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Abstract Disruptions in both circadian clock andmitochondrial dynamics in the skeletal muscle
(SkM) have been associated with insulin resistance and sarcopenia. Emerging evidence, in resting
conditions and in response to metabolic challenges like exercise, suggests the intricate interplay
between the circadian clock, mitochondrial dynamics and SkM function. However the molecular
mechanisms that connect the circadian clock to mitochondrial dynamics and SkM function
remain poorly understood. This review focuses on the role of circadian clock proteins, particularly
brain and muscle Arnt-like protein-1 (BMAL1), in regulating mitochondrial dynamics and
examines how their dysregulation contributes to metabolic and SkM deterioration. By exploring
their interaction we aim to identify potential therapeutic targets that could improve metabolic
health and muscle function.
(Received 17 April 2025; accepted after revision 3 June 2025; first published online 23 June 2025)
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Introduction

Circadian clock proteins regulate essential physiological
processes, including metabolism, behaviour and cellular
functions. Disruptions in the function of those proteins
or in circadian rhythm patterns are linked to metabolic
diseases like type 2 diabetes mellitus (T2DM) (Gan
et al., 2015; Stenvers et al., 2019; Turek et al., 2005).
Recent evidence suggests that circadian disruption in
skeletal muscle (SkM) contributes to insulin resistance
and sarcopenia (Choi et al., 2019; Dyar et al., 2013; Liu
et al., 2016).
SkM plays a central role in glucose and fatty acid

metabolism, and its function is closely co-ordinated
with circadian rhythmicity (CR). Emerging evidence in
humans highlights a potential role for the circadian clock
in the regulation of mitochondrial dynamics, which is
critical for energy production, oxidative capacity, and
SkM health (Figueroa-Toledo et al., 2024; Gemmink et al.,
2023). Understanding how the circadian clock regulates
mitochondrial dynamics is essential for developing
targeted treatments for metabolic diseases and muscle
degeneration like sarcopenia.
This review examines the emerging evidence on the

interplay between circadian clock and mitochondrial
dynamics in SkM, highlighting their critical roles in
muscle metabolism and contractile function.

Circadian clock

Metabolism, behaviour and several other aspects of
physiology exhibit circadian rhythms, that is, endogenous
rhythms that follow a near-24-h cycle, which under-
scores the widespread influence of circadian rhythms
on biological processes. CR is driven by internal clock,

highly conserved timing mechanisms that enable cells,
organs and organisms to anticipate and adapt to daily
environmental changes, such as the day–night cycle and
schedules in food intake (Challet, 2019; Partch et al.,
2014). In mammals the molecular clock operates through
a transcription–translation feedback loop involving the
transcriptional activators brain and muscle Arnt-like
protein-1 (BMAL1) and circadian locomotor output
cycles kaput (CLOCK), which promote the transcription
of the repressors period circadian regulator (PER) and
cryptochrome circadian regulator (CRY) through the
day. These repressors, in turn, inhibit the forward limb
of the master clock, generating a 24-h cycle (Challet,
2019; Partch et al., 2014). This process is essential
for maintaining temporal patterns in cellular physio-
logy.
Data from 12 mouse tissues reveal that between 1000

and 3000 genes exhibit circadian expression patterns,
known as clock output genes (Zhang et al., 2014).
Disruption of the circadian clock machinery has severe
consequences for metabolism (Stenvers et al., 2019;
Turek et al., 2005). In murine models whole-body Clock
and Bmal1 knockout lack insulin secretion rhythm, are
insulin resistant and have impaired glucose-stimulated
insulin secretion (Marcheva et al., 2010). In humans
epidemiological studies have shown that the relationship
between intrinsic circadian rhythms and behavioural
cycles, such as in night-shift workers, a model for
circadianmisalignment, can lead to dyslipidaemia, insulin
resistance and T2DM (Dutheil et al., 2020; Gan et al.,
2015). Furthermore in individuals with T2DM afternoon
exercise has been shown to confer greater metabolic
benefits compared to morning exercise, highlighting the
importance of circadian timing in therapeutic strategies
(Mancilla et al., 2021; van der Velde et al., 2023).

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

mailto:m.castro.med@gmail.com


J Physiol 0.0 Circadian clock, mitochondrial dynamics and skeletal muscle function 3

Circadian misalignment models in
humans

Misalignment studies are conducted in various
‘real-world’ settings. Somemisalignments are transient
(e.g. daylight-saving time or time zone travel), whereas
others are chronic, such as differences in sleep–wake
preferences (chronotype), social jet lag, circadian
rhythm sleep disorders and shift work. Shift work,
now affecting at least 20% of the workforce, typically
involves hours outside the 7:00 AM–6:00 PM range
(IARC, 2019).
Shift work is linked to higher rates of cardio-
vascular disease, obesity and diabetes, likely due
to a combination of circadian misalignment, sleep
deprivation, increased night-time light exposure, poor
eating habits and unhealthy behaviours. The exact
role of shift work as a risk factor for cardiovascular
disease and type 2 diabetes remains debated, with
some studies showing an association whereas others do
not. However the consensus is that ongoing circadian
disruption and sleep loss negatively impact health
(Baron & Reid, 2014).

Circadian clock in the SkM function and metabolism

SkM is the largest metabolically active tissue in the
human body, accounting for approximately 40% of body
mass in lean individuals. It plays a vital role in fatty
acid uptake and oxidation and contributes to 80% of
insulin-mediated glucose disposal (Baron et al., 1988). In
addition to its metabolic functions, SkM is essential for
voluntary movement, making its health fundamental to
overall wellbeing. The SkM exhibits a circadian rhythm
that regulates metabolic processes, allowing the body to
anticipate daily cycles of activity and food intake (Martin
et al., 2023).

In SkMbiopsies the density and size ofmyocellular lipid
droplets, as well as the lipid composition of whole muscle,
vary in a circadianmanner under normal living conditions
(Held et al., 2020). Specifically day–night oscillations were
observed in more than half of the diacylglycerol lipid
species (Held et al., 2020). Furthermore the molecular
clock is causally linked to SkM oxidative capacity, as
evidenced by the day–night rhythm of ADP-stimulated
oxygen consumption in permeabilized human SkM fibres,
as well as the day–night rhythm of whole-body fatty
acid oxidation (van Moorsel et al., 2016). Also in
humans we recently showed that lower protein levels of
BMAL1 and CLOCK are associated with a diminished
mammalian Target of Rapamycin (mTOR)-mediated
protein synthesis pathway and reduced SkM strength
in humans (Figueroa-Toledo et al., 2024). Additionally
short-term circadian misalignment has been shown to

reduce insulin sensitivity in SkM, and siRNA-mediated
reduction in CLOCK protein expression in primary myo-
tubes decreases glucose uptake (Perrin et al., 2018).
In murine genetic models disruptions in circadian

clock have been shown to impair both SkM quality and
metabolic function. For example Bmal1 knockout mice
demonstrate reduced maximal muscle contraction at
both the whole-muscle and single-fibre levels (Andrews
et al., 2010). Additionally SkM-specific ablation of
Bmal1 and Clock results in both whole-body and SkM
insulin resistance (Dyar et al., 2013; Liu et al., 2016).
Finally in Bmal1 knockout C2C12 myotubes (a murine
muscle cell line), anaerobic glycolysis, mitochondrial
respiration with glycolytic substrates and transcription
of hypoxia-inducible factor-1α (HIF1α) target genes
are significantly reduced. Notably genetic stabilization
of HIF1α also disrupts circadian gene expression,
highlighting a bidirectional interaction between the
circadian clock and HIF pathways in regulating metabolic
adaptation (Peek et al., 2017).
Together these findings highlight the essential role of

the circadian clock in SkM function and suggest that
disruptions in these rhythms may contribute to metabolic
dysfunction, insulin resistance, metabolic adaptation and
muscle degeneration. However the precise mechanisms
by which the circadian clock regulates SkM function and
metabolism remain unclear.

Mitochondrial dynamics

Mitochondrial function, including oxidative
phosphorylation (ATP production), regulation of
programmed cell death, calcium signalling and cellular
dynamics, is dependent on mitochondrial dynamics
(Wai & Langer, 2016). Mitochondria exhibit a variety of
morphologies, ranging from small spheres to short or long
tubules, or interconnected tubules (Chen et al., 2005).
These morphologies are regulated by the fine-tuned
balance between the processes of fusion and fission (Chen
et al., 2005; Eisner et al., 2018), allowing mitochondria to
rapidly adapt to various cellular challenges (Eisner et al.,
2018).
Mitochondrial fusion is regulated by mitofusins 1

and 2 (MFN1 and MFN2) and optic atrophy protein
1 (OPA1), which are located in the outer (OMM) and
inner mitochondrial membranes (IMM), respectively
(Liesa et al., 2009; Malka et al., 2005). MFN2 also
has non-fusogenic functions, such as regulating
mitochondria–endoplasmic reticulum (ER) tethering,
which modulates mitochondrial activity via calcium and
lipid flux (Cárdenas et al., 2010; Hernández-Alvarez et al.,
2019). Fusion is crucial for mitochondrial DNA (mtDNA)
integrity, respiration and apoptosis as it enables sharing
of recovery proteins and cooperativeness between healthy
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and damaged mitochondria (Eisner et al., 2018). The
deletion of IMM pro-fusion proteins in mice is lethal to
embryos (Chen et al., 2003), and organ-specific knockouts
of fusion regulators cause severe dysfunction (Eisner et al.,
2018).
Mitochondrial fission is driven by the recruitment of

dynamin-related protein 1 (DRP1), a cytosolic GTPase
to the OMM, facilitated by the mitochondrial fission
protein 1 (FIS1) and other adapter proteins (Eisner
et al., 2018). Mitochondrial fission, in turn, is essential
for mitochondrial biogenesis and the segregation of
damaged mitochondria for mitophagy, a quality control
mechanism activated by low membrane potential or
irreversible mtDNA damage (Kleele et al., 2021).
Mitophagy is regulated by two primary mechanisms:
the ubiquitin-dependent pathway, which involves
PTEN-induced kinase 1 (PINK1) and PARKIN, and the
ubiquitin-independent pathway, which includes proteins
such as Bcl-2 interacting protein 3 (BNIP3), NIX/BNIP3L
(NIP-like protein X) and FUN14 domain containing 1
(FUNDC1) (Onishi et al., 2021). Both pathways generate
an ‘eat-me’ signal that facilitates the engulfment of
damaged mitochondria into a mitophagosome, which
then concludes with lysosomal degradation.
Another important aspect of mitochondrial dynamics

is themorphology and folding of the IMM (mitochondrial
crista formation). The shape of the cristae is not fixed;
when mitochondrial oxidative phosphorylation is
triggered, mitochondria transition into a ‘condensed’
state, expanding the crista space. This process is
regulated by OPA1 and the mitocondrial contact
site and cristae organizing system (MICOS) complex
(Castro-Sepúlveda et al., 2021; He et al., 2022). The shape
of the mitochondrial cristae also influences the assembly
of mitochondrial supercomplexes, which are essential for
increasing respiratory efficiency (Cogliati et al., 2013).

Physiological relevance of mitochondrial dynamics in
the SkM

In SkM mitochondrial fusion is a key quality
control response, maintaining bioenergetics and
excitation–contraction coupling (Eisner et al., 2014).
Conditional reduction in OMM fusion proteins
MFN1/2 in SkM of mice leads to increased mtDNA
mutations, atrophy and exercise intolerance (Chen
et al., 2010). Moreover MFN2- and OPA1-deficient
mice exhibit muscle atrophy, reduced strength, impaired
SkM mitochondrial respiration and muscle metabolic
deterioration (Sebastián et al., 2016; Tezze et al., 2017).
In human SkM reduced MFN2 abundance is linked to
less mitochondria–sarcoplasmic reticulum (SR) inter-
action, decreased crista density and lower maximal
oxygen uptake (Castro-Sepulveda et al., 2021). In the

context of ageing reduced protein levels of OPA1 and
MFN2 correlate with decreased myofibre diameter, a
hallmark of sarcopenia (Sebastián et al., 2016; Tezze et al.,
2017). In terms of metabolic health SkM mitochondria in
insulin-resistant individuals exhibit a reduced fusion
phenotype, characterized by smaller mitochondria
(Kelley et al., 2002). Finally an elongated mitochondrial
phenotype is inversely associated with lipid droplet
density and directly linked to increased whole-body lipid
oxidation (Castro-Sepulveda et al., 2020). It is important
to note that changes in mitochondrial morphology, such
as the formation of smaller or elongated mitochondria,
are regulated not only by mitochondrial fusion but also
by mitochondrial fission.
Regarding mitochondrial fission loss of DRP1 in SkM

leads to larger, dysfunctional mitochondria, muscle
wasting and weakness (Dulac et al., 2021; Favaro et al.,
2019). Conversely Drp1 overexpression results in mild
muscle atrophy and reduced mitochondrial quality,
suggesting that maintaining DRP1 levels within a narrow
range is necessary for muscle health (Dulac et al., 2021).
DRP1 deficiency also reducesmaximal running speed and
impairs exercise adaptations (Moore et al., 2019). In obese
mice DRP1 was reduced, and its inhibition improved
insulin sensitivity (Jheng et al., 2012). Confirming this in
an in vitro model, palmitate-induced mitochondrial
fragmentation in muscle cells was associated with
oxidative stress, reduced ATP and impaired glucose
uptake, which was alleviated by DRP1 inhibition (Jheng
et al., 2012). Finally Fis1 deletion in adult SkM resulted in
mitochondrial hyperfusion, respiratory chain deficiency
and abnormal mitophagy, worsened by endurance
exercise, highlighting the role of FIS1 in mitophagy
and muscle response to exercise (Zhang et al., 2019).
The role of mitophagy in SkM health was explored

by examining the effects of PARKIN deletion. In
vitro PARKIN genetic ablation resulted in reduced
mitochondrial respiration and primary myotube atrophy.
Consistent with these findings tibialis anterior muscles
from 4-week-old PARKIN knockout mice exhibited
atrophy (Peker et al., 2018). However in 12-week-old
PARKIN deletionmice, tibialis anterior muscles exhibited
a trend towards type IIB fibre hypertrophy, without
changes in muscle fibre-type proportions, alongside a
slight but significant decrease in strength. Mitochondrial
function was significantly impaired, as evidenced by
reduced ADP-stimulated respiratory rates and increased
mitochondrial fragmentation (Gouspillou et al., 2018).
These discrepancies in the role of PARKIN in muscle
atrophy may be attributed to differences in mouse
age. Similarly PARKIN overexpression in SkM via
adeno-associated virus injection enhances mitochondrial
function, increasing maximal respiration and muscle
mass (Reynaud et al., 2023). PINK1 knockout mice
exhibit impaired SkM regeneration after chemical insult,

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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though basal muscle size remains unaffected (Cairns
et al., 2024). The downregulation of BNIP3 in old mice
exacerbates inflammation and muscle atrophy, whereas
elevated BNIP3 expression in aged humans is associated
with reduced inflammation, suggesting a protective
role against age-related muscle inflammation (Irazoki
et al., 2022). Finally both gain- and loss-of-function
experiments in rodents and myotubes demonstrate that
NIX accumulation induces mitochondrial depolarization,
DRP1 activation and mitophagy, while inhibiting insulin
signalling by the mTOR-RPS6KB/p70S6 kinase and
insulin receptor substrate 1(IRS1) pathways (da Silva
Rosa et al., 2021).

In summary the regulation of mitochondrial dynamics,
including fusion, fission and mitophagy, plays a critical
role in maintaining SkM function, exercise performance
andmetabolic homeostasis (Fig. 1).Despite its importance
the molecular mechanisms that co-ordinate these
dynamic processes remain incompletely understood.
However recent studies suggest that circadian clock
proteins may be key regulators of mitochondrial
dynamics (de Goede et al., 2018; Jin et al., 2023). The
following section explores the growing body of evidence
highlighting the potential role of circadian clock proteins
in regulating mitochondrial dynamics, and how these
mechanisms, in turn, may impact SkM function and
metabolism.

Role of circadian clock in the regulation of
mitochondrial dynamics and SkM function

Disruptions in both circadian clock and mitochondrial
dynamics contribute to similar pathophysiological

changes in SkM, including impaired force production,
muscle atrophy and insulin resistance. Emerging evidence
underscores a critical interplay between circadian
clock proteins and mitochondrial dynamics in SkM,
emphasizing their combined role in modulating muscle
metabolism and contractile function. We hypothesized
that circadian clock proteins could regulatemitochondrial
biology/dynamics in SkM (summary of evidence in
Table 1).

Human evidence. A key study examining human vastus
lateralis (VL) biopsies at different time points (8:00 AM,
1:00 PM, 6:00 PM, 11:00 PM and 4:00 AM) demonstrated
CR in the expression of the circadian clock genes BMAL1,
PER2 and CRY1 (van Moorsel et al., 2016). However the
expression of proteins associated with mitochondrial
mass, such as peroxisome proliferator-activated
receptor-gamma coactivator (PGC-1α), oxidative
phosphorylation complex (OXPHOS), voltage-dependent
anion channel (VDAC) and translocase of outer
mitochondrial membrane 20 (TOMM20), did not
exhibit CR. The expression of the pro-mitochondrial
dynamic proteins, FIS1, OPA1 and PINK1, did not
exhibit CR, though their levels fluctuated throughout the
day. These fluctuations were accompanied by changes in
resting energy expenditure (REE), respiratory exchange
ratio (RER), ADP-stimulated SkM respiration (van
Moorsel et al., 2016) and mitochondrial network
connectivity modification (Gemmink et al., 2023). In
older people with metabolic compromise, the circadian
clock gene expression in VL presented a similar CR
than in healthy young individuals (Wefers et al., 2020).
However compared to young healthy controls, older

Figure 1. Summary of the effects of pro-dynamic protein deletion onmitochondrial morphology, muscle
function and insulin sensitivity in SkM
Genetic deletion of proteins regulating mitochondrial fusion/fission disrupts mitochondrial morphology and
ultrastructure, leading to reduced skeletal muscle (SkM) quality, including smaller fibre size, diminished exercise
capacity, impaired contractile strength and insulin resistance. Similarly deletion of mitophagy regulators alters
mitochondrial structure and impairs insulin sensitivity in SkM.
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individuals exhibited altered fluctuations throughout
the day in FIS1 and PINK1 protein levels, as well as in
RER and ADP-stimulated respiration in SkM, indicating
a disruption in mitochondrial dynamics and metabolic
function adaptation throughout the day (Wefers et al.,
2020). These alterations in mitochondrial dynamics
and metabolic function, despite unchanged CR in clock
gene expression, may be explained by posttranslational
modifications of circadian clock proteins.
Therefore we showed that in VL biopsies taken

between 8:00 and 9:00 AM, BMAL1 protein levels
are directly associated with mitochondrial size
(fusion phenotype) and crista density, and indirectly
with the interaction between mitochondria and SR
(Figueroa-Toledo et al., 2024). Additionally CLOCK
protein levels were found to correlate directly with
the protein mass of OPA1 and DRP1, as well as with
maximal muscle strength and key components of the
protein synthesis pathway, including mTOR, AKT
and P70S6K (Figueroa-Toledo et al., 2024). Another
study on four consecutive simulated day-shift schedules
found no changes in circadian clock gene expression
in follicular cells, nor in PGC-1α, mitochondrial
uncoupling protein 3 (UCP3), transcription factor A,
mitochondrial (TFAM) and mitochondrial complexes
II–V proteins levels, or mitochondrial respiration in
SkM (Bescos et al., 2018). However shift schedules
decreased SkM insulin sensitivity, as assessed by the
euglycaemic–hyperinsulinaemic clamp (Bescos et al.,
2018). Unfortunately mitochondrial dynamics were not
evaluated in this study.
To summarize human studies have demonstrated

that circadian clock gene expression exhibits CR in
SkM, whereas mitochondrial density does not exhibit
similar rhythmic fluctuations throughout the day.
Although mitochondrial dynamics proteins fluctuate,
they do not follow a clear CR. These findings also
suggest that circadian clock proteins may influence
mitochondrial dynamics and muscle function. However
further confirmation through genetic animal models is
needed.

Genetic murine models. Whole-body Clock�19 and
Bmal1 knockout mice had a lower mitochondrial density
due to lower Pgc-1α levels, decreased mitochondrial state
III respiration and lower SkM strength associated to a loss
in CR in MyoD (Andrews et al., 2010). Moreover a key
study showed that restoring BMAL1 expression in SkM
of Bmal1 knockout mice using adeno-associated viruses
reactivated circadian rhythms; improved muscle strength,
mobility and insulin sensitivity; and extended lifespan,
without altering muscle fibre size. Multiomics analysis

linked BMAL1 to enhanced mitochondrial protein
expression (Gutierrez-Monreal et al., 2024). Conversely
SkM-specific Bmal1 knockout impaired mitochondrial
function, leading to bioactive lipid accumulation and
metabolic inefficiency (Dyar et al., 2018).
However in contrast to previous studies on the role

of BMAL1 in SkM size, SkM-specific Bmal1 knockout
resulted in a higher lean-to-fat mass ratio, linked
to increased protein synthesis in SkM (Dyar et al.,
2018). Similarly inducible SkM-specific Bmal1 knockout
mice also exhibited a higher lean-to-fat mass ratio but
exhibited decreased grip strength and reduced maximal
speed during an exercise test (Dyar et al., 2018).
Additionally inducible SkM-specific Bmal1 knockout
demonstrated a blunted transcriptional response to acute
exercise, with no upregulation of key exercise-responsive
transcription factors such asNr4a3 and Ppargc1a (Viggars
et al., 2024). Discrepancies in BMAL1 control of SkM
size and function likely reflect model-specific effects:
whole-body knockout reduces SkM mass and strength,
whereas SkM-specific deletion paradoxically increases
lean mass but impairs contractile performance. This
suggests that BMAL1 differentially regulates muscle
growth and functional capacity, potentially through
distinct mechanisms, or BMAL1 SkM-specific deletion
induces pseudohypertrophy, as seen in conditions such as
myotonia congenita or neuromyotonia (Walters, 2017).
In contrast to BMAL1 SkM-specific Per2 knockout

mice exhibited no changes in mitochondrial protein
levels, body composition or REE. However they exhibited
metabolic disruptions, including reduced nocturnal RER
and daytime insulin resistance. Although muscle fibre
type and maximal running capacity were unaffected,
Per2 deletion decreased night-time locomotion and
downregulated proteins involved in muscle contraction
(Mansingh et al., 2024).
Finally the regulation of SkM function by circadian

clock proteins and their interaction with mitochondrial
dynamics is a complex and evolving field (Fig. 2). Both
human and murine studies highlight the potential
role of circadian clock proteins, particularly BMAL1,
in modulating mitochondrial function and SkM
performance (Fig. 2). However although circadian
clock proteins are clearly involved in regulating both
mitochondrial dynamics and muscle function, the precise
mechanisms and interactions remain poorly under-
stood. Investigating the effects of metabolic challenges
such as ageing, obesity or exercise on circadian clock,
mitochondrial dynamics and SkM function could provide
valuable insights into their interconnected roles and
help further elucidate their impact on muscle health and
metabolism.
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Figure 2. Effects of BMAL1 (brain and muscle Arnt-like protein-1) deletion on mitochondrial
function/morphology, muscle function and insulin sensitivity in SkM (skeletal muscle)
Disruption of the core circadian clock protein BMAL1 alters mitochondrial dynamics, leading to decreased SkM
quality, including diminished fibre size, exercise capacity, contractile strength and insulin sensitivity. The molecular
mechanisms linking circadian clock proteins to mitochondrial dynamics regulation remain incompletely understood
in SkM.

Concluding remarks and future perspectives

In this review we analysed emerging evidence
that suggests that circadian clock proteins regulate
mitochondrial dynamics in SkM, influencing
mitochondrial function. Although these findings provide
valuable insights into the complex interaction between
circadian clock, especially BMAL1 protein, mitochondrial
dynamics and SkM function, much remains to be
understood. The molecular mechanisms underlying
the regulation of mitochondrial dynamics by circadian
proteins, and how these pathways contribute to metabolic
and SkM health, remain incompletely understood. Pre-
vious findings show that molecular clock regulates
rhythmic NAD+ biosynthesis and mitochondrial
respiration via modulation of mitochondrial protein
acetylation, aligning oxidative metabolism with the 24-h
fasting–feeding cycle. Specifically circadian control of
the NAD+-dependent deacetylase SIRT3 drives daily
oscillations in mitochondrial respiration (Peek et al.,
2013). Investigating whether similar mechanisms exist in
SkM and influence performance, adaptation and disease
is a promising direction for future research.

Additionally more human studies are needed to
validate current findings and assess the translational
potential of targeting circadian clock pathways to manage
mitochondrial dynamics in metabolic disorders such
as obesity, insulin resistance and sarcopenia. As an
alternative to SkM biopsies, primary human myotubes
offer a valuable model. A seminal study demonstrated
that in T2DM myotubes, core clock gene cycling is
disrupted. Genes associated with the IMM exhibit

rhythmic expression in myotubes from individuals with
normal glucose tolerance, but not in those with T2DM,
and are positively correlated with insulin sensitivity
(Gabriel et al., 2021). This highlights primary myotubes
as a relevant system for investigating circadian–metabolic
interactions in diabetes pathogenesis and SkM diseases.
Finally to the best of our knowledge, no studies have yet
examined the role of circadian clock proteins in regulating
mitophagy, mitochondria–SR or lipid droplet interactions
or mitochondrial supercomplex assembly in SkM.
Although significant progress has been made in under-

standing the interplay between the circadian clock,
mitochondrial dynamics and SkM function, key questions
remain unresolved. Notably it is still unclear whether
BMAL1 deletion-induced mitochondrial dysregulation
drives or results from SkM deterioration. Elucidating
the molecular mechanisms governing these interactions,
combined with clinical studies on circadian interventions,
could unlock novel therapeutic strategies for metabolic
and muscle-related disorders.
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