAS 
may result from missing the optimal sampling window. 
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Additionally, some studies reported no changes in MuRF1 
expression in rat FHL (type IIa and IIx), TA (type IIb), and 
SOL (type I) following chronic high- or low-intensity resist-
ance exercise (Krug et al. 2016; Macedo et al. 2014). These 
inconsistencies likely stem from the interplay between tim-
ing and fibre types. Unfortunately, many studies fail to spec-
ify the exact euthanasia time following the final intervention, 
further complicating data interpretation.

Deficiencies and  limitations  Current research on FOXOs, 
MAFbx, and MuRF-1 highlights several key gaps and limi-
tations (Fig. 2).

1.	 The regulation and specific role of FOXOs under differ-
ent resistance exercise conditions remain unclear. Their 
activity appears to vary depending on exercise protocols 
and intensities.

2.	 The distinct responses of different muscle fibre types 
to resistance exercise in relation to FOXO activity and 
the expression of MAFbx and MuRF-1 require more 
detailed analysis. Understanding these differences could 

contribute to the development of more tailored exercise 
protocols.

3.	 Interactions of FOXO signalling with other pathways, 
such as AMPK, and its integration with the AKT/FOXO 
axis during and after resistance exercise need further 
elucidation.

4.	 The relationship between sampling time point and signal 
intensity must be clarified to accurately assess changes 
in the expression of FOXO, MAFbx, and MuRF-1 fol-
lowing resistance exercise.

IKK/NF‑κB/MuRF‑1

IκB kinase kinase (IKK)  IKK is a crucial component in the 
upstream regulation of NF-κB signalling. Its critical role 
in skeletal muscle development is closely related to the 
interactions between epithelium and mesenchyme. Fail-
ure of epithelial differentiation disrupts these interactions, 
affecting normal skeletal morphogenesis (Sil et  al. 2004). 
IKK-knockout mice exhibit severe limb deformities and die 
within 1 h of birth (Hu et al. 1999). These data underscore 

Fig. 2   An overview of the effects of resistance exercise in the skeletal 
muscle protein degradation pathway. Phosphate groups (P) in yellow 
indicate activating events. Abbreviations: forkhead box proteins fam-
ily (FOXOs), muscle atrophy F-box gene (MAFbx/ atrogin-1), mus-

cle ring-finger protein-1 (MuRF1), IkappaB kinase (IKK), inhibitor 
of κB (IκB), nuclear factor kappa-light-chain enhancer of activated B 
cells (NF-kB), pyrrolidine dithiocarbamate (PDTC), and AMP-acti-
vated protein kinase (AMPK)
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the importance of IKK in normal growth and skeletal mus-
cle development.

Resistance exercise is known to promote skeletal mus-
cle hypertrophy by increasing the rate of protein synthesis. 
We hypothesize that, after resistance exercise, IKK and IκB 
activation decreases to inhibit NF-κB activity and transloca-
tion, slowing the rate of skeletal muscle protein degradation. 
However, there is no direct evidence to suggest decrease in 
IKK and IκB activation in skeletal muscle post-resistance 
exercise. However, a study reported that chronic resistance 
exercise decreased the expression of p-IKKSer172 in the liver 
of obese mice (Antunes et al. 2022). These research data 
indirectly support our hypothesis, but experimental limita-
tions hinder confirmation in skeletal muscle.

Conversely, most experimental data indicate that IKK and 
IκB expression increase in skeletal muscle following resist-
ance exercise. Studies have reported elevated p-IκB expres-
sion 5-h post-resistance exercise (Townsend et al. 2016), 
consistent with animal research demonstrating increased 
p-IκB and p-IKK complex levels in rat skeletal muscle after 
resistance exercise (Ho et al. 2005). These increases are 
likely linked to the inflammatory response induced by resist-
ance exercise, with TNF-α being a primary target of IKK sig-
nalling (Chen et al. 2006; Møller et al. 2013). A study found 
a strong correlation between TNF-α and p-IKK expression 
post-resistance exercise (Coffey et al. 2007). However, while 
inflammatory cytokines such as IL1β, IL6, IL8, and TNFα 
mRNA levels significantly increase post-resistance exercise, 
p-IKK expression does not always show a corresponding 
change (Møller et al. 2013). These data suggest that inflam-
matory factors promote the expression of p-IKK and p-IκB, 
but are not the sole determinants. We hypothesize that this 
may be related to the different patterns by which inflam-
matory factors activate the IKK signalling. Specifically, 
TNF-α-induced IKK activity is quickly regulated by nega-
tive feedback, whereas LPS (lipopolysaccharide)-mediated 
activation is sustained through a positive feedback mech-
anism (Werner et al. 2005). These differential regulatory 
mechanisms may influence activation of the IKK signalling 
pathway through varying temporal dynamics and feedback 
mechanisms. Additionally, IKK is involved in processes such 
as metabolic regulation and autophagy, indicating that its 
function is not limited to IKK activation in the inflammatory 
response (Schröfelbauer et al. 2012). Therefore, the specific 
role and downstream targets of IKK may vary across physi-
ological processes. Future in-depth studies on this issue will 
help deepen our understanding of the mechanisms of protein 
degradation under inflammatory conditions in skeletal mus-
cle after resistance exercise.

Another potential cause of increased IKK and IκB 
expression following resistance exercise is oxidative stress. 
Reactive oxygen species (ROS), generated as byproducts 
of anaerobic energy pathways during high-energy demand 

exercises, play a critical role in growth, differentiation, pro-
liferation, and apoptosis (Finkel and Holbrook 2000; Meyer 
et al. 1994). Resistance exercise, which primarily relies on 
anaerobic pathways, accelerates ATP consumption and sub-
sequently increases ROS production (Bindoli et al. 1988). 
ROS can act as signalling molecules to activate multiple cel-
lular stress pathways, including NF-κB. Through the action 
of ROS, the IKK kinase complex is activated, leading to the 
phosphorylation of IκB proteins, which promotes NF-κB 
translocation into the nucleus and activation of downstream 
gene expression (Ji et al. 2004). Notably, oxidative stress-
induced increase in IκB activity may also exert beneficial 
effects on skeletal muscle. Research suggests that oxidative 
stress is closely linked to IKK/NF-κB pathway activation, 
which contributes to skeletal muscle adaptation and repair 
following resistance exercise (Ji et al. 2004).

Nuclear factor kappa‑light‑chain enhancer of  activated B 
cells (NF‑κB)  IKK phosphorylates IκB, leading to its degra-
dation and the subsequent release and activation of NF-κB 
(Sun 2011). In its inactive state, NF-κB is sequestered in the 
cytoplasm; upon activation, it translocates to the nucleus, 
where it regulates the expression of target genes containing 
NF-κB DNA-binding sites. NF-κB plays a pivotal role in 
skeletal muscle degradation pathways.

Animal studies suggest that persistent oxidative stress 
enhances NF-κB binding to DNA in the nuclei of unloaded 
SOL and hindlimb-suspended skeletal muscles (Durham 
et al. 2004; Hunter et al. 2002). This suggests a close con-
nection between oxidative stress-induced NF-κB nuclear 
translocation and skeletal muscle mass atrophy. Moreover, 
NF-κB plays an important role in the stimulation of skel-
etal muscle atrophy by inflammatory factors (e.g. TNF-
α). Given that resistance exercise reduces oxidative stress 
(Çakir-Atabek et al. 2010; Parise et al. 2005; Thirupathi 
et al. 2021) and inflammation (Ogawa et al. 2010; Sardeli 
et al. 2018) in skeletal muscle, it is reasonable to hypothesize 
that it also inhibits NF-κB activity and nuclear translocation. 
However, limited research findings support our hypothesis. 
Durham et al. (2004) observed reduced NF-κB activity in 
VL immediately after resistance exercise in humans, which 
returned to baseline within 1 h of rest. This suggests that 
NF-κB activity initially declines post-exercise but recov-
ers quickly. Conversely, Townsend et al. (2016) reported 
significantly increased p-NF-κB Ser536 expression at 5- and 
48-h post-resistance exercise compared to the control group. 
These conflicting findings highlights the need to investigate 
the temporal dynamics of NF-κB activity in skeletal muscle 
after resistance exercise. We propose that NF-κB activity 
initially decreases following resistance exercise, potentially 
as a protective mechanism to reduce acute stress and pre-
vent excessive muscle damage. As the demand for repair 
increases, NF-κB activity may gradually recover and become 
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reactivated to promote the expression of repair-associated 
genes. This dynamic regulation likely plays a crucial role 
in balancing muscle repair and the inflammatory response. 
Given the limited research on NF-κB regulation in skeletal 
muscle following resistance exercise, further studies are 
necessary to elucidate the time-dependent changes in its 
activity.

Contrary to the hypothesis that NF-κB activity decreases 
post-exercise, several studies have reported increased NF-κB 
activation and nuclear translocation following resistance 
exercise (Hyldahl et al. 2011; Townsend et al. 2016). As 
detailed above, oxidative stress is the primary cause of the 
increased activity of IKK and IkB, which enhances NF-κB 
activity and nuclear translocation. Notably, a study using 
pyrrolidine dithiocarbamate (PDTC), an antioxidant inhibi-
tor of NF-κB, found that NF-κB binding to the nucleus was 
partially blocked by PDTC and completely prevented resist-
ance exercise-induced increases in p-IkB (Ji et al. 2004). 
Furthermore, numerous studies in cells and other tissues, not 
just skeletal muscle, have confirmed the ability of antioxi-
dants to reduce or repair the increase in NF-κB activity and 
nuclear translocation triggered by oxidative stress (Alhusaini 
et al. 2019; Campo et al. 2008; Saliou et al. 1999; Schenk 
et al. 1994). These findings suggest that resistance exercise-
induced increase in NF-κB activity and nuclear translocation 
is at least partially mediated by oxidative stress and can be 
mitigated by antioxidants. However, the binding of NF-κB 
to the nucleus only is partially blocked by PDTC, indicat-
ing the involvement of additional regulatory factors. It has 
also been suggested that the inflammation in skeletal muscle 
fibres induced by resistance exercise may also contribute 
to the increase in NF-κB activity (Hunter et al. 2002). It 
has been found that the damage caused by skeletal muscle 
biopsies is strong enough to stimulate and change signal-
ling pathways, including NF-κB (ConstantinTeodosiu et al. 
1996). Hyldahl et al. (2011) reported that NF-κB expression 
in skeletal muscle was changed by up to 20% as a result of 
biopsy sampling. These factors may limit our ability to accu-
rately reflect changes in NF-κB expression after resistance 
exercise. Development of a less invasive biopsy technique 
is essential for obtaining more reliable data.

Currently, there is no direct evidence to suggest that 
NF-κB expression exhibits skeletal muscle fibre specificity 
following resistance exercise. Limited evidence suggests that 
NF-κB activity is higher in the SOL compared to the GAS 
and EDL muscles in resting mice (Durham et al. 2004). This 
may be related to the supply of type I muscle fibres mainly 
with oxidative energy. As described earlier, oxidative stress 
may increase NF-κB activity in skeletal muscle. However, 
we hypothesize that NF-κB activity in skeletal muscle fibres 
may be reversed following resistance exercise, with a larger 
increase in NF-κB activity in fast-twitch fibres than in slow-
twitch fibres. After resistance exercise, the higher expression 

of NF-κB in fast-twitch fibres may be due to their greater 
sensitivity to mechanical stress and damage, requiring a 
stronger repair response (Yang et al. 2006a). Additionally, 
fast-twitch fibres rely on glycolysis and experience higher 
levels of oxidative stress, which lead to stronger NF-κB acti-
vation (Osório Alves et al. 2020). This mechanism helps 
fast-twitch fibres respond quickly to post-resistance exer-
cise metabolic stress and structural recovery. This hypothesis 
requires future validation through both in vivo and in vitro 
experiments, which will help us gain a deeper understanding 
of the skeletal muscle degradation mechanisms following 
resistance exercise.

Deficiencies and  limitations  Current research priorities 
regarding IKK/NF-κB/MuRF-11 include the following 
(Fig. 2).

1.	 There is need for direct evidence regarding the effects of 
resistance exercise on activation of IKK and IκB, which 
are key regulators of NF-κB.

2.	 Discrepancies in the timing and duration of NF-κB acti-
vation post-exercise suggest potential issues with current 
sampling methods and the transient nature of this activa-
tion and must be resolved.

3.	 The influence of prior exercise history and physiological 
stress on NF-κB responses requires additional study.

4.	 The role of oxidative stress in modulating NF-κB activ-
ity during high-intensity anaerobic exercise requires 
further investigation to determine its impact on muscle 
adaptation and recovery.

5.	 Research is needed to determine if resistance exercise-
induced NF-κB expression differs between oxidative and 
glycolytic muscle fibres, which could provide insights 
for optimizing training and rehabilitation strategies.

6.	 The contributions of inflammatory responses and muscle 
injury to NF-κB activity post-exercise need to be defined 
to develop targeted strategies for mitigating inflamma-
tion while enhancing muscle adaptation.

Conclusion and future perspectives

Resistance exercise has been widely studied for its beneficial 
effects on the synthesis and degradation of skeletal muscle 
protein, highlighting the intricate regulatory mechanisms 
underlying these processes. The specificity of skeletal mus-
cle fibre types and contraction modes add further complexity 
to muscle adaptation, necessitating a more detailed under-
standing of these interactions.

Future research should prioritize the temporal dynamics 
of key signalling pathways following resistance exercise to 
optimize training protocols for maximizing skeletal mus-
cle growth. A deeper investigation into fibre type-specific 
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responses and the distinct effects of different contraction 
modes on protein synthesis and degradation pathways is 
essential. Additionally, the PLD or DGK ζ/PA/mTOR path-
way remains an underexplored area that requires further 
investigation to clarify its regulatory role and interactions 
with other signalling networks in vivo. To improve accu-
racy and reproducibility of experimental findings, under-
standing of the integration of metabolic and inflammatory 
signals with skeletal muscle protein turnover and standard-
izing sample collection timing and methodologies are cru-
cial. Finally, variability in pre- and post-exercise nutritional 
status across studies may also contribute to inconsistencies 
in signalling responses and should be considered in future 
research. Addressing these challenges will deepen our 
understanding of the molecular mechanisms by which resist-
ance exercise regulates protein synthesis and degradation. 
Ultimately, these insights will contribute to the development 
of targeted strategies for preventing and managing skeletal 
muscle-related disorders associated with ageing, disease, 
and physical inactivity.
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