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The circadian clock is an endogenous timekeeping system that regulates various
physiological and behavioral processes. Recently, it has been shown that the timing
of physical activity and food intake can significantly influence metabolic muscle
health. Some recent clinical evidence has shown that physical activity practiced in
the late afternoon can be more effective in terms of performance and muscle
strength. Preclinical studies have highlighted that the explanation for this effect lies
in the different daily expression in the muscle of clock genes and clock-controlled
genes involved in muscle development and hypertrophy. In conjunction with scien-
tific advances in understanding the molecular mechanisms that requlate circadian
rhythms and muscle trophy, chrono-nutrition has gained scientific resonance and
has become a promising field, aimed at understanding the regulation of body
metabolism. Clinical and preclinical studies have shown that protein consumption
at specific circadian time points during the day, or precisely after exercise, can
activate signaling pathways involved in muscle protein synthesis and, thus, favor
skeletal muscle mass development as well as mitochondrial biogenesis, thereby
improving skeletal muscle cell energy production and function. On the other hand,
some studies have shown that the consumption of carbohydrates immediately
after exercise increases insulin secretion, which facilitates glucose uptake by muscle
cells to replenish glycogen. This review summarizes the current scientific literature
concerning chrono-exercise and chrono-nutrition and muscle health, focusing on
molecular mechanisms involving the circadian regulation of muscle mass, strength,
and health. Understanding the intricate molecular relationship between circadian
rhythms, exercise, nutrition, and muscle metabolism is essential for optimizing
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nutritional strategies to prevent or treat muscle wasting. In addition, tailoring pro-
tein and carbohydrate intake to timing and individual needs can improve muscle

maintenance, growth, and performance.

Key words: circadian rhythm, skeletal muscle, chrono-exercise, chrono-nutrition, proteins, carbohy-

drates, mealtime.

INTRODUCTION

Skeletal muscle is a highly structured tissue consisting
of bundles of muscle fibers, called myofibers, each con-
taining several myofibrils. Each myofiber represents a
muscle cell and is characterized by its basic unit, the sar-
comere." Myofibers are organized in fascicles, which, in
turn, form muscle tissue surrounded by an extracellular
matrix and supported by cytoskeletal networks.! This
hierarchical organization, from myofibers to fascicles
and lastly to muscle tissue, enables coordinated contrac-
tion, movement, and environmental adaptations of skel-
etal muscle tissue. In addition, skeletal muscle is a
highly vascularized and innervated tissue that contains
metabolic and regulatory components fundamental to
cellular and whole-body energy production and meta-
bolic balance.” The coordination between these compo-
nents is crucial for muscle health, plasticity, and motor
function. Disorders caused by both genetic and envi-
ronmental factors can lead to muscle deterioration rep-
resented by fiber loss and decreased motor function.”
Muscle wasting, characterized by the progressive loss of
muscle mass and function, is a significant clinical prob-
lem associated with aging, chronic diseases, and various
metabolic disorders.’ In contrast, muscle injuries are
associated with structural damage of muscle fibers,
inflammation, pain, and impaired muscle function and
usually depend on mechanical stresses that can acutely
alter normal muscle structure.*” It is important to note
that severe muscle injuries can also contribute to subse-
quent muscle atrophy due to prolonged disuse or
impaired recovery. Nevertheless, both muscle atrophy
and injury may be reversible through various repair
mechanisms, primarily involving muscle growth and
regeneration.”® Depending on the severity of damage,
muscle growth and regeneration may be influenced by
diet, exercise, and surgical interventions. With particu-
lar reference to nutritional strategies, supplementation
of vitamins,” high-quality fats like omega-3 fatty
acids,'®'" polyphenols,'”” amino acids,"’ and antioxi-
dants significantly contributes to maintenance of
muscle mass and strength. Similarly, it has been demon-
strated that physical exercise promotes skeletal muscle
regeneration by stimulating different molecular path-
ways, including oxidative stress,'®'” metabolic reprog-
ramming,l8 and microRNA involvement.!”?° It should
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be emphasized that the type of physical exercise prac-
ticed can also influence the regenerative capacity of the
damaged muscle. It has been widely established that
endurance exercise induces muscle fiber-type regenera-
tion*' and skeletal muscle mitochondrial biogenesis,*
contributing to muscle recovery after injury.

In the muscle regeneration process, a crucial role is
driven by satellite cells, specialized stem cells localized
between the sarcolemma and basal lamina of the myo-
fiber.® When the muscle is injured or damaged, satellite
cells are rapidly activated in response to signals released
during the inflammatory phase of skeletal muscle tissue
repair, with the aim to proliferate and differentiate into
myocytes.” In this context, both nutrition and exercise
may influence the synthesis, maintenance, and repair
mechanisms of skeletal muscle tissue by directly stimulat-
ing quiescent satellite cells to regenerate muscle fibers.* >
Moreover, during the last decades, innovative strategies of
surgical interventions and tissue-engineering approaches
have been developed to promote muscle repair and regen-
eration, especially in cases of large volume of muscle mass
loss.””*®
While the role of nutrition and of exercise in main-
taining muscle health is well known,***® emerging evi-
dence suggests that the timing of food consumption as
well as of physical activity may also influence muscle
metabolism through direct interactions with the circa-
dian clock expression and function.”*”>> Most mamma-
lian cells express the circadian clock, which operates
through a transcription—translation feedback loop.”>**
The core components of the circadian clock include the
Circadian Locomotor Output Cycles Kaput (Clock) and
Brain and Muscle ARNT-like 1 (Bmall) that are consid-
ered transcriptional activators®** since they prime the
transcription of their own repressors, such as Period
(Perl, Per2, Per3) and Cryptochrome (Cryl, Cry2),
through binding to E-box elements in their own pro-
moters.”** The Per and Cry proteins accumulate in the
cytoplasm, in which they form protein complexes that,
subsequently, translocate into the nucleus, where they
inhibit Clock-Bmall activity, thereby acting as transcrip-
tional repressors and closing the loop.”>*® The negative-
feedback loop Per/Cry-dependent alternating with the
positive-feedback loop Bmall/Clock-dependent creates
a daily rhythmic oscillation of gene expression.’
Characterizing and synchronizing muscle functions
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with environmental and endogenous stimuli, as detect-
able for most body tissue organization and functions, is
predominantly determined by the expression of clock-
controlled genes (CCGs).”” CCGs are genes whose
expression levels rhythmically fluctuate in response to
circadian rhythms governed by the internal biological
clock.” The regulation of CCGs is essential for coordi-
nating biological processes across different tissues and
organs and simultaneously anticipating and responding
to daily environmental changes, also within skeletal
muscle tissue.”® CCGs classically regulated in the skele-
tal muscle are implied in metabolism,”*™*" in muscle
contraction,***? in muscle growth and repair,44’45 and
overall in muscle physiology.”®*

This review aims to provide insights into the role of
timed physical activity and nutrient intake in regulating
muscle health and their impact on preventing or
improving muscle wasting by focusing on the molecular
mechanisms triggered.

CHRONO-NUTRITION AND CHRONO-EXERCISE

The term “chrono-nutrition” refers to a specialized
branch of nutritional sciences that, in combination with
chronobiology, investigates the relationship between
food intake and the body’s circadian rhythms.*
Specifically, chrono-nutrition is the field of research
that examines if the meal’s timing, frequency, and com-
position may influence metabolic processes and overall
health outcomes,”” and gave rise to the concept of food
entrainment.*®

The circadian clock, an endogenous timing system
that is ubiquitously expressed, orchestrates rhythmic
physiological processes to optimize energy homeostasis
and metabolic efficiency.*” Disruptions of the circadian
rhythm, such as irregular sleep-wake patterns or shift
work, can lead to dysregulation of protein turnover and
contribute to muscle wasting, impaired muscle repair,
and decreased muscle strength.”*>* Conversely, align-
ing nutrient intake, exercise, and sleep with the body’s
natural circadian rhythms may promote optimal muscle
protein synthesis and overall muscle health.”® At the
molecular level, the so-called protein turnover is essen-
tial for maintaining muscle mass, health, and function.”
In skeletal muscle, circadian rhythms influence the
expression and activity of molecular key regulators of
protein turnover, including the mechanistic target of
rapamycin complex 1 (mTORC1) signaling pathway,
the ubiquitin-proteasome system (UPS), and autoph-
agy.” Disruption of circadian rhythms, which generally
occurs in shift workers, in jet lag conditions, or in sleep
disturbances, can dysregulate these pathways, leading to
impaired muscle protein synthesis and increased pro-
teolysis, thereby predisposing individuals to muscle
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wasting.”"*> Recent studies have revealed that protein
synthesis exhibits circadian rhythmicity, with fluctua-
tions across the day.”*” This circadian pattern of
muscle protein synthesis may be influenced by factors
such as nutrient availability, hormonal signaling, and
cellular energy status. The levels of nocturnal protein
synthesis are very low and the targeted intake of pro-
teins during pre-established times of the day can repre-
sent a valid strategy to overcome the circadian synthesis
of muscle mass.®” In this regard, also chrono-exercise,
the practice of aligning physical activity with circadian
rhythms,”" has gained considerable attention in recent
years due to its potential benefits for optimizing exercise
performance, skeletal muscle protein synthesis, meta-
bolic health, and overall well-being.°" Chrono-exercise
may also have profound effects on metabolic health.
Evidence indicates that the timing of physical activity
relative to food intake and sleep can modulate insulin
sensitivity, fat metabolism, and circadian gene expres-
sion.®>® For instance, performing exercise in the morn-
ing, prior to meals, has been shown to improve insulin
sensitivity and glucose regulation.®” Conversely, late-
night exercise, particularly close to bedtime, can inter-
fere with sleep patterns and disrupt the body’s ability to
recover and regenerate.’* Furthermore, the integration
of physical activity with circadian rhythms may help
mitigate the effects of modern lifestyle disruptions, such
as shift work and irregular sleep patterns, which are
known to increase the risk of metabolic diseases like
obesity and type 2 diabetes.®>

Considering all these concerns, this review aims to
explore the current scientific literature on chrono-
nutrition and chrono-exercise, highlighting how the
timing of food intake and physical activity, in relation
to circadian rhythms, can optimize metabolic health,
enhance muscle function, and potentially mitigate the
adverse effects of modern lifestyle circadian rhythm
disruptions.

Medline Search Strategy

The current review critically revises the scientific litera-
ture concerning the topic of chrono-exercise and
chrono-nutrition with a particular attention to molecu-
lar mechanisms underpinning skeletal muscle health
and metabolism control.

The relevant literature from 2010 to 2024 was
screened from PubMed (Medline) using the following

» o«

search terms: “skeletal muscle”, “skeletal muscle physi-
ology”, “chrono-nutrition”, “mealtime”, “skeletal muscle
and clock”, “skeletal muscle and circadian rhythm”,
“skeletal muscle and molecular clock”, “skeletal muscle
metabolism and clock”, “skeletal muscle strength and

clock”, “skeletal muscle regeneration and clock”,
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“skeletal muscle health and clock”, “meal-time and skel-
etal muscle”, “chronobiology of skeletal muscle”,
“chronobiology of physical exercise/activity”, “chrono-
exercise”, “chrono-training”, “training and circadian
rhythm”, “training and clock genes”, “protein intake
and skeletal muscle”, and “carbohydrate intake and
skeletal muscle”. Titles and abstracts were screened to
identify those that investigated the relationship between
chrono-nutrition and chrono-exercise and muscle
structure and/or function. After screening the full text
of the manuscripts, available original manuscripts, both
clinical and preclinical, were included. In particular, for
preclinical studies, original in vitro and in vivo molecu-
lar studies were preferred, whereas for clinical studies,
clinical trials, cross-sectional, longitudinal, and
population-based studies were included. The reference
lists of the included studies were additionally screened
to identify further relevant literature. Only English-
language articles were included. Duplicates, protocol
studies, second-analysis reports, articles not strictly
related to chrono-nutrition and chrono-exercise and
muscle structure and/or function, and articles not pub-
lished in English were excluded.

From the numerous studies identified, a total of 33
articles were selected for inclusion, and were divided
into preclinical and clinical sections as described in the
following text. These studies were selected on the basis
of their relevance, rigor, and contribution to the under-
standing of the interaction between circadian rhythms,
exercise, diet, and muscle health and function. The pre-
clinical studies focus primarily on in vitro and animal
models and provide insights into the underlying cellular
and molecular mechanisms, while the clinical studies
examine human populations and provide practical
implications for optimizing health outcomes through
chrono-nutrition and chrono-exercise interventions. In
each subsection of the article, the basic in vitro studies
are described first, followed by the preclinical studies in
animal models, and finally the clinical studies in
humans, in this specific order.

CIRCADIAN CONTROL OF SKELETAL MUSCLE
PHYSIOLOGY: EVIDENCE FROM PRECLINICAL STUDIES

The physiology of skeletal muscle is intricately linked with

circadian rhythm, which, in turn, regulates various aspects

39,67-71
muscle

.. 44,45
and muscle growth and repair, as

demonstrated by preclinical evidence. Table 1*>%~7! sum-
marizes the main molecular factors showing a circadian
oscillation in the skeletal muscle. A brief and schematic
description of the main circadian clock core components’

role in muscle functions is summarized in Figure 1.

of muscle function, including metabolism,

. 4243
contraction,
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Preclinical In Vitro and Ex Vivo Studies

The following subsection provides a summary of circa-
dian clock involvement in skeletal muscle physiology to
better introduce the main topic of the current review.
To examine the evidence, 3 in vitro and 4 ex vivo pre-
clinical studies, describing the role of circadian clock
components in muscle metabolism, were critically
reviewed. Although most of the current scientific evi-
dence derived from gene manipulations of the Bmall
and Clock regulators, it should be pointed out that the
skeletal muscle physiologically shows the circadian
oscillation of all molecular components of the biological
clock.

As demonstrated for several cell models, in vitro cul-
tured mouse myotubes C2C12 also showed a circadian
expression of clock genes after serum shock-induced syn-
chronization, with a peak of Bmall expression after
12 hours of serum-free exposure and a simultaneous peak
of Per and Cry expression after 22-24 hours of serum-free
exposure.” Moreover, the same cells exposed to nonphy-
siological doses of hydrocortisone in the bathyphase of
Bmall (resembling the evening time points after cell syn-
chronization) showed significantly decreased expression of
genes involved in insulin response, such as insulin receptor
substrate 1 (IRSI) and phosphatidylinositol 3-kinase
(PI3KC),” confirming the key role of both hydrocortisone
timed exposure and Bmall expression levels in mediating
muscle insulin response. In addition, synchronized C2C12
cells stimulated with electrical pulse stimulation (EPS) con-
sisting of 30 minutes with 1 Hz frequency, 2 milliseconds
in duration and 30V, which induces expression of
exercise-responsive genes, showed a significant increase in
Per2 expression associated with increased intracellular cal-
cium levels.*’ Similarly, the same in vitro model, previously
synchronized with a serum shock protocol, showed a con-
comitant oscillation of clock genes and of the main genes
involved in muscle metabolism,”" suggesting the involve-
ment of the biological clock in the control of transcrip-
tomic myocyte functionality. Simultaneously, the CCGs
analyzed are associated with cyclical DNA methylation,
with particular attention to Cryl, a member of the core
clock machinery demonstrating circadian control of tran-
scriptomic and epigenomic muscle pathways.”' Similarly,
the lipidomic analysis from skeletal muscle biopsies of 10
healthy volunteers with a consistent daily feeding and
sleeping routine demonstrated a lipid metabolite diurnal
oscillation that persisted even in cultured in vitro myo-
cytes.”” In particular, lipids rhythmically expressed could
be clustered into different subgroups based on their tem-
poral profile,”” emphasizing the crucial function of the
molecular timekeeper in coordinating the circadian regula-
tion of lipid metabolism in muscle. In addition, Perrin et
al”® demonstrated that, in primary cultures of skeletal
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Table 1. Main Proteins and Genes Associated With Circadian Rhythmicity in Skeletal Muscle

Proteins and genes

Function

Model

Reference

CpG methylation, ABCA5,
BCD1, MBLACT, PAIP2B,
PIF1, TSPAN4 genes

MYOD1 gene and protein

IL-6 secretion and gene
expression

Oxidative phosphorylation
complexes, PGC-1a, FIS1,
PINK1, OPAT1 protein
expression

Lipids enriched in the outer
leaflet of the plasma mem-
brane and lipids metabo-
lites secretion

Glycerophospholipid and tri-

Cell metabolism, regeneration
and muscle adaptation

Myogenic factor
Anti-inflammatory myokine

Mitochondrial activity

Lipid metabolism

Lipid metabolism

Mouse C2C12 myotubes
Mouse skeletal muscle
Human skeletal myotubes

Human skeletal muscle biopsies

Human skeletal muscle biopsies
and human skeletal
myotubes

Human skeletal myotubes

Altintas et al, 2020

Vitale et al, 2019*
Perrin et al, 2015%”

van Moorsel et al, 2016

Loizides-Mangold et al, 2017°°

Perrin et al, 2018”°

glyceride metabolism, stor-
age, and transport; inositol
phosphate metabolism and
sphingolipid metabolism
and storage

Abbreviations: ABCAS5, ATP binding cassette subfamily A, member 5; BCD1, Beige-BEACH domain-containing protein; FIS1, mitochon-
drial fission 1 protein; IL-6, interleukin-6; MBLAC1, metallo-beta-lactamase domain-containing protein 1; MYOD1, myoblast determina-
tion protein 1 homolog; OPAT1, mitochondrial dynamin-like GTPase; PAIP2B, polyadenylate-binding protein—interactin% protein 2B;
PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PIFT, petite integration frequency 1; PINK1, PTEN-
induced putative kinase protein 1; TSPAN4, tetraspin 4.
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Figure 1. Molecular Components of the Circadian Clock and Their Relationship With Muscle Physiology. The core loop of the mammalian cir-
cadian clock is composed of transcriptional activators Bmal1 and Clock, which heterodimerize in the nucleus, and drive the transcription of
CCGs, including Per and Cry. Upon translation, Per and Cry proteins form complexes that translocate into the nucleus and inhibit the activity
of the Bmal1-Clock complex, thus forming a negative-feedback loop. Physiologically, in the morning, there is an increase in the expression
and in the transcriptional activity of the Bmal1-Clock complex. During the day, Per and Cry undergo post-translational modifications that
regulate their expression and stability, thus triggering a self-sustaining control of the circadian clock. Muscle clock positively influences phys-
iological processes, such as myogenesis, muscle repair, insulin response, and glucose internalization in the morning. Abbreviations: Bmal1,
Brain and Muscle ARNT-like 1; CCG, clock-controlled gene; Cry, Cryptochrome; Per, Period. Created with BioRender.com
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myotubes obtained from 10 healthy volunteers who did
not sleep during daylight hours of the testing day, the dis-
ruption of the circadian clock by targeting the Clock gene
with small interfering RNA, led to significant changes in
glucose uptake, lipid homeostasis, and myokine secretion,
thus suggesting the crucial role of Clock in coordinating
glucose uptake and lipid metabolism in skeletal muscle
cells. Focusing on skeletal muscle metabolism, this tran-
scriptomic analysis identified the rhythmic transcription
patterns in a total of 4792 genes at the intronic pre-mRNA
level and 956 genes at the mature mRNA level.”’
Functional analysis of these genes reveals their roles in cir-
cadian rhythm regulation, ribosome formation, lipid
metabolism, protein transportation, tricarboxylic acid cycle
(TCA), encoding RNA-binding proteins, and mitochon-
drial function. Moreover, human primary cell cultures
derived from subjects with and without obesity confirmed
in vitro clock genes’ circadian oscillation after exposure to
forskolin and dexamethasone that can act as in vitro cell
synchronizers for both cell models.”” The same in vitro
cultured myocytes exposed to silencing of Clock showed
an attenuated, but persistent, oscillation of the other
molecular components of the biological clock.””
Furthermore, silencing of the Clock gene caused in vitro
cultured myocytes to significantly inhibit circadian inter-
leukin (IL)-6 basal secretion, thus demonstrating the pivo-
tal role of the molecular clock components in IL-6 plasma
level regulation.®” This type of control has also been dem-
onstrated for several myokines, such as IL-8, monocyte
chemoattractant protein-1 (MCP-1), macrophage colony-
stimulating factor (M-CSF), growth regulator oncogene-a
(GRO-a), vascular endothelial growth factor (VEGF), clus-
ter of differentiation (CD44), Galectin-3, fatty acid binding
protein 3 (FABP3), and tissue inhibitor of metalloprotei-
nases-1 (TIMP-1), whose secretion was significantly
impaired after silencing of Clock, suggesting even more
clearly the crucial role of the biological clock in the secre-
tory and regulatory capacity of skeletal muscle.” In addi-
tion, mitochondrial respiratory capacity measurement of
cultured myocytes derived from skeletal muscle biopsies of
20 healthy subjects who had regular sleep and food habits
demonstrated that skeletal muscle oxidative capacity dis-
plays a robust day-night rhythm and that mitochondrial
respiration was lowest at 1 pm and highest at 11 pm.%®
Moreover, the same study reported that the peak of energy
expenditure was detectable at 11 pm and the lowest energy
expenditure at 4 am,*® thus confirming the influence of the
circadian rhythm in skeletal muscle metabolism that may
regulate whole-body energy homeostasis.

Preclinical In Vivo Studies

The current literature analysis included 7 preclinical
studies that assessed animal models. These studies
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highlight molecular aspects involving circadian clock
components and skeletal muscle metabolism and regen-
eration, providing greater insight into chrono-
regulation of muscle physiology processes.

In mice lacking the Bmall gene specifically in skele-
tal muscle, an impaired insulin-stimulated glucose uptake
was observed.”” This metabolic dysfunction was associ-
ated with reduced levels of key proteins involved in intra-
cellular glucose transport, including glucose transporter-4
(GLUT4) and TBCl domain family member 1
(TBC1D1), a Rab-GTPase with a crucial role in GLUT4
translocation 72. Additionally, a decreased activity of pyr-
uvate dehydrogenase (PDH) due to altered expression of
circadian genes pyruvate dehydrogenase kinase 4 (PDK4)
and pyruvate dehydrogenase phosphatase catalytic subu-
nit 1 (PDPI), which encode PDH kinase and phospha-
tase, respectively, was observed.”” In mice lacking Bmall,
the inhibition of PDH activity caused reduced glucose
oxidation and a shift of glycolytic intermediates towards
alternative metabolic pathways, as revealed by metabolo-
mics analysis. These findings suggest that the muscle-
specific clock gene Bmall may play a critical role in pre-
paring skeletal muscle during the transition from resting
or fasting phase to the active feeding phase, where glucose
becomes the primary fuel source for muscle function.
Likewise, mice lacking the Bmall gene specifically in skel-
etal muscle exhibited progressive changes in body com-
position, together with glucose intolerance and non-
fasting hyperglycemia.”> Moreover, metabolomics analy-
sis provided further evidence of reduced glycolytic flux,
with decreases in TCA intermediates and elevated amino
acid levels, indicating a shift towards reliance on fat as a
fuel source with increased protein breakdown to support
the TCA.”

In addition, to evaluate muscle clock autonomy
and to explore potential muscle-liver interactions, RNA
sequencing on liver and gastrocnemius muscles, which
express predominantly fast-twitch fibers, was collected
every 4 hours over the diurnal cycle from mice globally
and muscle and liver specifically in Bmall knock-out
(KO) models.”* The specific loss of Bmall in the muscle
tissue disrupted clock gene oscillations and altered glu-
cose metabolism, while muscle Bmall expression resto-
ration only partially rescued systemic glucose regulation
compared with wild-type (WT) mice.”* Similarly, spe-
cific loss of Bmall in the liver tissue led to an advanced
phase shift associated with reduced amplitude expres-
sion of almost all clock genes.”* Moreover, while both
global and tissue-specific Bmall loss is able to induce
increased body fat mass and compromised locomotor
activity, only tissue-specific Bmall absence is sufficient
to significantly influence the tissue diurnal transcrip-
tome. Conversely, specific loss of Bmall in the skeletal

Nutrition Reviews® Vol. 83(8):1571-1593



muscle and liver tissue is not enough to control sys-
temic glycemic homeostasis.”*

Accordingly, Bmall has been further reported as a
crucial component of the clock machinery, showing a
fundamental importance in skeletal muscle regeneration
after injury.”” Given that, during the initial phases of
muscle differentiation and growth, the activation of
myogenic differentiation 1 (MyoD1) follows a distinct
circadian expression pattern in adult muscle, suggesting
its role as a CCG,** ablation of the clock genes or key
molecular clock components such as Bmall diminishes
the circadian expression of MyoD1 and of its down-
stream target genes, resulting in disrupted muscle con-
tractile function and altered organization of sarcomeric
myofibers.”® Mice globally lacking the Bmall gene
showed a significantly lower number of satellite cells
with a lower expression of the satellite marker paired
box 7 (Pax7),” thus confirming the crucial role of
Bmall in the muscle processes of growth, repair, and
regeneration. In addition, it has been demonstrated that
mice expressing the clock gene Bmall during embryo-
genesis, but not after birth, showed significantly altered
peripheral oscillatory gene expression and displayed var-
ious age-associated disorders, including impaired loco-
motor activity.”” While the global loss of Bmall is
mainly linked to accelerated premature aging, specific
loss in muscle tissue does not lead to the early aging phe-
notype but is more associated with specific muscle tissue
dysfunction.”> This distinction underscores the tissue-
specific functions of Bmall and its importance in regu-
lating the aging processes or muscle functions. This is
perfectly in line with data obtained from animal models
lacking Bmall and mutants of the Clock gene (Clock®'?)
showing a 30% reduction in muscle force associated with
a 40% reduction in mitochondrial size,”® thus suggesting
the important role of these clock genes in regulating
muscle function by mediating mitochondrial volume
and activity. The Clock®'® mouse model indeed showed
significantly lower levels of peroxisome proliferator-
activated receptor-y coactivator la (PGC-1a) associated
with a strong decrease in mitochondrial content and of
cytochrome ¢ oxidase enzyme activity, further confirm-
ing the importance of this clock molecular component
in skeletal muscle mitochondrial activity.”®

MOLECULAR PATHWAYS INVOLVING TIMED PHYSICAL
EXERCISE AND MUSCLE CLOCK

It is well known that physical performance is strongly
influenced by the physiological circadian rhythm.”
Recently, it has been demonstrated that the peak of ath-
letic performance effectiveness occurs in the hours cor-
responding to late afternoon/evening.”” This evidence
has suggested the existence of a close relationship
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between physical activity and the biological clock, espe-
cially at the muscular level.”” There are several factors
that regulate physical performance depending on the
circadian rhythm, which can be of both endogenous
and environmental origin. Among the endogenous fac-
tors, in addition to diurnal behavioral pattern®" and
body temperature,® there are physiological circadian
hormonal fluctuations that significantly influence
muscle glucose and lipid metabolism.” In particular,
the diurnal variations in testosterone and cortisol signif-
icantly influence physical performance and, conse-
quently, regulate the circadian efficiency of skeletal
muscle activity.®*> Indeed, testosterone, known for its
physiological anabolic effect in the skeletal muscle and
higher secretion levels in the first hours of the morning,
is counterbalanced by the catabolic effect of cortisol,
which reaches a peak in the morning.*> However, it is
important to point out that, unlike circulating levels,
which reach the highest levels in the morning, the maxi-
mum biological activity of testosterone takes place in
the afternoon hours, the period of the day when a
greater effectiveness of the response to endurance sports
has been demonstrated.** Beyond the hormonal aspects,
there is certainly a direct interaction between muscle
functionality and regulation of clock genes, as demon-
strated by preclinical and clinical evidence also consid-
ering that human muscle strength displays maximum
peaks in the late afternoon, specifically ranging between
4:00 and 8:00 pm.*>"*® At the molecular level, there is a
reciprocal relationship between circadian rhythms and
both acute and chronic physical activity. Acute physical
activity refers to a single, brief bout of exercise or physi-
cal exertion that produces an immediate physiological
response. These acute responses are transient and typi-
cally subside when the activity ceases, facilitating imme-
diate energy needs.*” In contrast, chronic physical
activity involves repeated and sustained bouts of exer-
cise over a longer period of time (eg, weeks or months),
leading to long-term adaptations in the body. Chronic
activity induces structural and functional changes that
improve the body’s ability to perform and recover from
physical exertion.*” This mutual interaction is essen-
tially expressed in the ability of physical activity to regu-
late and harmonize the expression of the molecular
components of the biological clock in the skeletal
muscle®® and the concomitant circadian oscillation of
clock genes within physiological limits promoting both
regeneration and muscle repair.** Studies have shown
that acute bouts of exercise, independently from time of
the day, can rapidly upregulate genes like Perl and Per2,
which may cause phase shifts in the circadian rhythm of
muscle cells in mouse™ and human®”®' models. These
temporary changes in clock gene expression are mainly
thought to enhance energy metabolism, optimizing the
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muscle’s ability to meet the immediate metabolic
demands of exercise. Notably, the alterations induced
by acute exercise typically return to baseline after the
exercise session, highlighting the transient nature of the
acute response. Chronic exercise has been shown to sta-
bilize the rhythmic expression of clock genes, thereby
reinforcing the circadian rhythm in muscle tissue.”>"*
This stability promotes improved energy balance,
enhances mitochondrial function, and supports greater
resilience to metabolic stress.”> Additionally, these
adaptations facilitate better synchronization of periph-
eral clocks, like those in skeletal muscle, with the central
circadian clock in the brain, thus contributing to sys-
temic metabolic homeostasis and muscle health over
time.

Preclinical In Vitro and In Vivo Studies

This subsection critically describes the scientific evi-
dence of 1 preclinical study performed on in vitro myo-
cytes and 5 preclinical studies conducted on animal
models. It should be specified that only the studies
reporting results regarding timed exercise and its effect
on skeletal muscle, highlighting the involvement of the
molecular components of the biological clock, are dis-
cussed and are described in Table 2.7

The importance of timed muscle contraction was
primarily investigated in C2CI12 myocytes previously
synchronized by dexamethasone exposure.*> C2C12 cells
were stimulated to contract by electrical pulse stimula-
tion at 3 different time points of the circadian rhythm—
22, 28, and 40 hours post-synchronization—to evaluate
circadian phase and molecular components of the circa-
dian clock.*? This in vitro study showed that C2C12 cells
stimulated at 22hours post-synchronization showed a
significant decrease in phase shift, with a significant
reduction in Per2 expression.*” Electrical pulse stimula-
tion caused a significant decrease in Perl, Per2, and
Bmall expression also at 28 hours after synchronization,
suggesting that muscle contraction in specific circadian
time points may influence skeletal muscle circadian
response. More interestingly, a preclinical study con-
ducted on mouse models of different ages demonstrated
that physical activity could serve as an effective interven-
tion against age-related peripheral circadian misalign-
ment.”” Specifically, this study compared male and
female adult (~4 months) and old (~6 months) mice
subjected to voluntary wheel running and cross-checked
with mice of the same age but with a sedentary lifestyle.
Both male and female mice showed a delayed onset of
voluntary physical activity associated with increasing
age.” In particular, young male and female mice began
running at the beginning of the active phase, with peak
physical activity 2 hours after the lights were turned off,
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whereas old male and female mice started running later,
with peak physical activity 6 and 7 hours after the lights
were turned off.”> Moreover, as suspected, younger male
and female mice covered greater distances than their
older counterparts, whereas female mice, irrespective of
age, exhibited greater running distances compared with
male mice.”” Surprisingly, old female mice ran 2 hours
into the light phase and their gastrocnemius tissues
showed gene expression levels of Per2 that were signifi-
cantly higher and of Bmall lower than in young female
mice.” Wheel activity in the gastrocnemius of old
female mice significantly reduced Per2 expression and
restored Bmall expression to levels similar to those in
young mice, suggesting that physical activity during the
light phase may de-synchronize the skeletal muscle circa-
dian clock by influencing peripheral clock gene expres-
sion. Comparing these evaluations with a sedentary
group, only old female mice showed rescued peripheral
clock gene expression,” thus suggesting a pivotal hor-
monal involvement in the circadian clock controlled by
timed physical exercise. The well-documented and dem-
onstrated ability of female animals to run longer distan-
ces was utilized in an additional study conducted
exclusively on female Per2::Luc C57Bl/6] mice.*’. This
study evaluated the effects of an acute bout of treadmill
consisting of 1hour of treadmill training in 3 different
circadian time points (middle of light, end of light, and
middle of dark phase) on the skeletal muscle molecular
clock. The study demonstrated that exercise in the rest-
ing phase was able to significantly anticipate the biolu-
minescence phase shift, confirming that timed physical
exercise may represent an important cue for peripheral
circadian clock modulation.*” Interestingly, another
study in a Per2::Luc C57Bl/6] mouse model revealed
that even low-intensity, voluntary, or involuntary physi-
cal exercise, for a longer period, can impact the skeletal
muscle biological clock.”* In this study, male and female
mice were first divided into 2 groups: 1 group with unre-
stricted food access and the other with food restriction
for 2 weeks. Both groups then performed voluntary and
involuntary physical activities—wheel and treadmill run-
ning, respectively—during daylight hours for 2 hours per
day, for a total period of 4weeks. Accordingly, food
restriction alone caused a phase shift of approximately
3 hours in the soleus muscle, and daytime physical activ-
ity triggered a similar phase shift, advancing the periph-
eral clock by 2 hours in the wheel group and by 3 hours
in the treadmill group.”* The results of this study under-
scored that 2 distinct non-photic stimuli, such as food
restriction and daylight physical activity, can effectively
modulate the peripheral circadian rhythm, demonstrat-
ing the responsiveness of muscle tissue to behavioral
cues independently of light exposure. To better define
the interplay between timed exercise and molecular

Nutrition Reviews® Vol. 83(8):1571-1593
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components of the circadian clock, an interesting study
on WT and mutant mice models was performed.”® This
study on male and female mice demonstrated that, in
response to exercise in the dark phase, a substantial dif-
ference between early and late periods exists. Contrary
to what has been demonstrated in other evidence,**** in
this study, females performed worse than male mice,
while, in both sexes, the late-period group outperformed
the early-period group in terms of running duration in
association with higher food consumption.”® Moreover,
the same study underlined the pivotal role of Per and
Bmall genes in physical activity. Furthermore, the
above-mentioned mouse models were genetically
crossed with mutant models in order to obtain Perl”",
Per2”, Per1,2”, and Bmall”" mice and exercise per-
formance as well as muscle glycogen content and food
consumption were evaluated.”® This study demonstrated
that clock mutant Per,2”” mice did not show a time dif-
ference in exercise capacity, in muscle glycogen content,
or in food intake, whereas the Per]”" late group outper-
formed the early group, showing that loss of Perl
reduces exercise capacity in the early phase of the dark
phase time point.”® Conversely, the early group outper-
formed better in absence of Bmall, strongly suggesting a
role of this clock gene in ameliorating exercise response
in the early phase of the dark time point.”® The results of
this interesting work have therefore defined not only the
different metabolic responses based on the circadian
rhythm but have also demonstrated the implications of
the components of the biological clock.

Clinical In Vivo Studies

This subsection critically describes the scientific evidence
from 3 clinical in vivo studies conducted in healthy sub-
jects and that evaluated the role of chrono-exercise specifi-
cally on muscle health and functionality. In order to better
define the critical role of timed exercise di per se on skele-
tal muscle, human studies without specific dietary inter-
ventions were selected, as reviewed in this subsection and
detailed in Table 3.7

A multi-arm prospective study conducted on 72
healthy men (30-36years old), undergoing combined
strength and endurance physical schedules at different
circadian time points for 24 weeks, underlined the dif-
ferent effect of exercise related to circadian rhythm. In
detail, enrolled participants were divided in 4 groups:
morning endurance + strength exercise, morning
strength + endurance exercise, evening endurance +
strength exercise, and evening strength + endurance
exercise, taking into account that morning training
ranged from 6:30 to 9:30 AM, while evening training
ranged from 4:30 to 7:30 pMm, with the aim to validate tes-
tosterone, cortisol, and muscle strength and mass

Nutrition Reviews® Vol. 83(8):1571-1593

measurements.”” Although circadian variations in testos-
terone and cortisol remained unchanged in all the
groups examined, the study demonstrated that evening
physical activity significantly improved muscle mass in
terms of larger gains.”” Similarly, as demonstrated in a
single-arm longitudinal study, exercise performance
peaks in the afternoon when muscle tone showed maxi-
mum levels.”® In this study, 21 healthy participants (13
men and 8 women, aged 30-35 years old) were enrolled
to participate in a specific timed schedule exercise con-
sisting of 15 minutes of warm-up and 3 subsequent exer-
cises of an approximate duration of 15 minutes/exercise
at 4 different circadian time points: 9:00 Am, 12:00 AM,
3:00 pM, 6:00 pm.”® Independently of gender, myotonom-
etry analysis showed that muscle tone increased after
exercise at 6 pM and this result correlated with increased
expression levels of the salivary Per2 gene, not only indi-
cating a strong correlation between physical perform-
ance and circadian rhythm but also demonstrating the
pivotal role of salivary clock gene expression as predic-
tors of individual fluctuations in daily performance.”®
Another study demonstrated that Per genes expression
in the skeletal muscle is strongly influenced by the tim-
ing of physical activity, even in conditions of overweight
and obesity.”” This study, which was conducted on 10
overweight and obese men (40-75 years old) who under-
went 12 weeks of high-intensity interval training in the
afternoon (2:00-6:00 pMm), showed significant variations
in muscle clock gene expression induced by exercise,
particularly for Perl, Per2, and Per3, which was signifi-
cantly lower at 1:00 p™, confirming the role of physical
activity as a synchronizer of muscle clock.”” This gene
modulation was associated with improved muscle mito-
chondrial oxidative capacity, demonstrating a strong
association between clock expression and muscle meta-
bolic activity. In addition, timed exercise in the after-
noon ameliorated the clinical condition by improving
body composition and exercise capacity and significantly
reducing 24-hour serum levels of glucose.”

MOLECULAR PATHWAYS INVOLVING MEAL TIMING IN
SKELETAL MUSCLE PHYSIOLOGY: FOCUS ON PROTEIN
INTAKE

Different studies have shown that meal timing influen-
ces postprandial glucose tolerance, lipid metabolism,
and energy expenditure.*””?*"'%> The knowledge on the
circadian rhythm’s impact on metabolism has impor-
tant implications for human health,!°>1% and the
potential targeting of circadian clocks, pharmacologi-
cally or through lifestyle interventions, may offer novel
therapeutic ~ strategies for metabolic ~diseases.'”
Moreover, chrono-nutrition, a branch of nutrition that
aims to align meal intake with circadian rhythms, has
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shown interesting advantages for human health in
recent years, especially in terms of metabolic processes,
including protein synthesis, degradation, and energy
metabolism.*”'"

Preclinical In Vivo Studies

Restricting the literature search to preclinical studies
investigating timed protein and amino acid ingestion
and its effect on muscle resulted in a single study con-
ducted in animal models. Figure2 briefly summarizes
the molecular effect on muscle mass in mouse models
fed branched-chain amino acids (BCCAs) at different
circadian time points. Table 4'°°™"'" provides schematic
details about preclinical and clinical evidence on circa-
dian time points and consumption of protein.

A study performed on male mouse models revealed
that consuming protein during the early active phase
promotes muscle hypertrophy induced by overloading,
and this effect is dependent on the peripheral muscle
clock.'® Wild-type, muscle-specific Bmall KO (MKO),
and clock mutant (Clock®'®) mice aged between 5 and
10 weeks were fed a 2-meals-per-day regimen that pro-
vided different protein intakes at different times of the
day. In this diet, mice were divided into 2 groups: 1

A s
&

Early active phase =
breakfast

p V//{_) Muscle
4 mass and
-"l == strength
BCCAs < |
B Yt
@4:7 Late active phase
iy - = dinner
A ér.
. s ¥ - Muscle
.‘ b 1 mass and
- ﬁ b
BCCAs & strength

group was fed a high-protein diet (with a casein content
of 20%) for breakfast and a low-protein diet (with a
casein content of 3%) for dinner, and the other group
received the opposite diet, with a high-protein diet for
dinner.'® It should be noted that, in mice, the 2 circa-
dian time points corresponding to breakfast and dinner
correspond to the early and the late active phases,
respectively. Interestingly, the mouse group receiving
the high-protein diet for breakfast showed higher plan-
taris muscle weight compared with the mouse group
receiving the high-protein diet for dinner, suggesting
that proteins consumed during the early active phase
promote muscle overloading hypertrophy.'® A similar
effect was seen for mice fed BCAAs, L-isoleucine, L-leu-
cine, and L-valine in a total dose of approximately
3%.'” To better investigate whether this effect was
dependent on the skeletal muscle clock, the same dietary
regimen was applied to Clock®'® and MKO mice, which
conversely did not show any skeletal muscle changes.'”
Surprisingly, muscle free glycine and histidine levels as
well as insulin-like growth factor-1 (IGF-1) expression
were higher in the overloaded muscles of mice fed a high-
protein meal at dinner. In contrast, muscle free serine lev-
els were higher in the overloaded muscle of mice fed a
high-protein meal at breakfast, demonstrating the relevant

Figure 2. Timed Protein Consumption Effects on Mouse Muscle Mass. (A) Mouse models fed BCCAs in the early-active phase, corresponding
to the breakfast, increase muscle mass by stimulating MYF5, myogenin, p-mTOR, and LC3B-Il protein expression. (B) Mouse models fed
BCCAs in the late-active phase, corresponding to dinner, decrease muscle mass by inhibiting MYF5, myogenin, p-mTOR, and LC3B-II protein
expression. Abbreviations: BCCA, branched-chain amino acid; LC3B-ll, microtubule-associated protein 1A/1B-light chain 3; MYF5, myogenic
factor 5; p-mTOR, phosphorylated mammalian target of rapamycin. Created with BioRender.com
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effect of protein intake during the late-active phase of
mice.'” In addition, the same study analyzed the main
molecular pathway involved in skeletal muscle metabo-
lism, demonstrating that the expression levels of IGF-1,
myogenin, and myogenic factor 5 (Myf5) and the autoph-
agy marker microtubule-associated protein 1A/1B-light
chain 3 (LC3B-II) were higher in the overloaded muscles
of mice fed a high-protein diet in the early-active phase,'”
underlining the importance of protein-timing intake on
the regeneration and resistance pathway.

Clinical Studies

This subsection describes clinical studies conducted on
human models that evaluated the effects of timed pro-
tein ingestion on muscle. The analysis was restricted to
6 studies in which the enrolled participants did not
engage in any physical exercise, aiming to isolate the
impact of protein-intake timing on muscle outcomes.

Recent studies indicate that protein intake
synchronized with the body’s natural circadian fluctua-
tions may enhance muscle anabolism, recovery, and
overall function, especially when paired with exercise. A
randomized double-blind trial conducted on 41 healthy
young participants (20-24 years old), randomly assigned
to either receive a protein supplement beverage or a
noncaloric placebo before sleep in association with
resistance-type training for a period of 12 weeks, eval-
uated the effects of a timed protein intake schedule on
muscle mass and strength.'®” Participants were asked to
consume 300-mL bottle containing either a placebo
drink (PLA group) or protein drink (PRO group) daily
immediately before sleep. While the placebo was a non-
caloric drink, whereas the protein beverage contained a
total amount of casein of approximately 27.5¢. In addi-
tion, during the period of 12weeks, participants per-
formed a supervised resistance-type exercise training 3
times per week.'” As demonstrated by skeletal muscle
biopsies, the percentage of type II muscle fiber area
increased significantly as well as muscle strength, meas-
ured on the lateral pull-down machine, was significantly
higher in the PRO group compared with the PLA
group.'”” These results suggest that the timing of pro-
tein intake, combined with constant resistance-type
training, might improve muscle strength independently
of muscle mass modification.

A randomized open-label study demonstrated that
nighttime protein intake can significantly improve
muscle protein synthesis in older adults (73-75years
old)." After a standardized dinner, 16 healthy elderly
participants were enrolled to randomly received 40 g of
intrinsically -[1-'>C]phenylalanine-labeled casein pro-
tein (PRO) or placebo (PLA) via a nasogastric tube dur-
ing overnight sleep, specifically from 2:00 to 2:05 am.'*®

Nutrition Reviews® Vol. 83(8):1571-1593

Interestingly, the PRO group showed a higher incorpo-
ration of the amino acids ingested via the intrinsically
labeled protein and, concomitantly, muscle protein syn-
thesis rates significantly improved compared with the
PLA group,'*® demonstrating that protein supplementa-
tion during sleep may represent a promising strategy to
mitigate age-related muscle mass loss. Conversely, a
cross-sectional study assessed on elderly women dem-
onstrated that higher levels of protein consumed in the
morning positively influenced muscle mass and
strength.'” Sixty healthy elderly women were enrolled
and divided into 2 groups: a breakfast protein group (B-
PRO; n=18) and a dinner protein group (D-PRO;
n=42). The former was invited to consume a large
amount of protein for breakfast, the latter was asked to
consume a large amount of protein for dinner.'” The
daily total amount of protein was not significantly dif-
ferent between the 2 groups, although the B-PRO group
ingested a large quantity of protein for breakfast com-
pared with the D-PRO group (30g vs 20g, respec-
tively).'”” This study showed that, compared with the
D-PRO group, muscle mass in the B-PRO group was
greater, concomitantly with skeletal muscle index and
grip strength.'”” The significant positive correlation
between skeletal muscle index percentage of breakfast
protein intake relative to total protein intake strongly
suggests the pivotal importance of timed protein intake
in the regulation of muscle health. Despite the gender
differences in the two studies described above and the
potential hormonal interference, they nonetheless raise
the possibility of consuming proteins at night to stimu-
late protein synthesis and in the morning to assess the
increase in muscle mass and strength. A different
approach was demonstrated in a study comparing
muscle protein synthesis in participants receiving daily
protein intakes according to 2 distributions: evenly and
skewed."'? The randomized controlled trial was con-
ducted on 8 healthy subjects (25-55 years old; 5 males
and 3 females) and aimed to evaluate the skeletal muscle
protein content after different portioning of daily pro-
tein amounts for 7 days.''* According to this distribu-
tion, protein consumed during the day was either
equally divided between the 3 different meals (defined
as “evenly”) or with a higher intake at dinner (defined
as “skewed”).''? This study demonstrated that, on days
1 and 7, muscle protein synthesis, expressed as mixed
muscle protein fractional synthesis rates and measured
by direct incorporation of 1-[ring-">C¢]phenylalanine
into protein, is higher in response to the breakfast meal
containing 30-g protein meal (evenly) than with the 10-
g protein meal (skewed) at the same time point."'> This
study found that the distribution of protein intake over
24 hours of the day contributed significantly to muscle
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protein synthesis and potentially to muscle mass
formation.

Similar results have been obtained in studies of eld-
erly people, where it is important to note that there a
physiological decline in protein synthesis and a loss of
muscle mass associated with the aging of cellular proc-
esses. Figure3'®® shows the skeletal muscle effects of
timed protein consumption in elderly subjects. A long-
term evaluation assessed in a large sample (1741; of
which 827 were men and 914 were women) of elderly
subjects (67-84 years old) showed that the more-even
daily distribution of protein may be associated with
improved muscle strength, evaluated as handgrip, arm,
and leg strengths, throughout the entire follow-up with-
out gender differences.'” In addition, mobility func-
tion, such as normal and fast running, after 3years
increased in both sexes, again demonstrating how the
equally distributed intake of protein throughout the day
has a significant role in muscle function. The same
group was evaluated in a 2-year follow-up observational

study. Consistently, another study conducted in 828 eld-
erly subjects (70-80 years old) derived from the Study of
Muscle Mobility and Ageing (SOMMA) , a longitudinal
study evaluated the influence of eating habits related to
the timing of food intake on muscle health."'" Food
consumption was self-recorded by study participants
and expressed as a percentage of kilocalories per day.
Statistical analysis showed that elderly participants who
consumed protein equally distributed during the day
and ranging from 16% to 17% protein showed signifi-
cantly increased muscle strength, calculated by grip
strength and leg power. The study considered not only
the nutrients ingested during the day but also the time
between the first food intake and the last food intake of
the day, the so-called eating window, as well as the time
of the first and last fluid intake of the day."'" The analy-
sis showed that earlier food intake and the longer eating
window were associated with greater hand-grip
strength, strongly suggesting that the time of food inges-
tion is critically related to better muscle mass and

Active phase Inactive phase
bl o
o la
—* —
o o
la S
Muscle Muscle
mass and @w==ip» mass and
strength strength
=4 3 ¥ X
3 2 g S
@ [} g o,
LI W
Breakfast Lunch Dinner Breakfast Lunch Dinner
Muscle Muscle
mass and » mass and
strength strength

Figure 3. Timed Protein Consumption Effects on Muscle Mass and Strength in Elderly Subjects. Elderly subjects consuming proteins in the
morning showed greater muscle mass and strength than those consuming proteins in the evening. Similarly, elderly subjects distributing
proteins during the different meals of the day displayed increased muscle mass and strength compared with elderly subjects consuming the
same amount of protein in a single meal of the day. Created with BioRender.com
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function in older adults.''" Moreover, a pre-post single-
arm intervention study involving 34 healthy and young
participants (18-39 years old) evaluated body composi-
tion according to self-reported time-restriction feeding
of 8hours and the supplementation of supplied snack
packages containing 20 g of protein per day. In particu-
lar, enrolled participants were asked to select the eating
window that best fit their lifestyle and were invited to
follow an early time-restricted eating diet of 8hours.
The study showed that, although the group who started
eating before noon experienced significant reductions
in body weight, fat mass, fasting glucose, fasting insulin,
and serum triglyceride levels compared with baseline,
no changes were shown in muscle mass, suggesting that
an early time-restricted eating diet may be a feasible
and effective strategy for managing body composition
and cardiometabolic risk factors without significant
changes in muscle characteristics." '’

MOLECULAR PATHWAYS INVOLVING MEAL TIMING IN
SKELETAL MUSCLE PHYSIOLOGY: FOCUS ON
CARBOHYDRATE INTAKE

Although in the last decades the scientific literature on
chrono-nutrition has strengthened, the molecular
knowledge concerning the timing of the intake of car-
bohydrates seems to be poorer when compared with
studies performed on the timed intake of protein.
However, the timing of carbohydrate consumption rela-
tive to skeletal muscle is an important concern, particu-
larly in the field of sports nutrition and exercise
physiology, as it can influence muscle glycogen storage,
protein synthesis, and overall muscle adaptation to exer-
cise.'"” The few existing studies on circadian carbohy-
drate intake are combined with physical activity. For
this reason, 2 preclinical in vivo studies and 1 clinical
in vivo study were reviewed and critically examined for
the following subsection, as detailed in Table 5.""*"''

Preclinical and Clinical In Vivo Studies

In the preclinical field, an interesting study conducted
in a male mouse model investigated the role of timed
glucose administration on muscle glycogen recovery
associated with treadmill running of 20 m/minute for
60 minutes."'® In particular, after the treadmill running
exercise to deplete muscle and liver glycogen, glucose
was administered either as a bolus or as a pulse.''® The
results showed that, in the mouse group receiving the
bolus, the blood glucose concentration was significantly
lower and plasma insulin concentration was signifi-
cantly higher compared with the mouse group receiving
pulse feeding. Muscle glycogen concentration in the
mouse group receiving the bolus was 25.3% higher than

Nutrition Reviews® Vol. 83(8):1571-1593

in the mouse group receiving pulse feeding at
60 minutes after glucose ingestion, indicating enhanced
muscle glycogen recovery,''® and demonstrating that
ingesting a large amount of glucose immediately after
exercise promotes insulin secretion and enhances
muscle glycogen recovery, whereas frequent ingestion
of small amounts of glucose enhances liver glycogen
recovery. More specifically related to circadian rhythm,
a preclinical study performed in male mice investigated
timed food consumption associated with voluntary
wheel-running effects on obesity and muscle circadian
clock components.''* In summary, this preclinical study
performed on 6-week-old male mice aimed at compar-
ing metabolic changes induced by time-imposed feeding
under conditions of voluntary wheel-running versus
sedentary activity in mice undergoing different time-
point feeding schedules, with the main aim of under-
standing the impact of exercise on obesity.'"* In partic-
ular, mice were housed either with running wheels
(RW) or without running wheels (SED). After 2 weeks,
8-week-old mice were fed a high-fat, high-sucrose diet
(containing 20.0% wt/wt sucrose) ad libitum for
2 weeks. For the following 2 weeks, mice were feeding-
restricted. The SED and RW groups were then sepa-
rated into groups that were fed with the diet only during
the sleep phase (daytime feeding [DF]) or only during
the active phase (nighttime feeding [NF]) for 10 days.'"*
The study demonstrated that the RW group consumed
more food than the SED group independently of feed-
ing time, but muscle weight was significantly lower in
the DF groups independently of physical activity.''* It
was shown that chronic voluntary exercise on running
wheels had a minimal effect on obesity and adiposity
caused by daily feeding at unusual times, suggesting
that the timing of food intake is more important than
physical exercise in obesity pathogenesis.''* In addition,
during the second half of the dark period, nocturnal
wheel-running activity was maintained to a lesser
extent, confirming a less efficacious physical perform-
ance in this circadian time point. Surprisingly, in this
animal model, daytime feeding tissue affect the rhyth-
mic expression of clock genes only in liver and adipose
tissue, suggesting that change in muscle weight was not
related to clock-controlled gene activity in the skeletal
muscle.""*

To confirm these findings, a clinical study investi-
gated the effects of a high-carbohydrate nocturnal meal
on body composition and muscle cross-sectional area in
10 male Japanese wrestlers (20 years old). Male wrestlers
usually experience body mass loss 1 week before their
fights by rapidly ingesting fluids and food. Specifically,
in this study, the impact of an overnight high-
carbohydrate recovery meal following severe rapid
weight loss (baseline condition) on muscle glycogen
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concentration was investigated.''” Participants were
asked to consume 3 predefined meals within 5hours
overnight, using the following time and carbohydrate-
dose schedule: (R [recovery] 0-R2) 5:30-7 pMm, 290 g car-
bohydrates; (R2-R4) 9:00-10:00 pm, 200g carbohy-
drates; (R4-R13) 10:30-11:00 pym, 33 g carbohydrates.]15
Compared with baseline, at the RO period body mass
significantly decreased, whereas compared with the RO
period, at R2, R4, and R13 participants showed signifi-
cantly increased body mass. Moreover, muscle cross-
sectional area significantly decreased at the RO period
compared with baseline and significantly increased at
R2, R4, and R13 compared with the RO period.'”” In
addition, muscle glycogen content was significantly
lower at RO compared with baseline and did not recover
by R2 or R4, and also remained lower than baseline at
R13. This study suggested that a nocturnal meal with a
high carbohydrate content was not sufficient to restore
the glycogen content of muscles during a 13-hour
recovery period.

In conclusion, as demonstrated by preclinical and
clinical studies, skeletal muscle exhibits rhythmic
changes in gene expression involved in muscle metabo-
lism, reflecting the influence of the circadian clock sys-
tem, and suggesting that the integration of muscle
physiology with circadian control may impact response
to nutrient intake, muscle performance, and adaptation
to exercise. Thus, understanding the connection
between skeletal muscle physiology and circadian clock
control is crucial for optimizing exercise and nutritional
strategies aimed at enhancing muscle health and
performance.

CONCLUSION

The circadian clock regulates physiological processes in
skeletal muscle influencing metabolism, protein synthe-
sis, and repair mechanisms. Disruptions of the circadian
rhythm, such as irregular sleep patterns or shift work,
can impair muscle function and contribute to muscle
wasting. Concomitantly, disruption of specific muscle
clock contributes to muscle de-structure and dysfunc-
tion. Recent studies suggest that chrono-exercise and
chrono-nutrition may strongly contribute to muscle
health maintenance. In particular, protein distribution
throughout the day influences muscle metabolism, con-
sidering that consuming protein evenly across meals,
rather than in large amounts all at once, may optimize
muscle protein synthesis and overall muscle health.
Moreover, timed consumption of carbohydrates may
support physical exercise by restoring glycogen balance.
Understanding the interactions between chronobiology,
chrono-nutrition, and skeletal muscle health has impor-
tant implications for preventing and treating conditions
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like sarcopenia and muscle wasting. Future studies
exploring the molecular mechanisms underlying these
relationships will guide effective strategies to promote
muscle health and function through optimized meal
timing and circadian rhythm alignment.
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