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ABSTRACT
Circadian rhythms are intrinsic 24-h biological cycles that govern various physiological processes. In addition to the hypothalamic
suprachiasmatic nucleus, the circadian system is organized in multiple peripheral tissues, such as the brain, heart, bone,
liver, and lung. Emerging evidence suggests that disruptions in these rhythms, which are regulated by a network of clock
genes, play pivotal roles in human health. A deeper understanding of the interplay between circadian rhythms and tissue
homeostasis holds significant potential for the development of targeted therapies aimed at improving human health. This review
explores the link between circadian rhythms and tissue homeostasis, delving into their biological functions, including influences
on metabolic homeostasis, neuroendocrine signaling, immune and oxidative stress responses, tissue repair, and autophagy
activity. It also summarizes the connections between circadian disruptions and circadian disruption-related diseases, including
degenerative diseases, cardiometabolic disorders, and cancers. Furthermore, this review offers valuable perspectives on the
treatment of circadian disruption-related diseases. By revealing the regulatory influence of circadian rhythms on human health
and disease, this work aims to inspire the development of novel strategies for the prevention, diagnosis, and treatment of circadian
disruption-related diseases.

Kangkang Zha, Bobin Mi, Yuan Xiong, and Shuyan Wu contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
© 2025 The Author(s).MedComm published by Sichuan International Medical Exchange & Promotion Association (SCIMEA) and John Wiley & Sons Australia, Ltd.

MedComm, 2025; 6:e70435
https://doi.org/10.1002/mco2.70435

1 of 22

https://doi.org/10.1002/mco2.70435
https://orcid.org/0000-0002-2013-1396
https://orcid.org/0000-0002-7292-7062
mailto:chenlili1030@hust.edu.cn
mailto:liuguohui@hust.edu.cn
mailto:sienlin@hku.hk
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/mco2.70435


1 Introduction

The circadian rhythm is the endogenous timing system preva-
lent in various species and regulates cascades of physiological
and metabolic processes [1, 2]. Many hypothalamic nuclei are
circadian rhythm regulators, although the circadian rhythm is
largely controlled by a self-sustained circadian pacemaker located
in the hypothalamic suprachiasmatic nucleus (SCN) [3]. The
hypothalamic paraventricular nucleus, which harbors neurons
that control the activity of the sympathetic and parasympathetic
nervous systems, is a key target of biological clock output [4].
Furthermore, the secretion of hormones, such as cortisol and
melatonin, is also regulated by the internal biological clock,
which is entrained by the SCN [5]. The circadian rhythm
within the SCN could affect peripheral tissues via both the
neuronal and the endocrine pathways [6–8]. Recent findings
have shown that the circadian system is organized in multiple
peripheral tissues, such as the brain [9], heart [10], liver [11],
lungs [12], skin [13], and skeletal muscle [14], in addition to
the SCN. The circadian oscillators in peripheral tissues can be
temporarily lost because of significant and abrupt environmental
alterations [15].

Long-term circadian disruptions can lead to multiple disorders.
For example, Gil-Lozano et al. [16] evaluated the association
between intestinal L-cell function and circadian rhythms and
reported that sleep deprivation with nocturnal light exposure
induced increased insulin resistance and disrupted melatonin
and cortisol profiles in male volunteers. Wilms et al. [17] demon-
strated that significant changes occurred in humanwhite adipose
tissue following circadian disruption due to sleep deprivation.
These changes included the loss of rhythmicity in carbohydrate
breakdown-related genes, decreased secretion by β-cells, and
increased expression of retinol-binding protein 4 [17]. A natural
circadian rhythm is highly important for maintaining normal
physiology and metabolism.

In mammalian cells, the circadian rhythm is controlled by a
core group of regulatory genes, namely, clock genes, whose
expression has been characterized mainly on the basis of cir-
cadian patterns [18, 19]. The underlying mechanisms through
which circadian rhythm disruption causes diseases have been
revealed in part and are considered to be associated with dis-
turbances in proteostasis, oxidative stress, and immune function
[9]. A deeper understanding of the interplay between circadian
rhythms and tissue homeostasis holds significant potential for the
development of targeted therapies aimed at combating circadian
disruption-related diseases (CDDs).

In this review, we first introduce the relationship between
circadian rhythmand tissue homeostasis. Next, we focused on the
associations between circadian disturbances and CDDs, as well
as the therapeutic targets aimed at addressing circadian rhythm
disturbances and CDDs. Finally, we provide insights that can
be gained regarding the role of the circadian rhythm in tissue
homeostasis, which will be conducive to the treatment of CDDs.

2 Molecular Architecture of the Circadian Clock

2.1 Core Clock Genes/Proteins and
Transcription‒Translation Feedback Loops

In mammalian cells, the circadian rhythm is controlled by a
core group of clock genes, including brain and muscle ARNT-
like protein-1 (Bmal1), circadian locomotor output cycles (Clock),
Period (Per), Cryptochrome (Cry), REV-ERB, and retinoid orphan
nuclear receptor (ROR) [18, 19]. Various rhythmic genes and their
encoded products form feedback loops involving mutual promo-
tion or inhibition of transcriptional and translational activities
to ultimately achieve periodic rhythmicity at the cellular and
molecular levels (Figure 1). Transcription‒translation feedback
loops serve as the core driving force behind the molecular
circadian clock. This evolutionarily conserved mechanism is
primarily composed of two interlocking feedback loops that act
synergistically to ensure the precision, periodicity, and stability
of circadian oscillations.

The core negative feedback loop establishes the fundamental
framework of the system. Within this loop, the core transcrip-
tion factors Bmal1 and Clock form a functional heterodimer
(Bmal1:Clock) inside the nucleus. This complex, which acts as
the primary transcriptional activator, efficiently initiates the tran-
scription of various clock-controlled genes, including the Per and
Cry genes, by binding to E-box elements in their promoter regions
[20, 21]. Following translation, the resulting Per and Cry proteins
must first undergo a series of phosphorylation events that ensure
their stability, after which they accumulate in the cytoplasm,
form a heteromeric complex, and are transported back into the
nucleus. Once inside, the Per:Cry complex directly inhibits the
transcriptional activity of Bmal1:Clock, thereby forming a classic
negative feedback loop that effectively “switches off” their own
transcription and clears the way for a new transcriptional cycle to
begin [22].

Concurrently, a parallel auxiliary loop provides more sophisti-
cated dynamic regulation to the core loop, enhancing its stability
and robustness. This loop centers on the rhythmic expression of
the Bmal1 gene itself. The transcription factors REV-ERB and the
ROR competitively bind to the ROR response element (RORE)
on the Bmal1 gene promoter. A direct antagonistic relationship
exists between the two proteins: REV-ERB binding to the RORE
represses Bmal1 transcription, whereas ROR binding promotes it
[23, 24].

In short, Bmal1 and Clock form a heterodimer that localizes to
the nucleus and can activate the transcription of the Per and
Cry genes; the products of these two genes negatively regulate
the transcription of the progenitor heterodimer. In addition,
the Bmal1, REV-ERB, and ROR genes constitute a regulatory
feedback loop, and Bmal1 transcription is negatively regulated by
REV-ERB and positively regulated byROR. The synergistic action
of these two loops ultimately results in a highly robust cellular
circadian oscillator.
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FIGURE 1 Two mammalian core clock gene feedback loops: Bmal1/Clock–Per/Cry and Bmal1–Rev-ERB/ROR. Bmal1, brain and muscle ARNT-
like protein-1; Clock, circadian locomotor output cycles; Cry, cryptochrome; Per, period circadian clock; ROR, retinoid-related orphan receptor; RORE,
ROR response element.

2.2 Posttranslational Modifications

Posttranslational modifications are key molecular mechanisms
linking the biological clock to downstream physiological and
pathological processes. Among them, phosphorylation and ubiq-
uitination play pivotal roles in rhythm-mediated metabolic
homeostasis.

As a rapid and reversible posttranslational modification, phos-
phorylation functions as a “molecular switch,” modulating pro-
tein activity by altering protein conformation. This mechanism
precisely calibrates the circadian clock’s regulation ofmetabolism
and cellular behavior. Phosphorylation directly influences the
function of core clock proteins. The phosphorylation of Bmal1
is essential for its functional diversity. For example, phosphory-
lation at the serine 42 residue allows Bmal1 to exert its effects
at synapses outside the cell nucleus, thereby impacting synaptic
plasticity [25]. In the context of metabolism, a decrease in the
phosphorylation level of Bmal1 is negatively correlated with
various adverse metabolic and inflammatory markers, indicating
a strong association with the pathophysiology of type 2 diabetes
[26].

Ubiquitination plays a multifaceted role within the circadian
system, not only regulating the core clock loop but alsomediating
its downstream physiological outputs. In the context of the core
circadian feedback loop, the Bmal1:Clock complex marks the
downstream Per1 and Per2 genes through histone monoubiq-
uitination, a fundamental mechanism that facilitates negative
feedback regulation of circadian rhythms [21]. Under physiologi-
cal conditions, the biological clock maintains tissue homeostasis
by regulating ubiquitination. For example, in muscle tissue, the
clock drives the rhythmic expression of the E3 ubiquitin ligase
MuRF genes, selectively enhancing ubiquitination activity during
the night to limit excessivemuscle growth and promote long-term
muscle health [27].

2.3 Systemic Synchronizers

The SCN of the hypothalamus serves as the body’s primary
circadian pacemaker, integrating external light cues to gener-
ate an endogenous, self-sustaining 24-h rhythm [3]. The SCN
communicates its rhythmic signals to the entire body through
two major pathways, neural and endocrine pathways, thereby
synchronizing the biological clocks in peripheral tissues and
organs [6–8]. It governs the rhythmic secretion of several key
hormones, such as cortisol and melatonin, establishing itself as a
critical hub linking central rhythms with peripheral metabolism
[28–30]. Recent studies have further emphasized the importance
of the robustness of the SCN, revealing that the mitochondrial
health of its neurons, as well as the expression levels of specific
neuropeptides such as vasoactive intestinal peptide, is essential
for maintaining systemic rhythmic homeostasis and the overall
health of the nervous system [31, 32].

Various hormones exhibit distinct diurnal rhythms and serve
as crucial signaling molecules regulating systemic metabolism
[33–35]. For example, the secretion rhythm of cortisol peaks in
the early morning to awaken the body and falls to a nadir at
night [36]. Rhythmic disruption can directly disturb hormonal
balance, subsequently triggering a series of pathological changes.
For example, chronic circadian disturbances, such as social
jetlag, can disrupt the normal secretion pattern of prolactin,
promoting pathological lipogenesis in the liver and leading to
hepatic steatosis [37]. Similarly, sleep deprivation can impair the
balance between the appetite-suppressing hormone leptin and
the hunger-stimulating hormone ghrelin, causing the brain to
receive a false “energy deficit” signal, thereby intensifying hunger
and cravings and ultimately leading to weight gain [38].

The biological functions of the circadian rhythm in peripheral
tissues can be reflected through changes in metabolites. For
example, bone turnover markers (BTMs) are metabolites formed
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during bone synthesis and catabolism. They reflect the processes
of bone formation and resorption and can be used not only to
diagnose metabolic bone disease and evaluate therapeutic effects
but also to predict the rates of bone loss and fracture risk [39,
40]. Almost all existing BTMs exhibit diurnal and nocturnal
rhythms [41, 42]. Biological rhythms integrate environmental
signals, such as light and food intake, with endogenousmetabolic
demands. Metabolites serve not only as products of biological
clock regulation but also as sensors for feedback regulation.
Disruption of this dynamic balance is a significant contributor to
metabolic diseases.

3 Physiological Functions Regulated by the
Circadian Rhythm

In recent decades, a growing body of research has confirmed
that circadian rhythms significantly influence tissue homeostasis.
The effects of circadian rhythms on tissue homeostasis may
be mediated through the modulation of metabolic homeostasis,
neuroendocrine signaling, immune responses, oxidative stress,
tissue repair mechanisms, and autophagy activity (Figure 2).
These aspects are discussed in detail in the following sections.

3.1 Metabolic Homeostasis

The circadian rhythm is acknowledged as a vital regulator
that preserves metabolic homeostasis, which is essential for the
metabolism of glucose, lipids, and energy [43]. Compared with
healthy individuals, those with established insulin resistance or
type 2 diabetes might be more susceptible to the detrimental
impacts of circadian disturbances on glucosemetabolism [44, 45].
The liver and skeletal muscle are two critical organs for glucose
metabolism, and both are regulated by the circadian rhythm.
The interplay between liver clocks and skeletal muscle clocks
plays an important role in supporting systemic glucose tolerance
[46]. Interestingly, it has been demonstrated that the liver clock
drives glucose clearance and gluconeogenesis via signals from
gut microbes [47]. On the other hand, Bmal1 modulates skeletal
muscle glycolysis and metabolic flexibility by regulating the HIF-
1 signaling pathway. Its specific knockout leads to dysregulation
of glucose and the development of high-fat-diet-induced glucose
intolerance [48].

The results of metabolomics and lipidomics analysis revealed
that numerous lipid species in human plasma, including fatty
acids, triacylglycerols, glycerophospholipids, sterol lipids, and
sphingolipids, are regulated by circadian rhythms [49]. The
circadian clock is crucial for controlling the activities of PPAR
proteins in the liver. Notably, PPARα enhances mitochondrial
fatty acid β-oxidation by interacting with the transcriptional
coactivator PPARγ coactivator 1α (PGC-1α) [50, 51]. Moreover, the
Bmal1:Clock transcriptional complex increases the expression of
genes encoding adipose triglyceride (TG) lipase and hormone-
sensitive lipase, thereby regulating the lipolysis rate throughout
the circadian cycle [52]. In white adipose tissue, the nuclear
receptor PPARγ is subject to circadian regulation, which signif-
icantly contributes to fatty acid synthesis and storage processes
[53]. Disruption of the circadian clock encourages the buildup
of TGs in white adipose tissue, resulting in greater adiposity

and hypertrophy of adipocytes [54]. Skeletal muscle in healthy
individuals also displays a rhythmic pattern in lipid metabolism
that corresponds to the day‒night cycle [55]. Circadian disrup-
tions influence the skeletal muscle lipidome, particularly by
affecting triacylglycerols, especially those with a carbon length of
55 or more. These findings underscore the critical role that the
circadian rhythm plays in the lipid metabolism of skeletal muscle
[56]. More research should be conducted to further analyze the
specific molecular interfaces of metabolite–rhythm interactions
to identify new therapeutic targets for the treatment of metabolic
diseases.

3.2 Neuroendocrine Signaling

Emerging evidence suggests that the circadian rhythm regulates
the secretion of neurohormones. Thyroid hormones are known to
be essential for organ development and growth [57]. A circadian
rhythm in serum Parathyroid hormone (PTH) levels has been
demonstrated in healthy people [35]. Disruption of the PTH
circadian rhythm has been linked to the development of CDDs
[58–60]. The relationship between Thyroid stimulating hormone
(TSH) levels and circadian rhythm was investigated by Coppeta
and coworkers [61], who reported that TSH was significantly
greater in night workers than in day workers. Previous studies
have demonstrated that the 24-h mean plasma TSH level in older
men is approximately 50% lower than that in young men [62]. It
has also been revealed that the diurnal rhythm of TSH is altered
in older rats compared with young rats [63]. These alterations
reflect a certain role of aging-related TSH circadian disruption in
regulating human health and tissue degeneration.

Serotonin, also known as 5-OH tryptamine, is produced from
tryptamine in the brain, gut, and bone. There is evidence that
the level of serotonin in the brain exhibits circadian rhythmicity
[64]. Moreover, Jagota and Kalyani [65] demonstrated that daily
secretion rhythmicity in the brain began at 3 months in rats
but disintegrated at 6 months, indicating that age induced
changes in the serotonin circadian rhythm. Compared with that
in normal rats, the secretion of serotonin in rats with a disrupted
circadian rhythm has been demonstrated to be decreased [66]. In
a comparative study, Razavi et al. [67] reported that rotating-shift
workers exposed to greater light during night shifts presented
lower urinarymelatonin levels at night than did day-shift workers
did, indicating that melatonin secretion is influenced by the
circadian rhythm. The circadian rhythm alterations in mela-
tonin concentration during aging have been studied. Compared
with young subjects, middle-aged subjects presented decreased
melatonin peak levels but longer peak levels [68].

Testosterone is another critical hormone that impacts human
health [69, 70]. The effect of circadian rhythm disruption on
testosterone synthesis has been investigated. Liu et al. [71] demon-
strated that the serum levels of testosterone were significantly
lower in Per1/Per2-knockout mice than in wild-type mice. The
underlying mechanism through which the circadian rhythm
regulates testosterone secretion may involve the activation of
the PKA–steroid acute regulatory protein signaling pathway
[71]. Moreover, research has shown that sleep deprivation can
reduce testosterone levels and that the recovery of testosterone
levels is impaired in old rats compared with young rats [72].

4 of 22 MedComm, 2025

 26882663, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.70435 by Y
onsei U

niversity M
ed L

ibrary, W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 2 The biological function of the circadian rhythm. The circadian rhythm is involved in the regulation of different functions, including
metabolism, neuroendocrine signaling, immune and oxidative stress responses, tissue repair, and autophagy activity, thus impacting tissue homeostasis.

Although these findings indicate the neurohumoural pathway
through which circadian rhythm impacts tissue metabolism and
deterioration, additional research is needed to establish more
direct evidence.

3.3 Immune and Oxidative Stress Responses

Inflammatory signals and immune function are intricately
involved in normal physiology and can be disrupted with aging
[73]. It has been revealed that immune response are involved
in regulating tissue repair [74, 75]. Most immune cells, such as
monocytes, macrophages, natural killer cells, master cells, neu-
trophils, and lymphocytes, express clock genes within a period
of approximately 24 h, which has noticeable impacts on cellular
activities, including a daily rhythm of migration, proliferation,
phagocytosis, and secretion [76–79]. For example, in an inflam-
matory environment, the production of inflammatory factors,

including IL-1β, IL-6, IL-18, and Ccl2, by bone marrow-derived
macrophages is attenuated by Bmal1 and REV-ERBα expression,
indicating the anti-inflammatory function of these two proteins
[80–82]. Disruption of the circadian rhythm is accompanied
by elevated levels of inflammatory cytokines, including IL-6,
TNF-α, and IFN-γ [83, 84]. Restoring the circadian rhythm
with melatonin effectively reduces the inflammatory response
[85]. Aging is related to the loss of circadian rhythmic innate
immune responses [86]. Kruppel-like factor 4 (Klf4) is considered
an important transcription factor that regulates macrophage
polarization and function [87]. Blacher et al. [88] reported that the
diurnal expression of Klf4 was lower in aged macrophages than
in young macrophages and that the loss of Klf4 expression was
accompanied by circadian rhythm disruption in the phagocytic
activity ofmacrophages, indicating that the circadian rhythmwas
associated with aging-related changes in macrophage phagocyto-
sis. Moreover, the production of the antiosteoclastogenic factor
IL-10, which is secreted by regulatory T cells, is diminished when
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the circadian clock is disrupted [89]. Thus, regarding the effects
of the immune response on tissue deterioration and the roles of
circadian clock genes in immune cells, inflammatorymodulation
may be a potential mechanism by which the circadian rhythm
regulates tissue deterioration. However, there is still a lack of
relevant research that focuses on the effects and regulatory
mechanism of clock genes and their downstream target genes on
the tissue immune microenvironment, which needs to be carried
out in the future.

The circadian rhythm has also been shown to regulate redox
homeostasis. A study involving 66 participants revealed increased
activity of superoxide dismutase (SOD) and glutathione peroxi-
dase (GPX), along with an increase in the glutathione concen-
tration noted at night, indicating the influence of the circadian
rhythm on oxidative stress [90]. Compared with normal individ-
uals, ischemic stroke patients presented lower levels of SOD and
Bmal1 [91]. The clock gene Per1 coordinates with the enzyme
GPX1, influencing mitochondrial dynamics in alignment with
circadian rhythms and oxidative stress [92]. Under pathological
conditions, such as those arising from shift work, disruptions in
circadian rhythms can lead to a decline in antioxidant capacity,
resulting in the accumulation of reactive oxygen species (ROS)
that damage DNA and proteins, thereby exacerbating conditions
such as cardiovascular and chronic pulmonary diseases [93,
94]. These findings underscore the importance of maintaining
oxidative balance through the regulation of circadian rhythms
as critical targets for the prevention and treatment of diseases
related to oxidative stress.

3.4 Tissue Repair

Mesenchymal stromal cells (MSCs) are adult stem cells
that can migrate into damaged areas to maintain tissue
homeostasis through proliferation, osteogenic pluripotency,
and immunomodulation [95]. MSCs also express clock genes in
a circadian pattern [96, 97]. Rhythmic expression of the clock
genes Bmal1, Per2, and Nr1d1 in MSCs has also been observed
in vitro [98]. The biological clock regulates hormone signals
and transcription factors in MSC fate decisions. It also engages
with noncoding RNAs and epigenetic modifiers and plays a
role in the remodeling of chromatin [99]. MSC proliferation and
pluripotency are reportedly related to Bmal1 expression [100].
Inhibition of RORα, an upstream regulator of Bmal1, was able to
reduceMSC pluripotency [101]. Additionally, it has been reported
that MSCs isolated from Bmal1-deficient mice have a reduced
capacity for differentiation [102]. However, Zhou et al. [103]
reported the opposite findings, suggesting that Bmal1 negatively
influences the pluripotency of MSCs. Their study revealed
that silencing Bmal1 expression increased the differentiation
capability of MSCs [103]. These discrepant conclusions may be
due to the use of different cell isolation methods, cell culture
conditions or cell model systems. In addition, a limitation of
these studies is that most of the experiments were performed
in mouse MSCs rather than human MSCs. More research on
the expression and role of Bmal1 in human MSCs is warranted.
Furthermore, all these studies were performed in vitro; thus, they
cannot recapitulate the complicated microenvironment of MSCs
in vivo. Thus, more in vivo experiments must be performed in
the future.

The vasculature delivers various molecular signals to cells during
tissue development, remodeling, and regeneration [104]. Many
studies have shown that the circadian rhythm plays important
roles in maintaining vascular homeostasis [105, 106]. The mech-
anisms of angiogenesis under the control of the circadian clock
have been determined in part. Xu et al. [107] reported that
decreased expression of Bmal1 could inhibit endothelial cell activ-
ities, including proliferation, migration, and vascular network
formation, by downregulating VEGF expression. In vivo experi-
ments further confirmed that Bmal1 deletion resulted in impaired
angiogenesis in mice [107]. The clock gene Cry2 is involved in
lipid metabolism and vascular aging, primarily by influencing
phospholipid metabolism and Serac1 during endothelial senes-
cence [108]. Similarly, Wang et al. [109] investigated the effect
of the clock gene Per2 on endothelial function and reported that
endothelial cells from Per2 mutant mice exhibited activated Akt
signaling, increased senescence, and impaired proliferation and
tube formation abilities. When subjected to hind-limb ischemia,
Per2 mutant mice presented decreased blood flow and developed
autoamputation in the distal limb, indicating that Per2 deficiency
could significantly impair endothelial cell function and accelerate
vascular senescence, thus leading to endothelial dysfunction
[109]. Furthermore, Mastrullo et al. [110] demonstrated that
pericytes, a perivascular cell population involved in the regulation
of endothelial cell function and vascular maturation, also express
clock genes in a circadian pattern. They reported that direct cocul-
ture of pericytes and endothelial cells could induce a circadian
rhythm in endothelial cells [110]. It has been demonstrated that
diurnal variation in circulating endothelial nitric oxide synthase
(NOS3) levels, which regulate both endothelial functions, is
established in healthy women, indicating that NOS3 may be
another mediator of circadian rhythm-regulated vessel formation
[111–113].More effort is still needed to directly verify the protective
effects of circadian clock-regulated endothelial function on tissue
repair in the future.

3.5 Autophagic Flux

Autophagy (macroautophagy, microautophagy, and chaperone-
mediated autophagy) is an evolutionarily conserved catabolic
process that is activated in response to cellular stress in which
cells digest themselves to promote cell survival [114]. Autophagy
targets damaged organelles, misfolded proteins, and intracellular
microbes and plays a pivotal role in maintaining homeostasis,
inhibiting apoptosis and preventing the senescence of multiple
organs [115]. Ma et al. [116] demonstrated that autophagy activity
is significantly attenuated in aged MSCs compared with young
MSCs. The inhibition of autophagy by 3-methyladenine could
increase ROS and p53 levels and accelerate MSC senescence.
Furthermore, they reported that the activation of autophagy
could restore the impaired biological functions of aged MSCs
[116]. These findings highlight the critical role of autophagy
in tissue deterioration, and the activation of autophagy can
partially reverse this deterioration. Recent research has also
shown that autophagy activity is dependent on the circadian
rhythm. The expression of various autophagy-related genes, such
as UNC51-like kinase 1 (Ulk1), microtubule-associated protein 1
light chain 3 B (LC3B), GABA (A) receptor-associated protein-
like 1 (Gabarapl1), and BCL2/adenovirus E1B-interacting protein
3 (Bnip3), is regulated by the circadian rhythm [117]. Disruption
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of the circadian clock results in loss of rhythmic chaperone-
mediated autophagy activity and significant changes in the
chaperone-mediated autophagy-dependent cellular proteome
[118]. These findings suggest that the regulation of autophagy by
the circadian clock may have positive effects on reversing tissue
deterioration.

Mitophagy, a selective autophagic process that recognizes and
degrades damaged mitochondria, plays a key role in maintain-
ing mitochondrial homeostasis and functionality [119]. Mito-
chondrial dysfunction is involved in tissue deterioration [120].
Recently, evidence of an interaction between circadian rhythm
and mitophagy has emerged [121]. Li et al. [122] confirmed that
Bmal1 knockout directly reduces mitophagy and causes mito-
chondrial dysfunction. The effects of Bmal1 on mitochondrial
activity may occur through regulation of the expression of Bnip3
[122]. Whether mitophagy is involved in the process by which
the circadian clock regulates tissue deterioration remains to be
further investigated.

In summary, the underlying mechanisms through which circa-
dian rhythm disruption impacts tissue deterioration have been
partially elucidated. However, further research is necessary to
fully elucidate the pathological changes in tissues associated with
circadian rhythm disruption. The relationship between circadian
rhythmdisruption andCDDswill be discussed in the next section.

4 Circadian Disruption in Disease Pathogenesis:
Mechanisms and Targets

The circadian rhythm is an important regulatory factor in bone
health and diseases. Disruption of the circadian rhythm can
lead to CDDs such as degenerative diseases, cardiometabolic
disorders, and cancers (Figure 3). A deeper understanding of
the role of the circadian rhythm in bone deterioration will be
conducive to the development of therapeutics for CDDs.

4.1 Degenerative Diseases

4.1.1 Bone Degenerative Diseases

Bone deterioration is controlled by various cell types (Figure 4),
such as osteoclasts, osteoblasts, osteocytes, bone marrow-derived
MSCs (BMSCs), and inflammatory cells [123, 124]. In recent years,
numerous studies have shown that the circadian rhythm influ-
ences bone remodeling and the progression of bone degenerative
diseases (Table 1). The underlying mechanism and treatment of
bone degenerative diseases have become a research hotspot in
recent years [125, 126]. With the increasing problem of an aging
global population, the incidence of osteoporosis has gradually
increased over the past few decades, placing a significant burden
on human society [127, 128]. In addition to the widely studied
effects of estrogen, nutritional status, and genetic or physical
factors on osteoporosis [129], both later sleep onset and decreased
sleep quality have been identified as risk factors for osteopenia
and osteoporosis [130–133]. To investigate the association between
night shift work and bone mineral density (BMD), Kim et al.
[134] conducted a cross-sectional study involving 3005 individuals
(aged 18–50 years) and reported that the mean BMD of workers

with nondaytime shifts was significantly lower than that of
daytime workers, indicating that the risk for osteopenia was
increased inworkers with circadian rhythmdisruption. Similarly,
Xu et al. [135] evaluated the effects of chronic sleep deprivation
on bone metabolism and bone mass in rats. They demonstrated
that BMD, bone volume, trabecular bone thickness, trabecular
bone number, and the levels of bone turnover biomarkers were
significantly lower in rats with chronic sleep deprivation than
in those with normal sleep [135]. These results are consistent
with the findings of Schilperoort and colleagues, who reported
that circadian disruption can result in altered trabecular bone
structure and reduced levels of bone resorption markers (serum
tartrate-resistant acidic phosphatases) and bone formation mark-
ers (serum PINP) in mice [136]. However, Swanson et al. [137]
used amodel of sleep restriction combinedwith circadian rhythm
disruption that mimicked shift work and argued that circadian
disruption in humans can lead to a decrease in the level of a bone
formation marker (serum PINP) without a change in the level
of a bone resorption marker (serum NTX). The different results
might be due to different intervention intensities and times,
sample sizes and species [137]. Nevertheless, circadian disruption
is detrimental to bone metabolism and bone mass and may
lead to osteoporosis; therefore, circadian rhythm components are
potential therapeutic targets in osteoporosis.

Recently, circadian rhythm disruption was found to be related
to the progression of osteoarthritis (OA) [138]. The circadian
rhythm in cartilage is considered an important regulatory mech-
anism for tissue homeostasis and OA development [139]. The
circadian rhythm in murine cartilage decreases with age during
OA development [140]. Song et al. [141] reported that Bmal1
knockdown in chondrocytes resulted in significantly decreased
expression of aggrecan and COL2A1 and increased expression of
proinflammatory factors, such asMMP-3 andMMP-13, via activa-
tion of the Wnt/β-catenin signaling pathway. Furthermore, they
reported that light/dark cycle shift-induced circadian rhythm
disturbance significantly enhanced cartilage matrix degradation
and synovial inflammation, suggesting that circadian rhythm
disturbance is a risk factor for OA progression [141]. Moreover,
circadian rhythm disorders induced by dark‒light cycle disrup-
tion significantly disrupted bone metabolism and destroyed the
structure of subchondral bone in the hindlimbs of OA rats,
as evidenced by decreased BMD, percent bone volume with
respect to total bone volume, and trabecular number, an increased
ratio of the nuclear factor κB ligand (Rankl)/osteoprotegerin and
activation of the mononuclear/phagocyte system in the bone
marrow [142]. Chen et al. [143] confirmed that sleep rhythm
disturbance could induce downregulated expression of Bmal1 and
the development of temporomandibular joint OA. Depletion of
Bmal1 resulted in increased expression of IL-6 and activation
of the MAPK/ERK pathway. These results provide insight into
the molecular mechanism through which the circadian rhythm
affects OA development [143]. Cry2 is also reported to be dys-
regulated in aging-related OA. Compared with wild-type mice,
Cry2 knockout mice with experimental OA presented signifi-
cantly increased severity in the cartilage, subchondral bone, and
synovium [144]. In addition, circadian rhythm disruption can
lead to the upregulation of Per1–GSK3β/β-catenin signaling in
mandibular condylar chondrocytes, resulting in increased expres-
sion of cartilage matrix-degrading enzymes and the development
of temporomandibular jointOA [145]. Interestingly, Sumsuzzman

MedComm, 2025 7 of 22

 26882663, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.70435 by Y
onsei U

niversity M
ed L

ibrary, W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 3 Impact of circadian rhythm disruption on aging-related diseases. Circadian rhythm disruption can result in the development of aging-
related diseases, such as bone degenerative diseases, neurodegenerative diseases, cardiovascular diseases, metabolic diseases, respiratory diseases, and
cancers.

FIGURE 4 Regulation of bone deterioration. The process of bone deterioration is regulated bymultiple cell types, including osteoclasts, endothelial
cells, BMSCs, and inflammatory cells.
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et al. [146] demonstrated that the regulation of circadian rhythms
with melatonin treatment could maintain the anabolic‒catabolic
balance during OA development, providing a regulatory mecha-
nism linking melatonin to the circadian rhythm and treatment
for OA. These results suggest that circadian rhythm disruption
affects chondrocyte behavior and subchondral bone, thus leading
to the development of OA.

As a leading cause of adult spinal cord dysfunction, degenerative
spondylosis diseases (DSDs) are related to various age-related
pathologies, including calcification and hypertrophy of the inter-
vertebral disc (IVD), ligaments, and osseous tissues. In recent
decades, increasing research has led to drastic advances in
understanding the pathophysiology, diagnosis, and treatment of
DSDs [147]. Studies have shown that circadian rhythm disruption
can contribute to the development of DSDs [148, 149]. Recently,
increasing evidence has confirmed the existence of a circadian
rhythm within the IVD, and disruption of the circadian clock
could lead to accelerated IVD aging and degeneration [150, 151].
The underlying mechanism by which circadian rhythm impacts
the development of IVDs has also been partly revealed. Peng
et al. [152] reported that the circadian rhythm was abolished
in degenerated human and rat nucleus pulposus tissues. They
also demonstrated that Bmal1 deficiency resulted in increased
inflammation, oxidative stress, and apoptosis in nucleus pulposus
cells by reducing the expression of nuclear factor erythroid kmk2-
related factor 2 [152]. In addition, Jiang et al. [117] reported
that limited autophagy protected against IVDs, but excessive
autophagy could be induced by disrupted circadian rhythm and
thereby accelerate IVD degeneration. However, further investiga-
tions are still needed to fully elucidate the molecular mechanism
through which the circadian rhythm regulates autophagy during
IVD degeneration [117]. Accordingly, restoring the dampened
circadian clock by inhibiting the RhoA/ROCK pathway with Y-
27632 or melatonin could protect against compression-induced
IVD degeneration [153]. Since an interaction between circadian
rhythm and IVD degeneration has already been found, the regu-
lation of the circadian clock could partially reverse tissue aging
and potentially serve as an effective clinical approach to mitigat-
ing IVD degeneration. Furthermore, the relationships between
circadian rhythm and other DSDs, such as spinal stenosis and
lumbar spondylolisthesis, remain unstudied and warrant future
investigation.

4.1.2 Neurodegenerative Diseases

Alzheimer’s disease (AD), identified by the buildup of amyloid
plaques along with neurofibrillary tangles within the brain, has
emerged as the leading cause of dementia and significantly
impacts global health. In addition to genetic influences, the onset
of AD is shaped by numerous risk factors, such as aging, systemic
inflammation, environmental influences, and lifestyle choices
[154]. Circadian disruption has been observed in AD patients
[155]. Sleep disorders are regarded as both potential risk factors
for and consequences of AD, indicating a reciprocal relation-
ship between circadian disturbances and AD [156]. Circadian
disruption has been reported to hinder the clearance of brain
macromolecules (such as β-amyloid and tau proteins associated
with microtubules) through the glymphatic–vascular–lymphatic

system, increase oxidative stress within the brain, and reduce the
levels of circulating melatonin [157].

Parkinson’s disease (PD) is another prevalent neurodegenera-
tive disorder that is associated with disturbances in circadian
rhythms [158]. Significant links have been established between
circadian disruption and PD, which can lead to adverse effects on
homeostasis and potentiallyworsen the progression of the disease
[159]. Compared with non-PD older adults, PD patients are more
likely to face sleep-related disturbances [160, 161]. Downregulated
expression of Bmal1 was observed in SNCAA53T mice, a model
for PD [162], suggesting that clock genes may be altered in PD.
Bioinformatic analysis further revealed that circadian rhythm-
related genes, including AK3, RTN3, and LEPR, can be used
as biomarkers to distinguish PD samples from control samples
[163].

Circadian disruption also coexists with Huntington’s disease
(HD). Compared with normal individuals, HD patients exhibit
a delayed sleep phase and worse sleep quality [164, 165]. In a
Drosophila model of HD, changes in the expression of clock
genes, including Period and Timeless genes, were observed.When
melatonin or curcumin was administered via food, the regular
expression patterns of Period and Timeless, as well as locomotion
ability and eclosion behavior, were restored [166]. Reports show
that poor sleep can occur even in the early stages of the disease,
including in asymptomatic carriers of the HD mutation [167].
These findings underscore the importance of prompt diagnosis
and proactive management of sleep disturbances in individuals
affected by HD.

Overall, these findings contribute to a new understanding for
future clinical assessments of neurodegenerative disorders and
establish a basis for additional investigations into how circadian
rhythm-related processes may influence the progression of these
diseases.

4.2 Cardiometabolic Disorders

4.2.1 Cardiovascular Diseases

Cardiovascular disease has become the most common cause of
deathworldwide. It has been demonstrated that circadian rhythm
is a risk factor for cardiovascular diseases [168]. The biological
clock modulates many cardiovascular variables, such as heart
rate, heart rate variability, electrocardiogram, blood pressure, and
endothelial function. Numerous clinical and experiential investi-
gations have emphasized that disturbances in circadian rhythms
may ultimately result in dysfunctional cardiovascular perfor-
mance [10, 169]. Increasing evidence shows that the circadian
rhythm plays a crucial role in various aspects of atherosclerosis,
such as glucose metabolism, lipid metabolism, dysfunction of
endothelial cells, the phenotype of vascular smooth muscle cells,
and immune inflammatory responses [170]. Schilperoort et al.
[171] reported that APOE*3-Leiden.CETP mice exposed to alter-
nating light‒dark cycle-induced circadian disruption presented a
notable increase in atherosclerosis, with a nearly twofold increase
in the size and severity of lesions [171]. Xie et al. [172] reported that
the absence of Bmal1 led to activated NF-κB signaling, increased
oxidative stress, and an increased inflammatory response in
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human aortic endothelial cells, thus accelerating cardiovascular
diseases associated with atherosclerosis [172]. The results of
bioinformatic analysis revealed that two circadian regulatory
genes, CCR1 and C3AR1, are related to immune infiltration and
the progression of atherosclerosis [173]. However, the precise
mechanisms by which they contribute to the atherosclerotic
process are still not fully understood.

Circadian disruption is associated with a heightened risk of
hypertension. Elevated blood pressure and low inflammatory
status are linked to inadequate sleep and shift work [174]. Recent
studies have suggested that the peripheral clocks present in
smooth muscle, perivascular adipose tissue, liver, adrenal glands,
and kidneys play a role in regulating blood pressure [175].

The relationship between circadian disruption and arrhythmia
has also been investigated. The existing knowledge regarding
the impact of circadian disruption on cardiac electrophysiology
has been analyzed, emphasizing the control of repolariza-
tion and ion channels [176]. Jeyaraj et al. [177] demonstrated
that an imbalance in Klf15 levels, which serves as a clock-
dependent oscillator, leads to the disruption of rhythmic QT
variation, irregular repolarization, and increased vulnerability
to ventricular arrhythmias. In another study, Schroder et al.
[178] established inducible cardiomyocyte-specific deletion of
Bmal1 in mice and reported that the loss of Bmal1 in car-
diomyocytes resulted in a disrupted circadian pattern of the
expression of Kcnh2, a K(+) channel gene, leading to prolonged
ventricular repolarization. Nonetheless, these findings offer
important insights for identifying potential therapeutic targets
for treating circadian rhythm disruption-related cardiovascular
diseases.

4.2.2 Respiratory Diseases

Chronic obstructive pulmonary disease (COPD) is a global health
problem that is characterized primarily by persistent airflow
limitation and progressive dyspnea. A prospective cohort study
revealed a circadian rhythm in the manifestation of COPD
symptoms, with a greater proportion of patients experiencing res-
piratory symptoms in the morning and daytime than in the night
[179]. Genetic research suggests that circadian rhythms, including
cellular senescence and inflammatory responses, are involved in
the pathology of COPD [180]. One clinical study demonstrated
significantly reduced expression of clock proteins—including
Bmal1, Per2, Cry1, and REV-ERBα—in the lung tissue of COPD
patients compared with controls [181]. Additionally, an animal
study revealed altered clock gene expression in mice exposed
to tobacco smoke [182]. These findings suggest that circadian
rhythm disruption may contribute to the progression of COPD.

Idiopathic pulmonary fibrosis is a disease histologically charac-
terized by the formation of fibroblast foci in the lung parenchyma.
Recent research has revealed a significant link between the
progression of fibrosis and the expression of clock genes. Studies
have shown that REVERBα in fibroblasts suppresses the develop-
ment of pulmonary fibrosis and that deletion of its DNA-binding
domain leads to exacerbated fibrosis [183]. Conversely, Bmal1
knockdown inhibits the differentiation of normal human lung

fibroblasts into myofibroblasts [184]. These findings suggest that
clock genes such as REVERB and Bmal1 are involved in fibrotic
transformation.

Asthma, a common respiratory disease, has been shown to be
influenced by circadian rhythm variations in terms of severity,
with studies indicating that this effect is independent of daily
behaviors and environmental changes [185]. Serum cortisol,
widely used as an anti-inflammatory marker in inflammatory
diseases, was found to be lower in asthma patients than in
controls in one clinical study, with this difference being more
pronounced at midnight [186]. Furthermore, several clinical
studies suggest that administering corticosteroid medications in
the evening is more effective at alleviating asthma symptoms at
night than at other times [187–189]. These findings indicate that
the circadian rhythm of cortisol is involved in the onset of asthma
symptoms. Genetic-level studies have revealed altered expression
of circadian clock genes in asthma patients [190].

In summary, disruption of pulmonary circadian rhythms can
lead to alterations in lung function characteristic of chronic
lung diseases, including increased airway inflammation and
hyperresponsiveness, oxidative stress, and cytokine responses.
Future research focusing on the genetic aspects of circadian
rhythms will contribute to a deeper understanding of disease
progression and provide new therapeutic perspectives.

4.2.3 Metabolic Diseases

Type 2 diabetes mellitus is the most prevalent metabolic disorder
in humans and is characterized by insulin resistance and dysfunc-
tion of pancreatic β-cells. Numerous circadian misalignments,
including changes in light‒dark cycles, sleep‒wake patterns,
rest‒activity schedules, fasting‒feeding intervals, shift work,
evening chronotypes, and social jetlag, as well as mutations
in clock genes, may play a role in the onset of diabetes and
the management of glycemic control in individuals with this
condition [191]. Considering the simultaneous high rates of type
2 diabetes and disturbances in circadian rhythms, gaining insight
into the mechanisms that drive the effects of circadian disruption
on glucose metabolism could help improve type 2 diabetes
control. The hypothalamic‒pituitary‒adrenal axis, which plays
a vital role in regulating glucose metabolism and affecting
the progression of T2D, is regulated by the circadian clock
[192]. In a multicenter study involving 68 subjects, researchers
reported a positive correlation between circadian disruption and
endogenous hypercortisolism [36]. Circadian disruption may
also affect glucose tolerance by decreasing β-cell function and
insulin sensitivity [193]. Individuals with impaired β-cell func-
tion tend to experience longer durations of night shifts [194].
Inadequate sleep and disruption of circadian rhythms led to a
reduction in the resting metabolic rate of individuals but also
elevated plasma glucose levels following a meal, a consequence
stemming from insufficient secretion of insulin by the pancreas
[195].

Preliminary evidence has indicated that circadian disruption
may be a risk factor for abnormal lipid metabolism and the
development of obesity [196]. A randomized crossover study
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revealed that chronic shift workers exhibit increased levels of
acylated ghrelin due to circadian misalignment, even when
dietary intake ismeticulously regulated [197]. Aggarwal et al. [198]
reported that the deletion of Per3 led to increased adipogenesis
in vivo through a pathway involving clock output, in which
both Per3 and Bmal1 directly influence the expression of Klf15.
These results indicate that Per3 plays a significant role in the
APC clock and modulates adipogenesis in vivo [198]. Shostak
et al. [54] demonstrated that mice with circadian clock mutations
exhibit low and arrhythmic levels of FFAs and glycerol in their
bloodstream, alongside reduced lipolysis rates and heightened
sensitivity to fasting. In contrast, disruptions in circadian rhythms
contribute to the buildup of TGs in white adipose tissue, resulting
in increased fat accumulation and hypertrophy of adipocytes
[54]. Additionally, implementing time-restricted feeding helped
protectmice from significantweight gain andmetabolic disorders
[199], suggesting that circadian rhythms could serve as promising
targets for obesity management.

4.3 Cancers

4.3.1 Neurogenic Tumors

The literature suggests that circadian rhythm disruption con-
tributes to the transformation of normal tissue to tumor tissue
and that tumor tissue can exploit abnormal biological rhythms to
meet its metabolic demands [200]. The impact of the circadian
rhythm on tumors is systemic. Independent of specific cancer
types, the core clock gene Bmal1 governs the cell proliferation
rhythm essential for tumor angiogenesis by regulating the cell
cycle genes CCNA1/CDK1. Disruption of this rhythm can signif-
icantly inhibit tumor growth [201]. Rhythm disruption promotes
transformation by driving the loss of APC heterozygosity, which
excessively activates Wnt signaling and MYC gene expression,
consequently enhancing glycolytic metabolism, which is essen-
tial for sustaining tumor growth [202]. Glioblastoma multiforme
cells actively exploit the circadian clock to drive their malignant
progression. In glioblastoma stem cells, the clock protein Clock
enhances POSTN secretion via the OLFML3–HIF1α axis. In turn,
POSTN activates the TBK1 pathway in vascular endothelial cells,
significantly promoting tumor angiogenesis. ThisClock–POSTN–
TBK1 signaling axis, which is directly associatedwith poor patient
prognosis, represents a potential therapeutic target [203]. Other
types of neurogenic tumors are also closely linked with circadian
rhythms. For example, in pituitary tumors, systemic circadian
disruption (e.g., shift work) can accelerate tumor growth. The
underlying molecular mechanism involves the dysregulation of
core clock genes, particularly the significant upregulation of
the Per2 protein, which interacts with HIF-1α and leads to the
upregulation of key downstream cell cycle genes (e.g., Ccnb2,
Cdc20, Espl1), ultimately promoting cell cycle progression and
inhibiting apoptosis [204].

4.3.2 Hormone-Sensitive Tumors

The circadian rhythm plays a complex and critical role in
the development and progression of hormone-sensitive tumors.
Abnormal light exposure can disrupt the rhythmic expression of
core clock genes, such as Bmal1 and Aanat, which in turn sup-

presses the secretion of hormones such as melatonin and proges-
terone. This hormonal imbalance ultimately activates the PKC-
α/Akt signaling pathway, collectively driving angiogenesis and
endometrioid adenocarcinoma formation [205]. In breast cancer,
the transcription factor FOXK1 serves as a crucial hub connecting
metabolic disorders to the core clock machinery in cancer cells.
Insulin resistance enhances FOXK1 function at both the tran-
scriptional and posttranslational levels by upregulating O-linked
N-acetylglucosamine transferase. Nuclear FOXK1 then recruits
corepressor complexes to specifically bind and silence core clock
genes, including Clock, Per2, and Cry2, leading to uncontrolled
cell proliferation and driving the malignant progression of breast
cancer [206]. In addition, the PRMT6/PARP1/CRL4B complex
specifically silences the core clock gene Per3. This disruption
directly leads to cellular circadian disturbances, thereby promot-
ing the proliferation and invasion of breast cancer [207]. The
binding of the clock protein RORA to HDAC3 can suppress
the expression of the immune checkpoint molecule PD-L1,
thereby enhancing antitumor immunity [208]. In tumors such
as melanoma, the RNA helicase DDX3X competitively binds to
RORA, preventing its inhibitory effect on PD-L1 and leading to
PD-L1 upregulation and immune evasion [208]. This molecular
competition mechanism not only affects tumor prognosis but
also enables the development of a scoring system based on the
expression levels of these molecules to predict the response to
immunotherapy.

4.3.3 Other Tumors

The core clock genes Clock and Bmal1 directly regulate the
expression of the interleukin-20 receptor subunit beta (IL-20Rβ),
thereby enhancing the responsiveness of tumor cells to IL-
20 and activating the critical JAK/STAT prosurvival pathway.
This mechanism is essential for preserving the viability of
leukemia-initiating cells [209]. Furthermore, the Per gene is
a prognostic marker in lung cancer, with its high expression
predicting better survival outcomes. Metabolic interventions
such as glucose restriction can upregulate Per expression by
activating the AMPK‒SIRT1 pathway and restoring the gene
rhythms disrupted by tumors, revealing a bidirectional role
in which restoring the circadian rhythm can suppress cancer
[210]. Research has also confirmed that Per1, as a target of
miR-34a, is involved in suppressing the growth and invasion of
cholangiocarcinoma. Reduced Per1 expression tends to lead to
malignant phenotypes in cholangiocarcinoma [211]. Additionally,
circadian rhythms can be used to predict disease occurrence
and patient prognosis. A cohort study suggested that nighttime
light exposure, a recognized disruptor of circadian rhythms, may
be a risk factor for pancreatic ductal adenocarcinoma [212].
Simultaneously, circadian rhythms can be quantified as clinical
data and are associated with survival rates in patients with
metastatic colorectal cancer [213]. Colorectal cancer patients with
robust diurnal rest‒activity rhythms exhibit better health-related
quality of life during survival [214].

In summary, circadian rhythms are intricately linked to tumor
development, with disruptions in these rhythms correlating with
an increased incidence and malignancy of various tumors. A
more profound understanding of the regulation of circadian
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FIGURE 5 Convergence of methods that are proposed to improve human health. Several behavioral or pharmacological interventions can be used
to improve human health, including sufficient sleep, daytime work, time-restricted feeding, clock gene targeting, and drug schedules.

rhythms across different tumor types could pave the way for
innovative therapeutic strategies, offering a novel perspective on
cancer treatment.

5 Emerging Therapeutic Strategies Based on
Circadian Rhythm Regulation

The relationship between circadian rhythm and tissue home-
ostasis offers new insights into improving therapies for CDDs
(Figure 5). Biological rhythm therapy, as an emerging interven-
tion strategy for various diseases, enhances health outcomes
by precisely regulating the human circadian rhythm system.
This approach provides innovative solutions for the treatment of
diverse medical conditions. In the following sections, we intro-
duce three types of therapies that are based on circadian rhythm
regulation: pharmacological modulators, chrono-nanomedicine,
and nonpharmacological interventions. Additionally, we discuss
current translational challenges and future directions in this
field.

5.1 Pharmacological Modulators

Melatonin is effective in improving sleep and has been used to
treat several sleep disorders [215, 216]. It has been demonstrated

that melatonin is involved in regulating the tissue microenvi-
ronment [217–220]. The underlying mechanisms through which
melatonin regulates circadian rhythm and tissue deterioration
have been reported in a recent study from our group. We
found that melatonin receptor 1 could activate AMPKβ1 phos-
phorylation, which subsequently triggered Bmal1 expression
and modulated endochondral bone formation by increasing cell
proliferation and matrix synthesis [221].

Since disruption of the circadian rhythm can affect tissue
degeneration and result in CDDs, some drugs targeting clock
genes may be beneficial for human health and thus deserve
broader investigation and development. Several drugs and small
molecules have been developed to treat metabolic diseases in
animal models through the modulation of circadian rhythm.
For example, Solt et al. [222] synthesized a REV-ERB ligand
that can alter core clock gene expression in the hypothalamus
and metabolic gene expression in peripheral tissues, including
the liver, adipose tissue, and skeletal muscle, in vivo. After
administration to diet-induced obese mice, the REV-ERB agonist
resulted in increased energy expenditure, decreased obesity, and
improved dyslipidemia and hyperglycemia [222]. Song et al. [223]
demonstrated that the intraperitoneal administration of SR9009,
another REV-ERB agonist, prevents osteoclast differentiation and
bone resorption, resulting in inhibited ovariectomy-induced bone
loss in mice [223].
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In addition, the progression of CDDs might not occur at a
consistent rate during a day. The administration of drugs with
appropriate intervals on the basis of the circadian rhythm of
CDDs is of prime interest in view of maximizing drug efficiency
and reducing adverse side effects. Luchavova et al. [224] inves-
tigated the effect of the timing of teriparatide intake on the
circadian rhythm of bone turnover in postmenopausal osteo-
poroticwomen. Their findings revealed that serumCTX indicated
a circadian rhythm after evening teriparatide administration and
a circasemidian rhythm after morning teriparatide administra-
tion, suggesting that the timing of teriparatide treatment may
significantly change the rhythm of BTMs [224]. Therefore, more
drugs should be considered for administration at an optimal time
to provide maximum benefits for patients with CDDs. However,
it is still unclear whether the circadian rhythm is changed under
disease conditions. Hence, targeting the peak time of indicators
of ARDs may be a better option.

5.2 Chrono-Nanomedicine

The nanotechnology can function as a precision tool that
enhances drug delivery by leveraging physiological rhythms. For
example, the permeability of the blood‒brain barrier exhibits
a circadian rhythm, which allows for the administration of
nanocarriers during their most susceptible window, thereby
increasing therapeutic efficacy for brain diseases such as AD
[225]. To facilitate automated precision dosing, pulsatile nan-
odrug delivery systems have been developed. These systems are
capable of releasing drugs in response to predetermined times or
pathological signals, such as tumor recurrence, effectively trans-
lating chronopharmacology into clinically applicable strategies
[226].

The frontier paradigm in this field regards nanomaterials as
direct signaling sources capable of modulating the cellular clock.
For example, the nanoplatform-induced photothermal effect can
induce Ca2+ influx, which directly interferes with and suppresses
the expression of the core clock proteins Bmal1 and Clock. This
disruption of the circadian clock in tumor cells creates optimal
conditions for enhancing the efficacy of chemotherapy [227].

The deep integration of nanotechnology and chronobiology
is pioneering a medical revolution, transitioning from merely
conforming to biological rhythms to actively reshaping them.
This integration not only offers unprecedented technological
means to harness biological rhythms but also reveals entirely new
possibilities for disease treatment by reprogramming the intrinsic
temporal programs of cells. Consequently, this research opens
vast frontiers for the future of personalized precision medicine.

5.3 Nonpharmacological Interventions

Behavioral interventions to sustain a circadian rhythm in the
sleep‒wake cycle, shift work and feeding have been proposed as
efficient approaches to prevent or treat several chronic diseases
[228]. With respect to human health, good bedtime habits and
sufficient sleep contribute to improving the circadian rhythm
and stabilizing tissue deterioration. Sleep disruption and chronic
intermittent hypoxia caused by obstructive sleep apnea (OSA)

have been associated with human health [229, 230]. For example,
OSA patients had significantly lower BMD, increased bone
resorption and greater fracture risk than healthy individuals
did [231, 232]. Thus, aggressive treatments for OSA may prove
beneficial in addressing CDDs. Furthermore, as described above,
night shift work and related circadian disruption are other
potential risk factors for the development of CDDs [233, 234].
Given that night shift work is currently a common occupational
phenomenon, it is important for employees with night shift work
to pay close attention to their health. Daytime work seems to be a
better choice than night shift work.

Moreover, the circadian rhythm of peripheral tissue is respon-
sive to the feeding‒fasting cycle [235].Time-restricted circadian
feeding, which involves setting the feeding period to a defined
interval without a reduction in caloric intake, is associated with
systemic inflammation [236, 237]. For example, Adawi et al.
[238–240] reported that intermittent fasting could help decrease
psoriatic arthritis disease activity and hidradenitis severity. Since
tissue homeostasis is closely related to systemic inflammation,
the impact of intermittent fasting on tissue deteriorationwarrants
further investigation [241]. In cardiovascular disease models,
the protective role of intermittent fasting extends beyond mere
caloric restriction. More importantly, it induces metabolic repro-
gramming in cardiomyocytes by modulating the AMPK and
SIRT1 signalings. This process effectively alleviates ischemic
injury, suppresses cardiac fibrosis, prevents adverse ventricular
remodeling, and ultimately delays the progression of heart failure
[242]. Time-restricted feeding has been proven to be safe andmay
be a promising alternative behavioral intervention to regulate
circadian rhythmand improvehumanhealth [228, 243]. Similarly,
a ketogenic diet has been demonstrated to activate AMPK in a
non-small cell lung cancermodel, which subsequentlymodulates
the expression of the core circadian clock gene Bmal1. It functions
as a tumor suppressor by activating intrinsic anticancer pathways
through the regulation of apoptotic genes while also effectively
restoring the circadian rhythm disrupted by tumor growth [244].

Whether through the adjustment of the scheduling of daily
activities or dietary patterns, the core strategy lies in using regular
external signals to calibrate and reinforce endogenous biological
rhythms, thereby promoting health at themolecular, cellular, and
systemic levels.

5.4 Translational Challenges and Future
Directions

The relationship between circadian rhythm and tissue deterio-
ration offers new insights into improving therapies for CDDs.
However, several challenges remain regarding the clinical appli-
cation of circadian rhythm-based therapy. First, the influence of
the circadian rhythm on health has been demonstrated across
various species, including humans, rats, andmice, suggesting that
the circadian rhythm may play a universal role in maintaining
tissue homeostasis. However, most studies are still limited to
animal experiments or small-scale clinical trials, which lack long-
term follow-up and robust data from larger samples. Further
prospective cohort studies are essential to develop effective
clinical therapies for CDDs that leverage circadian rhythm reg-
ulation. Besides, considerable variations among individuals exist
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in human biological rhythms, encompassing circadian rhythms
and hormonal fluctuations, which are influenced by multi-
ple factors, including genetics, age, environmental influences,
and lifestyle choices. At present, the accurate anticipation and
modeling of personalized rhythms are inadequately developed,
complicating the establishment of a uniform treatment approach.
Furthermore, efficient monitoring of biological rhythms requires
the implementation of continuous and noninvasive methods.
Although progress has been achieved through wearable tech-
nology, their reliability and accuracy still fall short. Finally,
customized rhythm therapy may increase the costs associated
with diagnosis and treatment, thereby posing challenges for
implementation in areas with limited medical resources. Regard-
ing these challenges, more efforts are needed to offer encouraging
possibilities for the targeted and individualized use of biological
rhythm therapy.

6 Conclusions and Future Perspectives

The circadian rhythm plays a crucial role in regulating tissue
homeostasis and human health. Disruption of the circadian
rhythm has been linked to CDDs. The influence of circa-
dian rhythm on metabolic homeostasis, neuroendocrine signal-
ing, immune and oxidative stress responses, tissue repair and
autophagy activity is orchestrated by a group of clock genes, with
Bmal1 serving as the central regulator.

However, several areas require further exploration. First, more
molecular and cellular mechanisms through which the circadian
rhythm regulates tissue deterioration need to be explored. In
addition to the Bmal1/Clock–Per/Cry and Bmal1–REV-ERB/ROR
feedback loops mentioned above, a growing number of studies
have identified many other clock genes, such as casein kinase
1 [245], albumin Dsite-binding protein [246], and e4 promoter-
binding protein 4 [247], that are involved in the regulation of
the circadian rhythm. However, their roles in tissue deterioration
remain to be investigated. Recent evidence suggests that Bmal1
increases H2Bub1 levels by regulating the circadian-controlled
gene TTK, while H2Bub1 in turn positively modulates the
expression of Bmal1 [248]. Thus, circadian genes and genes
related to tissue deterioration can also form positive feedback
loops to maintain tissue homeostasis. However, further studies
are needed to fully determine how circadian rhythm impacts
tissue deterioration. Second, tissue homeostasis depends on the
balance of activities of different cell types, as well as their
communication, which may also be affected by disruption of
the circadian rhythm [249, 250]. The impact of the circadian
rhythm on cell‒cell communication, such as MSC‒macrophage
cross talk, and the potential mechanism also deserve explo-
ration. Third, the regulation of endogenous antioxidant defensive
systems represents an emerging area of research interest in
the treatment of diseases [251–253]. Increasing evidence indi-
cates that the circadian rhythm confers protection during aging
through themodulation of antioxidant defense systems [254]. The
vitagene network has been proposed to play an important role
in defense mechanisms against oxidative stress and degenerative
diseases during aging [255, 256]. Whether the circadian rhythm
could impact tissue deterioration via the regulation of vitagen
expression needs further investigation. Fourth, in addition to
circadian rhythm, tissue metabolism is also reported to change

with season [257–259]. From the perspective of biological rhythm,
it is also necessary to pay more attention to the role of seasons
and temporal changes in tissue deterioration. Fifth, fluctuations
in temperature may also influence circadian rhythm and tissue
metabolism. Increased expression of Per1/2 in the peripheral
tissues of mice has been observed in those subjected to 41◦C
warm water [260], suggesting a potential impact of temperature
on circadian rhythms. Further research is needed to assess the
direct effects of temperature on circadian rhythms and human
health.

Taken together, the current findings provide crucial insights
into the influence of circadian rhythms on tissue homeostasis,
presenting potential avenues for managing CDDs. Therefore, fur-
ther advancements in research are essential to address circadian
rhythmdisruptions, aiming to prevent or delay the onset of CDDs.

Author Contributions

KZ, BM, YX, and SW collected the data and wrote the manuscript. LL
collected the data. SZ developed the figures. XL, HCM, and JH edited
the manuscript and developed the figures. ACP and SK reviewed the
manuscript. LC, GL, and SL conceived and supervised the study and
revised the manuscript. All the authors read and approved the final
manuscript.

Acknowledgments

This work was supported by the National Science Foundation of China
(82172430, 81772322, and 82272505) and the National Key Research &
Development Program of China (2021YFA1101500). This work was par-
tially supported by the University Grants Committee, Research Grants
Council of Hong Kong (14113723, 14119124, 14121721), the Hong Kong
Innovation Technology Commission Fund (GHP/186/22GD), and the
HongKongHealth andMedical Research Fund (09203436, 08190416). The
authors would like to acknowledge the use of MedPeer in creating the
figures.

Ethics Statement

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflict of interest.

Data Availability Statement

The authors have nothing to report.

References

1. W. Huang, K. M. Ramsey, B. Marcheva, and J. Bass, “Circadian
Rhythms, Sleep, and Metabolism,” Journal of Clinical Investigation 121,
no. 6 (2011): 2133–2141.

2. A. Odriozola, A. Gonzalez, J. Alvarez-Herms, and F. Corbi, “Circadian
Rhythm and Host Genetics,” Advances in Genetics 111 (2024): 451–495.

3. J. A.Mohawk, C. B. Green, and J. S. Takahashi, “Central and Peripheral
Circadian Clocks in Mammals,” Annual Review of Neuroscience 35 (2012):
445–462.

4. A. Kalsbeek, E. Foppen, I. Schalij, et al., “Circadian Control of the Daily
Plasma Glucose Rhythm: An Interplay of GABA and Glutamate,” PLoS
ONE 3, no. 9 (2008): e3194.

MedComm, 2025 15 of 22

 26882663, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.70435 by Y
onsei U

niversity M
ed L

ibrary, W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5. J. Mendoza, “Circadian Insights Into the Biology of Depression:
Symptoms, Treatments and Animal Models,” Behavioural Brain Research
376 (2019): 112186.

6. H. J. Burgess, J. Trinder, Y. Kim, and D. Luke, “Sleep and Circa-
dian Influences on Cardiac Autonomic Nervous System Activity,” The
American Journal of Physiology 273, no. 4 (1997): H1761–1768.

7. W. S. Warren, T. H. Champney, and V. M. Cassone, “The Suprachi-
asmatic Nucleus Controls the Circadian Rhythm of Heart Rate via the
Sympathetic Nervous System,” Physiology & Behavior 55, no. 6 (1994):
1091–1099.

8. A. Balsalobre, “Clock Genes in Mammalian Peripheral Tissues,” Cell
and Tissue Research 309, no. 1 (2002): 193–199.

9. Y. Leng, E. S.Musiek, K. Hu, F. P. Cappuccio, andK. Yaffe, “Association
Between Circadian Rhythms and Neurodegenerative Diseases,” Lancet
Neurology 18, no. 3 (2019): 307–318.

10. S. Crnko, C. Du Pre B, J. P. G. Sluijter, and W. Van Laake L,
“Circadian Rhythms and the Molecular Clock in Cardiovascular Biology
and Disease,” Nature Reviews Cardiology 16, no. 7 (2019): 437–447.

11. A. R. Saran, S. Dave, and A. Zarrinpar, “Circadian Rhythms in the
Pathogenesis and Treatment of Fatty Liver Disease,”Gastroenterology 158,
no. 7 (2020): 1948–1966. e1941.

12. T. Papagiannakopoulos,M. R. Bauer, S. M. Davidson, et al., “Circadian
Rhythm Disruption Promotes Lung Tumorigenesis,” Cell Metabolism 24,
no. 2 (2016): 324–331.

13. M. J. Sherratt, L. Hopkinson, M. Naven, et al., “Circadian Rhythms in
Skin and Other Elastic Tissues,”Matrix Biology 84 (2019): 97–110.

14. C. B. Peek, D. C. Levine, J. Cedernaes, et al., “Circadian Clock Inter-
action With HIF1alpha Mediates Oxygenic Metabolism and Anaerobic
Glycolysis in Skeletal Muscle,” Cell Metabolism 25, no. 1 (2017): 86–92.

15. S. Yamazaki, R. Numano, M. Abe, et al., “Resetting central and
Peripheral CircadianOscillators in Transgenic Rats,” Science 288, no. 5466
(2000): 682–685.

16. M. Gil-Lozano, P. M. Hunter, L. A. Behan, B. Gladanac, R. F. Casper,
and P. L. Brubaker, “Short-term Sleep Deprivation With Nocturnal
Light Exposure Alters Time-dependent Glucagon-Like Peptide-1 and
Insulin Secretion in Male Volunteers,” American Journal of Physiology
Endocrinology and Metabolism 310, no. 1 (2016): E41–50.

17. B. Wilms, E. M. Leineweber, M. Molle, et al., “Sleep Loss Disrupts
Morning-to-Evening Differences in Human White Adipose Tissue Tran-
scriptome,” Journal of Clinical Endocrinology and Metabolism 104, no. 5
(2019): 1687–1696.

18. K. H. Cox and J. S. Takahashi, “Circadian Clock Genes and the Tran-
scriptional Architecture of the Clock Mechanism,” Journal of Molecular
Endocrinology 63, no. 4 (2019): R93–R102.

19. J. R. Janoski, I. Aiello, C. W. Lundberg, and C. V. Finkielstein, “Cir-
cadian Clock Gene Polymorphisms Implicated in human Pathologies,”
Trends in Genetics 40, no. 10 (2024): 834–852.

20. S. Langmesser, T. Tallone, A. Bordon, S. Rusconi, and U. Albrecht,
“Interaction of Circadian Clock Proteins PER2 andCRYWith BMAL1 and
CLOCK,” BMCMolecular Biology 9 (2008): 41.

21. A. G. Tamayo, H. A. Duong, M. S. Robles, M. Mann, and C. J. Weitz,
“Histone Monoubiquitination by Clock-Bmal1 Complex Marks Per1 and
Per2 Genes for Circadian Feedback,” Nature Structural & Molecular
Biology 22, no. 10 (2015): 759–766.

22. R. Ye, C. P. Selby, Y. Y. Chiou, I. Ozkan-Dagliyan, S. Gaddameedhi,
and A. Sancar, “Dual Modes of CLOCK:BMAL1 Inhibition Mediated by
Cryptochrome and Period Proteins in the Mammalian Circadian Clock,”
Genes & Development 28, no. 18 (2014): 1989–1998.

23. H. Cho, X. Zhao, M. Hatori, et al., “Regulation of Circadian Behaviour
and Metabolism by REV-ERB-α and REV-ERB-β,” Nature 485, no. 7396
(2012): 123–127.

24. N. Preitner, F. Damiola, L. Lopez-Molina, et al., “The Orphan Nuclear
Receptor REV-ERBalpha Controls Circadian Transcription Within the
Positive Limb of the Mammalian Circadian Oscillator,” Cell 110, no. 2
(2002): 251–260.

25. I. Barone, N. M. Gilette, H. Hawks-Mayer, et al., “Synaptic BMAL1
Phosphorylation Controls Circadian Hippocampal Plasticity,” Science
Advances 9, no. 43 (2023): eadj1010.

26. C. Luna-Marco, D. Devos, J. Cacace, et al., “Molecular Circadian
Clock Disruption in the Leukocytes of Individuals With Type 2 Dia-
betes and Overweight, and Its Relationship With Leukocyte-endothelial
Interactions,” Diabetologia 67, no. 10 (2024): 2316–2328.

27. J. J. Kelu and S. M. Hughes, “Muscle Peripheral Circadian Clock
Drives Nocturnal Protein Degradation via Raised Ror/Rev-erb Bal-
ance and Prevents Premature Sarcopenia,” Proceedings of the National
Academy of Sciences of the United States of America 122, no. 19 (2025):
e2422446122.

28. A. S. Blancas-Velazquez, T. Bering, S. Bille, and M. F. Rath, “Role
and Neural Regulation of Clock Genes in the Rat Pineal Gland: Clock
Modulates Amplitude of Rhythmic Expression of Aanat Encoding the
Melatonin-producing Enzyme,” Journal of Pineal Research 75, no. 2
(2023): e12893.

29. J. R. Jones, S. Chaturvedi, D. Granados-Fuentes, and E. D. Herzog,
“Circadian Neurons in the Paraventricular Nucleus Entrain and Sustain
Daily Rhythms in Glucocorticoids,” Nature Communications 12, no. 1
(2021): 5763.

30. C. Zhang, S. J. Clough, E. B. Adamah-Biassi, et al., “Impact of Endoge-
nous Melatonin on Rhythmic Behaviors, Reproduction, and Survival
Revealed in Melatonin-proficient C57BL/6J Congenic Mice,” Journal of
Pineal Research 71, no. 2 (2021): e12748.

31. M. Stoiljkovic, J. E. Song, H. K. Hong, et al., “Mitofusin 2 Controls
Mitochondrial and Synaptic Dynamics of Suprachiasmatic VIP Neurons
andRelatedCircadianRhythms,”The Journal of Clinical Investigation 135,
no. 13 (2025): e185000.

32. R. F. N. Ribeiro, D. Pereira, S. M. Lopes, et al., “Circadian Rhythms
Are Disrupted in Patients and Preclinical Models of Machado-Joseph
Disease,” Brain: A Journal of Neurology (2025).

33. W. Jubiz, J. M. Canterbury, E. Reiss, and F. H. Tyler, “Circadian
Rhythm in Serum Parathyroid Hormone Concentration in human Sub-
jects: CorrelationWith SerumCalcium, Phosphate, Albumin, andGrowth
Hormone Levels,” The Journal of Clinical Investigation 51, no. 8 (1972):
2040–2046.

34. B. Sherman, C. Wysham, and B. Pfohl, “Age-related Changes in the
Circadian Rhythm of Plasma Cortisol in Man,” The Journal of Clinical
Endocrinology and Metabolism 61, no. 3 (1985): 439–443.

35. H. Trivedi, A. Szabo, S. Zhao, T. Cantor, and H. Raff, “Circadian
Variation of Mineral and Bone Parameters in End-stage Renal Disease,”
Journal of Nephrology 28, no. 3 (2015): 351–359.

36. V. Hasenmajer, E. Sbardella, F. Sciarra, et al., “Circadian Clock
Disruption Impairs Immune Oscillation in Chronic Endogenous Hyper-
cortisolism: A Multi-level Analysis From a Multicentre Clinical Trial,”
EBioMedicine 110 (2024): 105462.

37. P. Z. Zhang, Y. H. Shi, Y. X. Guo, et al., “Social Jetlag Elicits Fatty
Liver via Perturbed Circulating Prolactin Rhythm-mediated Circadian
Remodeling of Hepatic Lipid Metabolism,”Military Medical Research 12,
no. 1 (2025): 29.

38. S. K. Halder and G. C. Melkani, “The Interplay of Genetic Predispo-
sition, Circadian Misalignment, and Metabolic Regulation in Obesity,”
Current Obesity Reports 14, no. 1 (2025): 21.

39. J. Tamaki, M. Iki, E. Kadowaki, et al., “Biochemical Markers for
Bone Turnover Predict Risk of Vertebral Fractures in Postmenopausal
Women Over 10 Years: The Japanese Population-based Osteoporosis
(JPOS) Cohort Study,”Osteoporosis International 24, no. 3 (2013): 887–897.

16 of 22 MedComm, 2025

 26882663, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.70435 by Y
onsei U

niversity M
ed L

ibrary, W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



40. E. de Papp A, H. G. Bone, M. P. Caulfield, et al., “A Cross-sectional
Study of Bone Turnover Markers in Healthy Premenopausal Women,”
Bone 40, no. 5 (2007): 1222–1230.

41. C. M. Swanson, W. M. Kohrt, O. M. Buxton, et al., “The Importance
of the Circadian System & Sleep for Bone Health,”Metabolism 84 (2018):
28–43.

42. S. S. Diemar, S. S. Dahl, A. S. West, S. A. Simonsen, H. K. Iversen, and
N. R. Jorgensen, “A Systematic Review of the Circadian Rhythm of Bone
Markers in Blood,”Calcified Tissue International 112, no. 2 (2023): 126–147.

43. E. Poggiogalle,H. Jamshed, andC.M. Peterson, “CircadianRegulation
of Glucose, Lipid, and Energy Metabolism in Humans,” Metabolism 84
(2018): 11–27.

44. E. M. Speksnijder, P. H. Bisschop, S. E. Siegelaar, D. J. Stenvers, and
A. Kalsbeek, “Circadian Desynchrony and Glucose Metabolism,” Journal
of Pineal Research 76, no. 4 (2024): e12956.

45. D. J. Stenvers, F. Scheer, P. Schrauwen, S. E. la Fleur, and A. Kalsbeek,
“Circadian Clocks and Insulin Resistance,”Nature Reviews Endocrinology
15, no. 2 (2019): 75–89.

46. J. G. Smith, K. B. Koronowski, T. Mortimer, et al., “Liver and Muscle
Circadian Clocks Cooperate to Support Glucose Tolerance in Mice,” Cell
Reports 42, no. 6 (2023): 112588.

47. K. Frazier, S. Manzoor, K. Carroll, et al., “Gut Microbes and the Liver
Circadian Clock Partition Glucose and Lipid Metabolism,” Journal of
Clinical Investigation 133, no. 18 (2023): e162515.

48. C. A. Chaikin, A. V. Thakkar, A. W. T. Steffeck, et al., “Control of
Circadian Muscle Glucose Metabolism Through the BMAL1-HIF Axis in
Obesity,” PNAS 122, no. 13 (2025): e2424046122.

49. J. J. Gooley, “Circadian Regulation of Lipid Metabolism,” Proceedings
of the Nutrition Society 75, no. 4 (2016): 440–450.

50. Q. Wang, M. Tikhonenko, S. N. Bozack, et al., “Changes in the Daily
Rhythm of Lipid Metabolism in the Diabetic Retina,” PLoS ONE 9, no. 4
(2014): e95028.

51. S. Li and J. D. Lin, “Transcriptional Control of Circadian Metabolic
Rhythms in the Liver,” Diabetes, Obesity & Metabolism 17 (2015): 33–38.
Suppl 1. 0 1.

52. Y. Fan, J. Lu, J. Fan, and S. Guan, “1,3-dichloro-2-propanol Caused
Lipid Droplets Accumulation by Suppressing Neutral Lipases via BMAL1
in Hepatocytes,” Food and Chemical Toxicology 174 (2023): 113670.

53. M. Noshiro, T. Kawamoto, A. Nakashima, et al., “DEC1 regulates the
Rhythmic Expression of PPARgamma Target Genes Involved in Lipid
Metabolism in White Adipose Tissue,” Genes to Cells 25, no. 4 (2020):
232–241.

54. A. Shostak, J. Meyer-Kovac, and H. Oster, “Circadian Regulation of
Lipid Mobilization in White Adipose Tissues,” Diabetes 62, no. 7 (2013):
2195–2203.

55. N. M. Held, J. Wefers, M. van Weeghel, et al., “Skeletal Muscle in
HealthyHumans Exhibits aDay-night Rhythm in LipidMetabolism,”Mol
Metab 37 (2020): 100989.

56. J. F. Harmsen, N. van Polanen, M. van Weeghel, et al., “Circadian
Misalignment Disturbs the Skeletal Muscle Lipidome in Healthy Young
Men,” Faseb Journal 35, no. 6 (2021): e21611.

57. F. Lademann, E. Tsourdi, L. C. Hofbauer, and M. Rauner, “Thyroid
Hormone Actions and Bone Remodeling—The Role of the Wnt Signaling
Pathway,” Experimental and Clinical Endocrinology & Diabetes 128, no. 6-
07 (2020): 450–454.

58. H. D. White, A. M. Ahmad, B. H. Durham, et al., “PTH Circadian
Rhythm and PTH Target-organ Sensitivity Is Altered in Patients With
Adult GrowthHormoneDeficiencyWith LowBMD,” Journal of Bone and
Mineral Research 22, no. 11 (2007): 1798–1807.

59. W. D. Fraser, F. C. Logue, J. P. Christie, et al., “Alteration of the
Circadian Rhythm of Intact Parathyroid Hormone and Serum Phosphate

inWomenWith Established Postmenopausal Osteoporosis,”Osteoporosis
International 8, no. 2 (1998): 121–126.

60. C. J. Proctor and A. Gartland, “Simulated Interventions to Ameliorate
Age-Related Bone Loss Indicate the Importance of Timing,” Front
Endocrinol (Lausanne) 7 (2016): 61.

61. L. Coppeta, L. Di Giampaolo, S. Rizza, et al., “Relationship Between
the Night Shift Work and Thyroid Disorders: A Systematic Review and
Meta-analysis,” Endocrine Regulations 54, no. 1 (2020): 64–70.

62. A. van Coevorden, E. Laurent, C. Decoster, et al., “Decreased Basal
and Stimulated Thyrotropin Secretion in Healthy Elderly Men,” Journal
of Clinical Endocrinology and Metabolism 69, no. 1 (1989): 177–185.

63. F. Kimura, H. Okano, and M. Kawakami, “Development of Circadian
Rhythms in Serum Hormone Levels in the Immature Female Rat,”
Neuroendocrinology 32, no. 1 (1981): 19–23.

64. R. I. Versteeg, M. J. Serlie, A. Kalsbeek, and S. E. la Fleur, “Serotonin,
a Possible Intermediate Between Disturbed Circadian Rhythms and
Metabolic Disease,” Neuroscience 301 (2015): 155–167.

65. A. Jagota and D. Kalyani, “Daily Serotonin Rhythms in Rat Brain
During Postnatal Development andAging,”Biogerontology 9, no. 4 (2008):
229–234.

66. T.Matsumura,H. Nakagawa, K. Suzuki, C. Ninomiya, and T. Ishiwata,
“Influence of Circadian Disruption on Neurotransmitter Levels, Physio-
logical Indexes, and Behaviour in Rats,” Chronobiology International 32,
no. 10 (2015): 1449–1457.

67. P. Razavi, E. E. Devore, A. Bajaj, et al., “Shift Work, Chronotype,
and Melatonin Rhythm in Nurses,” Cancer Epidemiology and Prevention
Biomarkers 28, no. 7 (2019): 1177–1186.

68. J. N. Zhou, R. Y. Liu, J. van Heerikhuize, M. A. Hofman, and D. F.
Swaab, “Alterations in the Circadian Rhythm of SalivaryMelatonin Begin
During Middle-age,” Journal of Pineal Research 34, no. 1 (2003): 11–16.

69. P. J. Snyder, D. L. Kopperdahl, A. J. Stephens-Shields, et al., “Effect
of Testosterone Treatment on Volumetric Bone Density and Strength in
Older Men with Low Testosterone: A Controlled Clinical Trial,” JAMA
Internal Medicine 177, no. 4 (2017): 471–479.

70. E. A. Rosenberg, P. Buzkova, H. A. Fink, et al., “Testosterone,
Dihydrotestosterone, Bone Density, and Hip Fracture Risk Among Older
Men: The Cardiovascular Health Study,”Metabolism 114 (2021): 154399.

71. Q. Liu, H. Wang, H. Wang, N. Li, R. He, and Z. Liu, “Per1/Per2
Disruption Reduces Testosterone Synthesis and Impairs Fertility in
Elderly Male Mice,” International Journal of Molecular Sciences 23, no.
13 (2022): 7399.

72. G. Wittert, “The Relationship Between Sleep Disorders and Testos-
terone,” Curr Opin Endocrinol Diabetes Obes 21, no. 3 (2014): 239–243.

73. Y. Saxena, S. Routh, and A. Mukhopadhaya, “Immunoporosis: Role of
Innate ImmuneCells in Osteoporosis,” Frontiers in Immunology 12 (2021):
687037.

74. P. V. Giannoudis, D. Hak, D. Sanders, E. Donohoe, T. Tosounidis, and
C. Bahney, “Inflammation, Bone Healing, and Anti-Inflammatory Drugs:
An Update,” Journal of Orthopaedic Trauma 29 (2015): S6–S9. Suppl 12.

75. F. Loi, L. A. Cordova, J. Pajarinen, T.H. Lin, Z. Yao, and S. B. Goodman,
“Inflammation, Fracture and Bone Repair,” Bone 86 (2016): 119–130.

76. N. Labrecque and N. Cermakian, “Circadian Clocks in the Immune
System,” Journal of Biological Rhythms 30, no. 4 (2015): 277–290.

77. Y. Nagasaka, Y. Nakamura, N. Q. V. Tran, Y. Kobayashi, N. Nakano,
and A. Nakao, “Deficiency of BMAL1 Promotes ROS Generation and
Enhances IgE-dependent Degranulation in Mast Cells,” Biochemical and
Biophysical Research Communications 690 (2024): 149295.

78. H. Nam, B. Kim, Y. Lee, H. K. Choe, and S. W. Yu, “Presenilin 2 N141I
Mutation Induces Hyperimmunity by Immune Cell-specific Suppression
of REV-ERBalpha Without Altering Central Circadian Rhythm,” Exp
Neurobiol 32, no. 4 (2023): 259–270.

MedComm, 2025 17 of 22

 26882663, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.70435 by Y
onsei U

niversity M
ed L

ibrary, W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



79. P. Honzlova and A. Sumova, “Metabolic Regulation of the Circa-
dian Clock in Classically and Alternatively Activated Macrophages,”
Immunology and Cell Biology 101, no. 5 (2023): 428–443.

80. H. Hong, Y. M. Cheung, X. Cao, Y. Wu, C. Li, and X. Y. Tian,
“REV-ERBalpha Agonist SR9009 Suppresses IL-1beta Production in
Macrophages Through BMAL1-dependent Inhibition of Inflammasome,”
Biochemical Pharmacology 192 (2021): 114701.

81. Z. Zhou, Y. Lin, L. Gao, Z. Yang, S. Wang, and B. Wu, “Circadian
Pharmacological Effects of berberine on Chronic Colitis in Mice: Role
of the Clock Component Rev-erbalpha,” Biochemical Pharmacology 172
(2020): 113773.

82. L. Chen, C. Yu, W. Xu, et al., “Dual-Targeted Nanodiscs Revealing
the Cross-Talk BetweenOsteogenic Differentiation ofMesenchymal Stem
Cells and Macrophages,” ACS Nano 17, no. 3 (2023): 3153–3167.

83. W. S. Guo, X. Deng, M. X. Yang, T. Hu, and X. H. Li, “A Pilot Study
on the Expression of Circadian Clock Genes in the Alveolar Bone of Mice
With Periodontitis,”Chronobiology International 41, no. 2 (2024): 193–200.

84. X. Ma, X. Chen, Z. Duan, et al., “Circadian Rhythm Disruption
Exacerbates the Progression of Macrophage Dysfunction and Alveolar
Bone Loss in Periodontitis,” International Immunopharmacology 116
(2023): 109796.

85. L. Ye, G. Mei, H. Liu, R. Zhong, Q. Tang, and Z. Yuan, “Circa-
dian Rhythm Disruption Aggravates Alveolar Bone Loss in Rat Apical
Periodontitis,” International Endodontic Journal (2025).

86. D. P. Cardinali, A. I. Esquifino, V. Srinivasan, and S. R. Pandi-Perumal,
“Melatonin and the Immune System inAging,”Neuroimmunomodulation
15, no. 4-6 (2008): 272–278.

87. X. Liao, N. Sharma, F. Kapadia, et al., “Kruppel-Like Factor 4
Regulates Macrophage Polarization,” Journal of Clinical Investigation 121,
no. 7 (2011): 2736–2749.

88. E. Blacher, C. Tsai, L. Litichevskiy, et al., “Aging Disrupts Circadian
Gene Regulation and Function in Macrophages,” Nature Immunology
(2021).

89. Z. Zhu, G. Chen, S. Yu, et al., “Circadian Clock Disruption Stim-
ulates Bone Loss via Regulatory T Cell-Mediated Regulation of IL-10
Expression,” International Immunopharmacology 139 (2024): 112589.

90. M. Budkowska, E. Cecerska-Heryc, Z. Marcinowska, A. Siennicka,
and B. Dolegowska, “The Influence of Circadian Rhythm on the Activity
of Oxidative Stress Enzymes,” International Journal of Molecular Sciences
23, no. 22 (2022): 14275.

91. J. Shi, W. Li, X. Ding, et al., “The Role of the SIRT1-BMAL1 Pathway
in Regulating Oxidative Stress in the Early Development of Ischaemic
Stroke,” Scientific Reports 14, no. 1 (2024): 1773.

92. Q. Sun, Y. Yang, Z. Wang, et al., “PER1 interaction With GPX1
Regulates Metabolic Homeostasis Under Oxidative Stress,” Redox Biology
37 (2020): 101694.

93. A. Giri, Q. Wang, I. Rahman, and I. K. Sundar, “Circadian Molecular
Clock Disruption in Chronic Pulmonary Diseases,” Trends in Molecular
Medicine 28, no. 6 (2022): 513–527.

94. A. W. C. Man, H. Li, and N. Xia, “Circadian Rhythm: Potential
Therapeutic Target for Atherosclerosis and Thrombosis,” International
Journal of Molecular Sciences 22, no. 2 (2021): 676.

95. A. Arthur and S. Gronthos, “Clinical Application of Bone Marrow
Mesenchymal Stem/Stromal Cells to Repair Skeletal Tissue,” Interna-
tional Journal of Molecular Sciences 21, no. 24 (2020): 9759.

96. X. Wang, S. P. Reece, R. Van Scott M, and J. M. Brown, “A Circadian
Clock in Murine Bone Marrow-derived Mast Cells Modulates IgE-
dependent Activation in Vitro,” Brain, Behavior, and Immunity 25, no. 1
(2011): 127–134.

97. X. Wu, G. Yu, H. Parks, et al., “Circadian Mechanisms in Murine and
human Bone Marrow Mesenchymal Stem Cells Following Dexametha-
sone Exposure,” Bone 42, no. 5 (2008): 861–870.

98. M. L. Erickson, D. Dobias, M. R. Keleher, et al., “In Vitro Circadian
Clock Gene Expression Assessments in Mesenchymal Stem Cells From
Human Infants: A Pilot Study,” Nutrients 16, no. 1 (2023): 52.

99. W. Gao, R. Li, M. Ye, et al., “The Circadian Clock Has Roles in
Mesenchymal StemCell FateDecision,” StemCell Res Ther 13, no. 1 (2022):
200.

100. Y. Chen, X. Xu, Z. Tan, C. Ye, Q. Zhao, and Y. Chen, “Age-related
BMAL1 Change Affects Mouse Bone Marrow Stromal Cell Proliferation
and Osteo-differentiation Potential,” Arch Med Sci 8, no. 1 (2012): 30–38.

101. S. Miyamoto, L. Cooper, K. Watanabe, et al., “Role of Retinoic
Acid-related Orphan Receptor-alpha in Differentiation of human Mes-
enchymal Stem Cells Along With Osteoblastic Lineage,” Pathobiology 77,
no. 1 (2010): 28–37.

102. W. E. Samsa, A. Vasanji, R. J. Midura, and R. V. Kondratov,
“Deficiency of Circadian Clock Protein BMAL1 in Mice Results in a Low
Bone Mass Phenotype,” Bone 84 (2016): 194–203.

103. H. Zhuo, Y. Wang, and Q. Zhao, “The Interaction Between Bmal1
and Per2 inMouse BMSCOsteogenic Differentiation,” Stem Cells Int 2018
(2018): 3407821.

104. U. H. Langen, M. E. Pitulescu, J. M. Kim, et al., “Cell-matrix Signals
Specify Bone Endothelial Cells During Developmental Osteogenesis,”
Nature Cell Biology 19, no. 3 (2017): 189–201.

105. A. D. Bhatwadekar, E. Beli, Y. Diao, et al., “Conditional Deletion of
Bmal1 Accentuates Microvascular and Macrovascular Injury,” American
Journal of Pathology 187, no. 6 (2017): 1426–1435.

106. K. Tsuzuki, Y. Shimizu, J. Suzuki, et al., “Adverse Effect of Circadian
Rhythm Disorder on Reparative Angiogenesis in Hind Limb Ischemia,”
Journal of the American Heart Association 10, no. 16 (2021): e020896.

107. L. Xu, Y. Liu, Q. Cheng, et al., “Bmal1 Downregulation Worsens
Critical Limb Ischemia by Promoting Inflammation and Impairing
Angiogenesis,” Frontiers in Cardiovascular Medicine 8 (2021): 712903.

108. Y. Xiao, Y. Li, J. Gu, S. Lu, S. Yu, and C. Song, “Circadian Rhythm
GeneCryptochrome 2 (Cry2) InteractsWith LipidMetabolism to Promote
Vascular Aging,” Archives of Gerontology and Geriatrics 131 (2025):
105761.

109. C. Y. Wang, M. S. Wen, H. W. Wang, et al., “Increased Vascular
Senescence and Impaired Endothelial Progenitor Cell FunctionMediated
by Mutation of Circadian Gene Per2,” Circulation 118, no. 21 (2008):
2166–2173.

110. V. Mastrullo, R. van der Veen D, P. Gupta, et al., “Pericytes’ Circadian
Clock Affects Endothelial Cells’ Synchronization and Angiogenesis in
a 3D Tissue Engineered Scaffold,” Frontiers in Pharmacology 13 (2022):
867070.

111. M. Siragusa, J. Thole, S. I. Bibli, et al., “Nitric Oxide Maintains
Endothelial Redox Homeostasis Through PKM2 Inhibition,” Embo
Journal 38, no. 17 (2019): e100938.

112. D. M. Meesters, S. Neubert, K. A. P. Wijnands, et al., “Deficiency of
Inducible and Endothelial Nitric Oxide Synthase Results in Diminished
Bone Formation and Delayed Union and Nonunion Development,” Bone
83 (2016): 111–118.

113. K. Zaichko, M. Stanislavchuk, and N. Zaichko, “Circadian Fluctu-
ations of Endothelial Nitric Oxide Synthase Activity in Females With
Rheumatoid Arthritis: A Pilot Study,” Rheumatology International 40, no.
4 (2020): 549–554.

114. I. Dikic and Z. Elazar, “Mechanism and Medical Implications of
Mammalian Autophagy,” Nature Reviews Molecular Cell Biology 19, no.
6 (2018): 349–364.

115. B. Levine and G. Kroemer, “Biological Functions of Autophagy
Genes: A Disease Perspective,” Cell 176, no. 1-2 (2019): 11–42.

116. Y. Ma, M. Qi, Y. An, et al., “Autophagy Controls Mesenchymal Stem
Cell Properties and Senescence During Bone Aging,” Aging Cell 17, no. 1
(2018): e12709.

18 of 22 MedComm, 2025

 26882663, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.70435 by Y
onsei U

niversity M
ed L

ibrary, W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



117. T. W. Zhang, Z. F. Li, J. Dong, and L. B. Jiang, “The Circadian Rhythm
in Intervertebral Disc Degeneration: An Autophagy Connection,” Exper-
imental & Molecular Medicine 52, no. 1 (2020): 31–40.

118. Y. R. Juste, S. Kaushik, M. Bourdenx, et al., “Reciprocal Regulation of
Chaperone-mediated Autophagy and the Circadian Clock,” Nature Cell
Biology 23, no. 12 (2021): 1255–1270.

119. S. M. Yoo and Y. K. Jung, “A Molecular Approach to Mitophagy and
Mitochondrial Dynamics,”Molecules and Cells 41, no. 1 (2018): 18–26.

120. K. Sun, X. Jing, J. Guo, X. Yao, and F. Guo, “Mitophagy in
Degenerative Joint Diseases,” Autophagy 17, no. 9 (2021): 2082–2092.

121. Z. Qiu, H. Ming, S. Lei, et al., “Roles of HDAC3-orchestrated
Circadian Clock Gene Oscillations in Diabetic Rats FollowingMyocardial
Ischaemia/Reperfusion Injury,” Cell Death & Disease 12, no. 1 (2021): 43.

122. E. Li, X. Li, J. Huang, et al., “BMAL1 regulates Mitochondrial Fission
and Mitophagy Through Mitochondrial Protein BNIP3 and Is Critical in
theDevelopment ofDilatedCardiomyopathy,”ProteinCell 11, no. 9 (2020):
661–679.

123. N. van Gastel and G. Carmeliet, “Metabolic Regulation of Skeletal
Cell Fate and Function in Physiology and Disease,” Nat Metab 3, no. 1
(2021): 11–20.

124. N. Ansari andN. A. Sims, “The Cells of Bone and Their Interactions,”
Handb Exp Pharmacol 262 (2020): 1–25.

125. J. M. Lane, L. Russell, and S. N. Khan, “Osteoporosis,” Clinical
Orthopaedics and Related Research no. 372 (2000): 139–150.

126. H. Wang, T. Yuan, Y. Wang, et al., “Osteoclasts and Osteoarthritis:
Novel Intervention Targets and Therapeutic Potentials During Aging,”
Aging Cell 23, no. 4 (2024): e14092.

127. T. J. Aspray and T. R. Hill, “Osteoporosis and the Ageing Skeleton,”
Sub-Cellular Biochemistry 91 (2019): 453–476.

128. A. Anthamatten and A. Parish, “Clinical Update on Osteoporosis,”
Journal of Midwifery & Womens Health 64, no. 3 (2019): 265–275.

129. L. A.Armas andR. R. Recker, “Pathophysiology ofOsteoporosis: New
Mechanistic Insights,” Endocrinology and Metabolism Clinics of North
America 41, no. 3 (2012): 475–486.

130. E. A. Lucassen, R. de Mutsert, S. le Cessie, et al., “Poor Sleep Quality
and Later Sleep Timing Are Risk Factors for Osteopenia and Sarcopenia
in Middle-aged Men and Women: The NEO Study,” PLoS ONE 12, no. 5
(2017): e0176685.

131. M. G. Lima, M. Bergamo Francisco P, B. de Azevedo, and Barros
M, “Sleep Duration Pattern and Chronic Diseases in Brazilian Adults
(ISACAMP, 2008/09),” Sleep Medicine 13, no. 2 (2012): 139–144.

132. A. Bukowska-Damska, E. Skowronska-Jozwiak, P. Kaluzny, and
A. Lewinski, “Night Shift Work and Osteoporosis—bone Turnover
Markers Among Female Blue-collar Workers in Poland,” Chronobiology
International (2022): 1–8.

133. M. Martelli, G. Salvio, R. Lazzarini, et al., “Night Shift Work and
Serum Markers of Bone Turnover in Male Shift Workers,” Chronobiology
International 40, no. 9 (2023): 1270–1278.

134. B. K. Kim, Y. J. Choi, and Y. S. Chung, “Other Than Daytime
Working Is Associated With Lower Bone Mineral Density: The Korea
National Health and Nutrition Examination Survey 2009,” Calcified
Tissue International 93, no. 6 (2013): 495–501.

135. X. Xu, L. Wang, L. Chen, et al., “Effects of Chronic Sleep Deprivation
on Bone Mass and Bone Metabolism in Rats,” J Orthop Surg Res 11, no. 1
(2016): 87.

136. M. Schilperoort, N. Bravenboer, J. Lim, et al., “Circadian Disruption
by Shifting the Light-dark Cycle Negatively Affects BoneHealth inMice,”
Faseb Journal 34, no. 1 (2020): 1052–1064.

137. C. M. Swanson, S. A. Shea, P. Wolfe, et al., “Bone Turnover Markers
after Sleep Restriction and Circadian Disruption: AMechanism for Sleep-
Related Bone Loss in Humans,” Journal of Clinical Endocrinology and
Metabolism 102, no. 10 (2017): 3722–3730.

138. S. Shi, L. Zhang, Q. Wang, et al., “Targeting Cartilage miR-
195/497 Cluster for Osteoarthritis Treatment Regulates the Circadian
Clock,” Gerontology, 70 no. 1 (2023): 59–75, https://doi.org/10.1159/00053
4292.

139. M. A. Naven, L. A. H. Zeef, S. Li, et al., “Development of human
Cartilage Circadian Rhythm in a Stem Cell-chondrogenesis Model,”
Theranostics 12, no. 8 (2022): 3963–3976.

140. N. Gossan, R. Boot-Handford, and Q. J. Meng, “Ageing and
Osteoarthritis: A Circadian RhythmConnection,” Biogerontology 16, no. 2
(2015): 209–219.

141. X. Song, T. Ma, H. Hu, et al., “Chronic Circadian Rhythm Distur-
bance Accelerates Knee Cartilage Degeneration in Rats Accompanied by
the Activation of the Canonical Wnt/Beta-Catenin Signaling Pathway,”
Frontiers in Pharmacology 12 (2021): 760988.

142. X. Song, M. Zhao, J. Tang, et al., “Dark-light Cycle Disrupts Bone
Metabolism and Suppresses Joint Deterioration in Osteoarthritic Rats,”
Arthritis Research & Therapy 24, no. 1 (2022): 158.

143. G. Chen, H. Zhao, S. Ma, et al., “Circadian Rhythm Protein Bmal1
Modulates Cartilage Gene Expression in Temporomandibular Joint
Osteoarthritis via the MAPK/ERK Pathway,” Frontiers in Pharmacology
11 (2020): 527744.

144. H. Bekki, T. Duffy, N. Okubo, et al., “Suppression of Circadian
Clock Protein Cryptochrome 2 Promotes Osteoarthritis,” Osteoarthritis
and Cartilage 28, no. 7 (2020): 966–976.

145. J. Wei, Y. Wang, S. Tu, et al., “Circadian Rhythm Disruption
Upregulating Per1 in Mandibular Condylar Chondrocytes Mediating
Temporomandibular Joint Osteoarthritis via GSK3beta/Beta-CATENIN
Pathway,” Journal of Translational Medicine 22, no. 1 (2024):
662.

146. D. M. Sumsuzzman, J. Choi, Z. A. Khan, G. Kamenos, and Y. Hong,
“Melatonin Maintains Anabolic-Catabolic Equilibrium and Regulates
Circadian RhythmduringOsteoarthritis Development in AnimalModels:
A Systematic Review and Meta-analysis,” Frontiers in Pharmacology 12
(2021): 714974.

147. J. H. Badhiwala, C. S. Ahuja, M. A. Akbar, et al., “Degenerative
Cervical Myelopathy—update and Future Directions,” Nature Reviews
Neurology 16, no. 2 (2020): 108–124.

148. J. Jiong Guo, J. Du, Y. Xu, A. Liu, and H. L. Yang, “Catching the
Circadian Rhythm of Intervertebral Disc and Association With Clini-
cal Outcomes by twice-a-day Magnetic Resonance Imaging,” European
Journal of Radiology 147 (2022): 110130.

149. S. L. Ding, T. W. Zhang, Q. C. Zhang, et al., “Excessive Mechanical
Strain Accelerates Intervertebral Disc Degeneration by Disrupting Intrin-
sic Circadian Rhythm,” Experimental & Molecular Medicine 53, no. 12
(2021): 1911–1923.

150. H. Morris, C. F. Goncalves, M. Dudek, J. Hoyland, and Q. J. Meng,
“Tissue Physiology Revolving Around the Clock: Circadian Rhythms as
Exemplified by the Intervertebral Disc,”Annals of the Rheumatic Diseases
80, no. 7 (2021): 828–839.

151. M. Dudek, N. Yang, J. P. Ruckshanthi, et al., “The Intervertebral
Disc Contains Intrinsic Circadian Clocks That Are Regulated by Age and
Cytokines and Linked to Degeneration,”Annals of the Rheumatic Diseases
76, no. 3 (2017): 576–584.

152. P. Peng, D.Wang, X. Xu, et al., “Targeting Clock-controlled GeneNrf2
Ameliorates Inflammation-induced Intervertebral Disc Degeneration,”
Arthritis Research & Therapy 24, no. 1 (2022): 181.

153. D.Wang, P. Peng, M. Dudek, et al., “Restoring the Dampened Expres-
sion of the Core Clock Molecule BMAL1 Protects Against Compression-
induced Intervertebral Disc Degeneration,” Bone Res 10, no. 1 (2022):
20.

154. Q. Zheng and X. Wang, “Alzheimer’s Disease: Insights Into Pathol-
ogy, Molecular Mechanisms, and Therapy,” Protein Cell 16, no. 2 (2025):
83–120.

MedComm, 2025 19 of 22

 26882663, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.70435 by Y
onsei U

niversity M
ed L

ibrary, W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1159/000534292


155. Z. Ungvari, M. Fekete, A. Lehoczki, et al., “Sleep Disorders Increase
the Risk of Dementia, Alzheimer’s Disease, and Cognitive Decline: A
Meta-analysis,” Geroscience 47, no. 3 (2025): 4899–4920.

156. J. Chen, G. Peng, and B. Sun, “Alzheimer’s Disease and Sleep
Disorders: A Bidirectional Relationship,” Neuroscience 557 (2024): 12–23.

157. H. Wu, S. Dunnett, Y. S. Ho, and R. C. Chang, “The Role of
Sleep Deprivation and Circadian Rhythm Disruption as Risk Factors of
Alzheimer’s Disease,” Frontiers in Neuroendocrinology 54 (2019): 100764.

158. L. C. Duret and E. Nagoshi, “The Intertwined Relationship Between
Circadian Dysfunction and Parkinson’s Disease,” Trends in Neuroscience
(Tins) 48, no. 1 (2025): 62–76.

159. S. Li, Y. Wang, F. Wang, L. F. Hu, and C. F. Liu, “A New Perspective
for Parkinson’s Disease: Circadian Rhythm,”Neurosci Bull 33, no. 1 (2017):
62–72.

160. L. Wang, Y. Bao, X. Duan, et al., “A Diagnostic Model for Parkin-
son’s Disease Based on Circadian Rhythm-related Genes,” Journal of
Translational Medicine 22, no. 1 (2024): 635.

161. J. R. P. Zuzuarregui and E. H. During, “Sleep Issues in Parkinson’s
Disease andTheirManagement,”Neurotherapeutics 17, no. 4 (2020): 1480–
1494.

162. J.-Y. Liu, J. Xue, F. Wang, Y.-L. Wang, and W.-L. Dong, “α-
Synuclein-Induced Destabilized BMAL1 mRNA Leads to Circadian
Rhythm Disruption in Parkinson’s Disease,” Neurotoxicity Research,
41 no. 2, (2023): 177–186, https://doi.org/10.1007/s12640-022-
00633-0.

163. J. Zhang, X. Ma, Z. Li, et al., “Identification of Key Genes and
Diagnostic Model Associated With Circadian Rhythms and Parkinson’s
Disease by Bioinformatics Analysis,” Frontiers in Aging Neuroscience 16
(2024): 1458476.

164. E. B. Diago, S. Martinez-Horta, S. S. Lasaosa, et al., “Circadian
Rhythm, Cognition, and Mood Disorders in Huntington’s Disease,” J
Huntingtons Dis 7, no. 2 (2018): 193–198.

165. S. Saade-Lemus and A. Videnovic, “Sleep Disorders and Circadian
Disruption in Huntington’s Disease,” J Huntingtons Dis 12, no. 2 (2023):
121–131.

166. I. Khyati Malik, N. Agrawal, and V. Kumar, “Melatonin and Cur-
cumin Reestablish Disturbed Circadian Gene Expressions and Restore
Locomotion Ability and Eclosion Behavior in Drosophila Model of
Huntington’s Disease,”Chronobiology International 38, no. 1 (2021): 61–78.

167. E. Bellosta Diago, J. Perez Perez, S. Santos Lasaosa, et al., “Cir-
cadian Rhythm and Autonomic Dysfunction in Presymptomatic and
Early Huntington’s Disease,” Parkinsonism & Related Disorders 44 (2017):
95–100.

168. S. L. Chellappa, N. Vujovic, J. S. Williams, and F. Scheer, “Impact of
Circadian Disruption on Cardiovascular Function and Disease,” Trends
in Endocrinology and Metabolism 30, no. 10 (2019): 767–779.

169. J. Lin, H. Kuang, J. Jiang, et al., “Circadian Rhythms in Cardio-
vascular Function: Implications for Cardiac Diseases and Therapeutic
Opportunities,”Medical Science Monitor 29 (2023): e942215.

170. Z. Zhang, B. Yu, X. Wang, et al., “Circadian Rhythm and Atheroscle-
rosis (Review),” Exp Ther Med 20, no. 5 (2020): 96.

171. M. Schilperoort, R. van den Berg, L. A. Bosmans, et al., “Disrup-
tion of Circadian Rhythm by Alternating Light-dark Cycles Aggravates
Atherosclerosis Development in APOE*3-Leiden.CETP Mice,” Journal of
Pineal Research 68, no. 1 (2020): e12614.

172. M. Xie, Q. Tang, J. Nie, et al., “BMAL1-Downregulation Aggra-
vates PorphyromonasGingivalis-InducedAtherosclerosis byEncouraging
Oxidative Stress,” Circulation Research 126, no. 6 (2020): e15–e29.

173. J. Yao, J. Liang, and H. Li, “Screening for Key Genes in Circadian
Regulation in Advanced Atherosclerosis: A Bioinformatic Analysis,”
Frontiers in Cardiovascular Medicine 9 (2022): 990757.

174. M. Kanki, A. P. Nath, R. Xiang, et al., “Poor Sleep and Shift Work
Associate With Increased Blood Pressure and Inflammation in UK
Biobank Participants,” Nature Communications 14, no. 1 (2023): 7096.

175. H. M. Costello and M. L. Gumz, “Circadian Rhythm, Clock Genes,
and Hypertension: Recent Advances in Hypertension,” Hypertension 78,
no. 5 (2021): 1185–1196.

176. B. P. Delisle, J. L. Stumpf, J. L. Wayland, et al., “Circadian Clocks
Regulate Cardiac Arrhythmia Susceptibility, Repolarization, and Ion
Channels,” Current Opinion in Pharmacology 57 (2021): 13–20.

177. D. Jeyaraj, S. M. Haldar, X. Wan, et al., “Circadian Rhythms Govern
Cardiac Repolarization and Arrhythmogenesis,” Nature 483, no. 7387
(2012): 96–99.

178. E. A. Schroder, D. E. Burgess, X. Zhang, et al., “The Cardiomyocyte
Molecular Clock Regulates the Circadian Expression of Kcnh2 and
Contributes to Ventricular Repolarization,”Heart Rhythm 12, no. 6 (2015):
1306–1314.

179. N. Scichilone, R. Antonelli Incalzi, F. Blasi, et al., “Circadian Rhythm
of COPD Symptoms in Clinically Based Phenotypes. Results From the
STORICO Italian Observational Study,” BMC PulmonaryMedicine 19, no.
1 (2019): 171.

180. I. K. Sundar, H. Yao, M. T. Sellix, and I. Rahman, “CircadianMolecu-
lar Clock in Lung Pathophysiology,”American Journal of Physiology Lung
Cellular and Molecular Physiology 309, no. 10 (2015): L1056–1075.

181. H. Yao, I. K. Sundar, Y. Huang, et al., “Disruption of Sirtuin 1-
Mediated Control of Circadian Molecular Clock and Inflammation in
Chronic Obstructive Pulmonary Disease,” American Journal of Respira-
tory Cell and Molecular Biology 53, no. 6 (2015): 782–792.

182. J. W. Hwang, I. K. Sundar, H. Yao, M. T. Sellix, and I. Rahman, “Cir-
cadian Clock Function Is Disrupted by Environmental Tobacco/Cigarette
Smoke, Leading to Lung Inflammation and Injury via a SIRT1-BMAL1
Pathway,” FASEB Journal: Official Publication of the Federation of
American Societies for Experimental Biology 28, no. 1 (2014): 176–194.

183. P. S. Cunningham, P. Meijer, A. Nazgiewicz, et al., “The Circadian
Clock Protein REVERBα Inhibits Pulmonary Fibrosis Development,”
Proceedings of the National Academy of Sciences of the United States of
America 117, no. 2 (2020): 1139–1147.

184. C. Dong, R. Gongora, M. L. Sosulski, F. Luo, and C. G. Sanchez,
“Regulation of Transforming Growth Factor-beta1 (TGF-β1)-induced Pro-
fibrotic Activities by Circadian Clock Gene BMAL1,”Respiratory Research
17 (2016): 4.

185. F. A. J. L. Scheer,M. F. Hilton, H. L. Evoniuk, et al., “The Endogenous
Circadian System Worsens Asthma at Night Independent of Sleep and
Other Daily Behavioral or Environmental Cycles,” Proceedings of the
National Academy of Sciences 118, no. 37 (2021).

186. A. M. Landstra, D. S. Postma, H. M. Boezen, andW.M. van Aalderen,
“Role of Serum Cortisol Levels in Children With Asthma,” American
Journal of Respiratory andCritical CareMedicine 165, no. 5 (2002): 708–712.

187. H. Jacob, A.M. Curtis, and C. J. Kearney, “Therapeutics on the Clock:
CircadianMedicine in the Treatment of Chronic InflammatoryDiseases,”
Biochemical Pharmacology 182 (2020): 114254.

188. M. Noonan, J. P. Karpel, G. W. Bensch, et al., “Comparison of Once-
daily to Twice-daily Treatment With mometasone furoate Dry Powder
Inhaler,” Annals of Allergy, Asthma & Immunology: Official Publication
of the American College of Allergy, Asthma, & Immunology 86, no. 1 (2001):
36–43.

189. D. S. Postma, C. Sevette, Y. Martinat, N. Schlösser, J. Aumann, and H.
Kafé, “Treatment of Asthma by the Inhaled Corticosteroid Ciclesonide
Given either in the Morning or Evening,” The European Respiratory
Journal 17, no. 6 (2001): 1083–1088.

190. A. Ehlers, W. Xie, E. Agapov, et al., “BMAL1 links the Circadian
Clock to Viral Airway Pathology and Asthma Phenotypes,” Mucosal
Immunology 11, no. 1 (2018): 97–111.

20 of 22 MedComm, 2025

 26882663, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.70435 by Y
onsei U

niversity M
ed L

ibrary, W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s12640-022-00633-0


191. D. Y. Lee, I. Jung, S. Y. Park, et al., “Attention to Innate Circadian
Rhythm and the Impact of Its Disruption on Diabetes,” Diabetes Metab J
48, no. 1 (2024): 37–52.

192. H. T. Tran, T. Kondo, A. Ashry, et al., “Effect of Circadian Clock
Disruption on Type 2 Diabetes,” Front Physiol 15 (2024): 1435848.

193. C. J. Morris, J. N. Yang, J. I. Garcia, et al., “Endogenous Circadian Sys-
tem and Circadian Misalignment Impact Glucose Tolerance via Separate
Mechanisms in Humans,” PNAS 112, no. 17 (2015): E2225–2234.

194. A. Sharma,M. C. Laurenti, C. DallaMan, et al., “GlucoseMetabolism
During Rotational Shift-work in Healthcare Workers,” Diabetologia 60,
no. 8 (2017): 1483–1490.

195. O. M. Buxton, S. W. Cain, S. P. O’Connor, et al., “Adverse Metabolic
Consequences inHumans of Prolonged Sleep Restriction CombinedWith
Circadian Disruption,” Science Translational Medicine 4, no. 129 (2012):
129ra143.

196. J. P. Chaput, A. W. McHill, R. C. Cox, et al., “The Role of Insuf-
ficient Sleep and Circadian Misalignment in Obesity,” Nature Reviews
Endocrinology 19, no. 2 (2023): 82–97.

197. J. Qian, C. J. Morris, R. Caputo, and F. Scheer, “Circadian Misalign-
ment Increases 24-hour Acylated Ghrelin in Chronic Shift Workers: A
Randomized Crossover Trial,” Obesity (Silver Spring) 31, no. 9 (2023):
2235–2239.

198. A. Aggarwal, M. J. Costa, B. Rivero-Gutierrez, L. Ji, S. L. Morgan, and
B. J. Feldman, “The Circadian Clock Regulates Adipogenesis by a Per3
Crosstalk Pathway to Klf15,” Cell Reports 21, no. 9 (2017): 2367–2375.

199. A. Chaix, T. Lin, H. D. Le, M. W. Chang, and S. Panda, “Time-
Restricted Feeding Prevents Obesity and Metabolic Syndrome in Mice
Lacking a Circadian Clock,” Cell Metabolism 29, no. 2 (2019): 303–319.
e304.

200. F. Bishehsari, F. Levi, F. W. Turek, and A. Keshavarzian, “Circadian
Rhythms in Gastrointestinal Health and Diseases,” Gastroenterology 151,
no. 3 (2016): e1–5.

201. M. Astone, R. E. Oberkersch, G. Tosi, A. Biscontin, and M. M.
Santoro, “The Circadian Protein BMAL1 Supports Endothelial Cell
Cycle During Angiogenesis,” Cardiovascular Research 119, no. 10 (2023):
1952–1968.

202. S. K. Chun, B. M. Fortin, R. C. Fellows, et al., “Disruption of
the Circadian Clock Drives Apc Loss of Heterozygosity to Accelerate
Colorectal Cancer,” Science Advances 8, no. 32 (2022): eabo2389.

203. L. Pang, M. Dunterman, W. Xuan, et al., “Circadian Regulator
CLOCK Promotes Tumor Angiogenesis in Glioblastoma,” Cell Reports 42,
no. 2 (2023): 112127.

204. L.Guo,H.Cen, J.Weng, et al., “PER2 integratesCircadianDisruption
and Pituitary Tumorigenesis,” Theranostics 13, no. 8 (2023): 2657–2672.

205. M. Das, C. Haldar, and S. K. Yadav, “Shift and Longtime Light
Induces Endometrioid Adenocarcinoma via Activation of PKC-α/Akt
Pathway in Female Golden Hamster: Involvement of Altered Aanat and
Bmal1 Rhythm,” Journal of Pineal Research 75, no. 2 (2023): e12894.

206. Z. Zhang, M. Zhao, Q. Wang, et al., “Forkhead Box Protein FOXK1
Disrupts the Circadian Rhythm to Promote Breast Tumorigenesis in
Response to Insulin Resistance,” Cancer Letters 599 (2024): 217147.

207. T. Yang, W. Huang, T. Ma, et al., “The PRMT6/PARP1/CRL4B Com-
plex Regulates the Circadian Clock and Promotes Breast Tumorigenesis,”
Advanced Science (Weinheim, Baden-Wurttemberg, Germany) 10, no. 14
(2023): e2202737.

208. D. Liu, B. Wei, L. Liang, et al., “The Circadian Clock Component
RORA Increases Immunosurveillance in Melanoma by Inhibiting PD-L1
Expression,” Cancer Research 84, no. 14 (2024): 2265–2281.

209. E. Murgo, E. De Santis, F. Sansico, et al., “The Circadian Clock
Circuitry Modulates Leukemia Initiating Cell Activity in T-cell Acute
Lymphoblastic Leukemia,” Journal of Experimental & Clinical Cancer
Research: CR 42, no. 1 (2023): 218.

210. B. Li, Q. Chen, Y. Feng, et al., “Glucose Restriction Induces AMPK-
SIRT1-mediated Circadian ClockGene per Expression andDelays NSCLC
Progression,” Cancer Letters 576 (2023): 216424.

211. Y.Han, F.Meng, J. Venter, et al., “miR-34a-dependentOverexpression
of Per1 Decreases Cholangiocarcinoma Growth,” Journal of Hepatology
64, no. 6 (2016): 1295–1304.

212. Q. Xiao, R. R. Jones, P. James, and R. Z. Stolzenberg-Solomon, “Light
at Night and Risk of Pancreatic Cancer in the NIH-AARPDiet andHealth
Study,” Cancer Research 81, no. 6 (2021): 1616–1622.

213. P. F. Innominato, C. Focan, T. Gorlia, et al., “Circadian Rhythm
in Rest and Activity: A Biological Correlate of Quality of Life and a
Predictor of Survival in Patients With Metastatic Colorectal Cancer,”
Cancer Research 69, no. 11 (2009): 4700–4707.

214. M. Y. Chong, K. G. Frenken, S. Eussen, et al., “Longitudinal Asso-
ciations of Diurnal Rest-activity Rhythms With Fatigue, Insomnia, and
Health-related Quality of Life in Survivors of Colorectal Cancer up to 5
Years Post-treatment,” The International Journal of Behavioral Nutrition
and Physical Activity 21, no. 1 (2024): 51.

215. N. Zisapel, “New Perspectives on the Role of Melatonin in human
Sleep, Circadian Rhythms and Their Regulation,” British Journal of
Pharmacology 175, no. 16 (2018): 3190–3199.

216. R. L. Riha, “The Use and Misuse of Exogenous Melatonin in the
Treatment of Sleep Disorders,” Current Opinion in Pulmonary Medicine
24, no. 6 (2018): 543–548.

217. J. H. Choi, A. R. Jang,M. J. Park, D. I. Kim, and J. H. Park, “Melatonin
Inhibits Osteoclastogenesis and Bone Loss in Ovariectomized Mice by
Regulating PRMT1-Mediated Signaling,” Endocrinology 162, no. 6 (2021):
bqab057.

218. L. Xu, L. Zhang, Z. Wang, et al., “Melatonin Suppresses Estrogen
Deficiency-Induced Osteoporosis and Promotes Osteoblastogenesis by
Inactivating the NLRP3 Inflammasome,” Calcified Tissue International
103, no. 4 (2018): 400–410.

219. D. P. Cardinali, “Melatonin as a Chronobiotic/Cytoprotective Agent
in Bone. Doses Involved,” Journal of Pineal Research 76, no. 1 (2024):
e12931.

220. A. Bagherifard, A. Hosseinzadeh, F. Koosha, et al., “Melatonin and
Bone-related Diseases: An Updated Mechanistic Overview of Current
Evidence and Future Prospects,” Osteoporosis International 34, no. 10
(2023): 1677–1701.

221. S. Yu, Q. Tang, G. Chen, et al., “Circadian Rhythm Modulates
Endochondral Bone Formation via MTR1/AMPKbeta1/BMAL1 Signaling
Axis,” Cell Death and Differentiation 29, no. 4 (2022): 874–887.

222. L. A. Solt, Y. Wang, S. Banerjee, et al., “Regulation of Circadian
Behaviour andMetabolism by Synthetic REV-ERBAgonists,”Nature 485,
no. 7396 (2012): 62–68.

223. C. Song, P. Tan, Z. Zhang, et al., “REV-ERB Agonism Suppresses
Osteoclastogenesis and Prevents Ovariectomy-induced Bone Loss Par-
tially via FABP4 Upregulation,” Faseb Journal 32, no. 6 (2018): 3215–3228.

224. M. Luchavova, V. Zikan, D. Michalska, I. Raska, Jr., A. A. Kubena,
and J. J. Stepan, “The Effect of Timing of Teriparatide Treatment on the
Circadian Rhythm of Bone Turnover in Postmenopausal Osteoporosis,”
European Journal of Endocrinology 164, no. 4 (2011): 643–648.

225. L. Pineiro-Alonso, I. Rubio-Prego, A. Lobyntseva, E. González-Freire,
R. Langer, and M. J. Alonso, “Nanomedicine for Targeting Brain Neu-
rodegeneration: Critical Barriers and Circadian RhythmConsiderations,”
Advanced Drug Delivery Reviews 222 (2025): 115606.

226. M. Le Meur, J. Pignatelli, P. Blasi, and V. Palomo, “Nanoparti-
cles Targeting the central Circadian Clock: Potential Applications for
Neurological Disorders,” Advanced Drug Delivery Reviews 220 (2025):
115561.

227. J. Lin, Q. Zhang, Y. Xin, et al., “Spatiotemporal Circadian Oscillator
Manipulation for Enhanced Ovarian Cancer Therapy Using a Versatile

MedComm, 2025 21 of 22

 26882663, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.70435 by Y
onsei U

niversity M
ed L

ibrary, W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Nanoplatform,” ACS Applied Materials & Interfaces 17, no. 24 (2025):
35023–35039.

228. G. Sulli, E. N. C. Manoogian, P. R. Taub, and S. Panda, “Training the
Circadian Clock, Clocking the Drugs, and Drugging the Clock to Prevent,
Manage, and Treat ChronicDiseases,”Trends in Pharmacological Sciences
39, no. 9 (2018): 812–827.

229. C. M. Swanson, “Sleep Disruptions and Bone Health: What Do We
Know so Far?,” Curr Opin Endocrinol Diabetes Obes 28, no. 4 (2021): 348–
353.

230. C. M. Swanson, S. A. Shea, K. L. Stone, et al., “Obstructive Sleep
Apnea and Metabolic Bone Disease: Insights Into the Relationship
Between Bone and Sleep,” Journal of Bone andMineral Research 30, no. 2
(2015): 199–211.

231. R. Terzi and Z. Yilmaz, “Bone Mineral Density and Changes in
Bone Metabolism in Patients With Obstructive Sleep Apnea Syndrome,”
Journal of Bone and Mineral Metabolism 34, no. 4 (2016): 475–481.

232. T. Huang, S. S. Tworoger, S. Redline, G. C. Curhan, and J. M.
Paik, “Obstructive Sleep Apnea and Risk for Incident Vertebral and Hip
Fracture in Women,” Journal of Bone and Mineral Research 35, no. 11
(2020): 2143–2150.

233. A. Bukowska-Damska, E. Skowronska-Jozwiak, P. Kaluzny, and
A. Lewinski, “Night Shift Work and Osteoporosis—bone Turnover
Markers Among Female Blue-collar Workers in Poland,” Chronobiology
International 39, no. 6 (2022): 818–825.

234. D. Feskanich, S. E. Hankinson, and E. S. Schernhammer, “Night-
shift Work and Fracture Risk: The Nurses’ Health Study,” Osteoporosis
International 20, no. 4 (2009): 537–542.

235. F. Damiola, N. Le Minh, N. Preitner, B. Kornmann, F. Fleury-Olela,
and U. Schibler, “Restricted Feeding Uncouples Circadian Oscillators in
Peripheral Tissues From the central Pacemaker in the Suprachiasmatic
Nucleus,” Genes & Development 14, no. 23 (2000): 2950–2961.

236. K. Ella, A. R. Sudy, Z. Bur, et al., “Time Restricted Feeding Mod-
ifies Leukocyte Responsiveness and Improves Inflammation Outcome,”
Frontiers in Immunology 13 (2022): 924541.

237. N. Makarem, F. M. Zuraikat, B. Caceres, et al., “Variable Eating
Patterns: A Potential Novel Risk Factor for Systemic Inflammation in
Women,” Annals of Behavioral Medicine 57, no. 1 (2023): 93–97.

238. M. Adawi, G. Damiani, N. L. Bragazzi, et al., “The Impact of
Intermittent Fasting (Ramadan Fasting) on Psoriatic Arthritis Disease
Activity, Enthesitis, and Dactylitis: AMulticentre Study,”Nutrients 11, no.
3 (2019): 601.

239. G. Damiani, A. Watad, C. Bridgewood, et al., “The Impact of
Ramadan Fasting on the Reduction of PASI Score, in Moderate-To-Severe
Psoriatic Patients: A Real-Life Multicenter Study,” Nutrients 11, no. 2
(2019): 277.

240. G. Damiani, N. Mahroum, P. D. M. Pigatto, et al., “The Safety and
Impact of a Model of Intermittent, Time-Restricted Circadian Fasting
(“Ramadan Fasting”) on Hidradenitis Suppurativa: Insights From a Mul-
ticenter, Observational, Cross-Over, Pilot, Exploratory Study,” Nutrients
11, no. 8 (2019): 1781.

241. F. Motta, E. Barone, A. Sica, and C. Selmi, “Inflammaging and
Osteoarthritis,” Clinical Reviews in Allergy & Immunology 64, no. 2 (2023):
222–238.

242. J. Zhang, Y. Chen, Y. Zhong, et al., “Intermittent Fasting and
Cardiovascular Health: A Circadian Rhythm-based Approach,” Science
Bulletin 70, no. 14 (2025): 2377–2389.

243. C. R. Martens, M. J. Rossman, M. R. Mazzo, et al., “Short-term Time-
restricted Feeding Is Safe and Feasible in Non-obese Healthy Midlife and
Older Adults,” Geroscience 42, no. 2 (2020): 667–686.

244. T. Wei, Y. Cheng, J. Ge, M. Zhu, H. Chen, and Q. Feng, “The Pro-
Apoptotic Effect of Glucose Restriction in NSCLC via AMPK-Regulated
Circadian Clock Gene Bmal1,” Cancer Science 116, no. 8 (2025): 2101–2112.

245. D. Marzoll, F. E. Serrano, A. Shostak, C. Schunke, A. C. R.
Diernfellner, and M. Brunner, “Casein Kinase 1 and Disordered Clock
Proteins Form Functionally Equivalent, Phospho-Based Circadian Mod-
ules in Fungi and Mammals,” Proceedings of the National Academy of
Sciences 119 no. 9 (2022), https://doi.org/10.1073/pnas.2118286119.

246. H. Yoshitane, Y. Asano, A. Sagami, et al., “Functional D-box
Sequences Reset the Circadian Clock and Drive mRNA Rhythms,”
Communications Biology 2 (2019): 300.

247. T. Hirai, K. Tanaka, and A. Togari, “alpha1-adrenergic Receptor
Signaling in Osteoblasts Regulates Clock Genes and BoneMorphogenetic
Protein 4 Expression ThroughUp-regulation of the Transcriptional Factor
Nuclear Factor IL-3 (Nfil3)/E4 Promoter-binding Protein 4 (E4BP4),”
Journal of Biological Chemistry 289, no. 24 (2014): 17174–17183.

248. L. Jinteng, X. Peitao, Y. Wenhui, et al., “BMAL1-TTK-H2Bub1 Loop
Deficiency Contributes to Impaired BM-MSC-mediated Bone Formation
in Senile Osteoporosis,”Mol Ther Nucleic Acids 31 (2023): 568–585.

249. Q. Y. Wu, J. Wang, X. Tong, et al., “Emerging Role of Circadian
Rhythm in Bone Remodeling,” J Mol Med (Berl) 97, no. 1 (2019): 19–24.

250. T. Takarada, C. Xu, H. Ochi, et al., “Bone Resorption Is Regulated by
Circadian Clock in Osteoblasts,” Journal of Bone andMineral Research 32,
no. 4 (2017): 872–881.

251. V. Calabrese, C. Mancuso, M. Calvani, E. Rizzarelli, D. A. Butterfield,
and A. M. Stella, “Nitric Oxide in the central Nervous System: Neuro-
protection versus Neurotoxicity,” Nature Reviews Neuroscience 8, no. 10
(2007): 766–775.

252. R. Siracusa, M. Scuto, R. Fusco, et al., “Anti-inflammatory and Anti-
oxidant Activity of Hidrox((R)) in Rotenone-Induced Parkinson’s Disease
in Mice,” Antioxidants (Basel) 9, no. 9 (2020): 824.

253. L. Li, B. Chen, R. Zhu, et al., “Fructus Ligustri Lucidi Preserves Bone
Quality Through the Regulation of Gut Microbiota Diversity, Oxidative
Stress, TMAO and Sirt6 Levels in Aging Mice,” Aging (Albany NY) 11, no.
21 (2019): 9348–9368.

254. M. Wilking, M. Ndiaye, H. Mukhtar, and N. Ahmad, “Circa-
dian Rhythm Connections to Oxidative Stress: Implications for human
Health,” Antioxid Redox Signaling 19, no. 2 (2013): 192–208.

255. V. Calabrese, C. Cornelius, A. T. Dinkova-Kostova, and E. J.
Calabrese, “Vitagenes, Cellular Stress Response, and Acetylcarnitine:
Relevance to Hormesis,” Biofactors 35, no. 2 (2009): 146–160.

256. V. Calabrese, C. Cornelius, A. T. Dinkova-Kostova, E. J. Calabrese,
and M. P. Mattson, “Cellular Stress Responses, the Hormesis Paradigm,
and Vitagenes: Novel Targets for Therapeutic Intervention in Neu-
rodegenerative Disorders,” Antioxid Redox Signaling 13, no. 11 (2010):
1763–1811.

257. D. Arens, I. Sigrist, M. Alini, P. Schawalder, E. Schneider, and M.
Egermann, “Seasonal Changes in BoneMetabolism in Sheep,” Veterinary
Journal 174, no. 3 (2007): 585–591.

258. G. Lombardi, A. Colombini, M. Freschi, R. Tavana, and G. Banfi,
“Seasonal Variation of Bone Turnover Markers in Top-level Female
Skiers,” European Journal of Applied Physiology 111, no. 3 (2011): 433–440.

259. T. Sato, K. Sakuraba, Y. Tsuchiya, S. Maruyama, and E. Ochi,
“Seasonal Variations of Bone Metabolism and Bone Mineral Density in
Collegiate Alpine Skiers,” Journal of Strength and Conditioning Research
32, no. 5 (2018): 1448–1454.

260. N. Ohnishi, Y. Tahara, D. Kuriki, A. Haraguchi, and S. Shibata,
“Warm Water Bath Stimulates Phase-shifts of the Peripheral Circadian
Clocks in PER2::LUCIFERASE Mouse,” PLoS ONE 9, no. 6 (2014):
e100272.

22 of 22 MedComm, 2025

 26882663, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

co2.70435 by Y
onsei U

niversity M
ed L

ibrary, W
iley O

nline L
ibrary on [16/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1073/pnas.2118286119

	Circadian Rhythm: Biological Functions, Diseases, and Therapeutic Targets
	1 | Introduction
	2 | Molecular Architecture of the Circadian Clock
	2.1 | Core Clock Genes/Proteins and Transcription&#x2012;Translation Feedback Loops
	2.2 | Posttranslational Modifications
	2.3 | Systemic Synchronizers

	3 | Physiological Functions Regulated by the Circadian Rhythm
	3.1 | Metabolic Homeostasis
	3.2 | Neuroendocrine Signaling
	3.3 | Immune and Oxidative Stress Responses
	3.4 | Tissue Repair
	3.5 | Autophagic Flux

	4 | Circadian Disruption in Disease Pathogenesis: Mechanisms and Targets
	4.1 | Degenerative Diseases
	4.1.1 | Bone Degenerative Diseases
	4.1.2 | Neurodegenerative Diseases

	4.2 | Cardiometabolic Disorders
	4.2.1 | Cardiovascular Diseases
	4.2.2 | Respiratory Diseases
	4.2.3 | Metabolic Diseases

	4.3 | Cancers
	4.3.1 | Neurogenic Tumors
	4.3.2 | Hormone-Sensitive Tumors
	4.3.3 | Other Tumors


	5 | Emerging Therapeutic Strategies Based on Circadian Rhythm Regulation
	5.1 | Pharmacological Modulators
	5.2 | Chrono-Nanomedicine
	5.3 | Nonpharmacological Interventions
	5.4 | Translational Challenges and Future Directions

	6 | Conclusions and Future Perspectives
	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


