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Abstract: Autophagy is a widespread biological process that controls cellular growth, survival, development, and death.

Circadian rhythm is a recurring reaction of living organisms and behaviors to variations in surrounding brightness and

obscurity. Most of the fundamental physiological processes in mammals, such as the sleep-wake pattern and the rhythm

of nutrition and energy metabolism, are governed by circadian rhythms. Research has indicated that autophagy exhibits

a specific circadian pattern in both normal and abnormal conditions. Autophagy can modulate circadian rhythms by

breaking down proteins that regulate the circadian clock. The potential regulatory connection between the two has been

a popular subject of clinical and fundamental research. Understanding the interaction between circadian rhythm and

autophagy could potentially lead to the development of novel approaches for disease treatment in the future. The present

analysis presented a summary of the molecular processes implicated in the interplay between autophagy and circadian

rhythm, as well as the pathological importance of the disrupted regulatory association between these two phenomena.

Introduction

Autophagy is a ubiquitous biological process that controls
cellular growth, survival, development, and death. Cellular
homeostasis and survival heavily rely on autophagy, which
is intricately linked to numerous conditions including liver
disease, neurodegenerative disorders, myopathy, heart
disease, cancer, and immune system dysregulation [1,2].
Autophagy is commonly triggered by different stressors,
such as endoplasmic reticulum stress (ERS), growth factor
withdrawal, nutrient deprivation, mitochondrial dysfunction,
and inflammatory responses [3–5].

An individual’s circadian rhythm refers to a recurring
alteration in conduct, bodily functions, and internal
conditions, enduring for about 24 h [6,7]. These rhythms

exist at different levels within the biological realm, including
broad aspects like the pattern of sleep and wakefulness, as
well as minute occurrences like the periodic variations in
biomolecular quantities [8–10]. In mammals, the daily
fluctuations are controlled by the oscillations of the
hypothalamic clock in the suprachiasmatic nucleus (SCN)
and peripheral clocks. These clocks synchronize with the
light and feeding schedules, respectively [11,12].

It has been implied that autophagy is regulated by
circadian rhythms. Recently, there has been a growing
interest in examining the daily variations in physiological
processes, with a particular focus on the circadian rhythm of
important regulatory molecules like mTOR and ATG in the
autophagic process [13,14]. The central gene BMAL1/
CLOCK of the circadian clock mechanism demonstrates the
capacity to trigger gene transcription linked to the control
of autophagy and the circadian cycle [13]. Nevertheless, the
risk of diseases can also be heightened due to autophagy
malfunction caused by pathogenic factors [15].

Likewise, autophagy controls circadian rhythms.
Autophagy plays a crucial part in the pineal gland and the
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production of melatonin during the circadian rhythm, with
both functions being regulated by autophagy [16]. Recent
studies have shown that autophagy plays a crucial role in
controlling the essential components of the circadian clock
[17]. In the case of mice that lacked ATG7, it was observed
that hepatic CRY1 levels increased while blood glucose
levels decreased, suggesting that autophagic degradation of
CRY1 may play a role in regulating blood glucose levels.
CRY1 has been suggested to interact with LC3 through its
LIR motif, leading to degradation through autophagy [18].

In summary, circadian rhythm and autophagy coregulate
each other at the cellular level. This bidirectional interaction
between circadian rhythm and autophagy has significant
implications in disease treatments. Understanding this
relationship provides opportunities to develop new
therapeutic strategies by combining circadian and autophagy
modulators for better treatment of cancers, metabolic
disorders and neurodegenerative diseases [19–21].

Autophagy and Circadian Rhythm

Mechanisms of autophagy
Autophagy performs several important cellular functions
including recycling nutrients, removing damaged organelles,
fighting intracellular pathogens, and clearing protein
aggregates [22]. During autophagy, portions of the
cytoplasm and organelles are sequestered into double-
membrane vesicles called autophagosomes. The formation
of autophagosomes is a highly regulated multi-step process
that involves initiation, nucleation, elongation and closure of
the isolation membrane [22].

There are three different types of autophagy:
macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA). In autophagy, lysosomes degrade
abnormal organelles and proteins. The procedure includes
the use of double-layered sacs, referred to as autophagosomes
or autophagic vacuoles, that specifically engulf and remove
denatured proteins or damaged organelles. The complex
procedure involves multiple phases, such as commencement,
vesicle formation, vesicle enlargement, and finalization [23–
25]. On the one hand, during macroautophagy, after
autophagosomes are formed, lysosomes are involved in the
degradation of phagocytic organelles, cytoplasmic proteins,
and other substances, resulting in the production of
autolysosomes [5]. On the other hand, microautophagy
entails the transfer of substances into lysosomes and their
subsequent breakdown by the direct protrusion, invagination,
or separation of lysosomes. The interaction between
chaperone proteins and cytosolic target substrates in CMA is
facilitated by HSC70, a 70 kDa heat shock cognate protein.
HSC70 contains pentapeptide motifs similar to Lys-Phe-Glu-
Arg-Gln (KFERQ). Afterwards, HSC70 aids in the transfer of
goods into the lysosomal lumen by relying on the receptor
LAMP2A, which is associated with the lysosome membrane
[1]. Ultimately, the target cargo is degraded by hydrolytic
enzymes in all three forms of autophagy (Fig. 1).

The specific regulation of autophagy involves multiple
genes. Autophagy has been extensively studied, with the
recognition of at least 30 autophagy-associated genes

(ATGs) in yeast and the detection of various ATG
counterparts in mammals, which are known to regulate
autophagy [26–28]. At the beginning of autophagy, the
activation of the ATG1 complex takes place. The ATG1
complex in yeast consists of the ATG17-ATG31-ATG29
subcomplex, ATG1, and ATG13. The UNC-51-like kinase
(ULK) complex, which is present in mammals, is composed
of ULK1 or ULK2 (mammalian ATG1 homologs), ATG13
(a potential counterpart of yeast ATG17), RB1-induced
frizzled protein 1 (RB1CC1), and ATG101 [28,29]. In the
course of vesicle formation, it is crucial to stimulate the
PI3K complex, consisting of Vps34, Beclin-1, and ATG14,
for nucleation of vesicles. The main function of this intricate
structure is to enlist ATG proteins to the assembly locations
of autophagosomes (PAS). During the process of vesicle
expansion and finalization, the sequestration membrane
experiences elongation with the participation of two UBI
binding systems, namely the ATG12-ATG5-ATG16 complex
and phosphatidylethanolamine (PE)-microtubule-associated
protein 1 light chain 3 (LC3, also known as ATG8). In the
final stages of autophagy, mature autophagosomes combine
with lysosomes, leading to the creation of autolysosomes.
Within these autolysosomes, the enclosed cargo is broken
down with the help of hydrolytic enzymes. Afterwards, the
final outcome is released into the cytosol [30,31].

Mechanisms of the circadian rhythm
Many physiological and pathological processes exhibit
circadian rhythms, and these rhythms are regulated by an
autonomous oscillatory rhythm known as the circadian
clock. The circadian clock controls fundamental functions
like organism behavior and activity, typically following a
circadian rhythm of around 24 h [32,33]. The SCN, located
in the front part of the hypothalamus, acts as the central
point of the mammalian circadian rhythm, consisting of
approximately 15,000 nerve cells [32]. On the other hand,
the peripheral circadian clock is located in peripheral organs

FIGURE 1. The autophagy processes that are impacted by circadian
rhythms consist of macroautophagy and chaperone-mediated
autophagy.
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and tissues, and has the ability to independently control
specific functions to some extent [34,35]. Although the
suprachiasmatic nucleus (SCN) clock plays a crucial role in
coordinating overall circadian rhythms, tissue-specific cell-
autonomous molecular clocks can regulate rhythmic
processes within peripheral tissues [32,36].

Circadian rhythms consist of a collection of core
circadian clock genes and clock control genes (CCGs), which
contribute to both positive and negative feedback [7,37]. The
primary clock genes consist of CLOCK, BMAL1 (also
referred to as ARNTL), Cryptochrome (CRY1/2), Period
(PER1/2), REV-ERB, and ROR. Likewise, the circadian clock
genes (CCGs) contain Dbp (D-box binding protein), Hlf
(hepatic leukemia factor), Tef (thyrotroph embryonic factor),
and Dec1 (Stra13 or Sharp2) [34,35]. At the molecular level,
the CLOCK and BMAL1 proteins interact to create a clock-
activated complex, which aids in the transcription of CCG.
Furthermore, these genes are responsible for producing clock
suppressor proteins, specifically PERs, CRYs, and REV-ERBs
proteins. The presence of these inhibitory proteins enables
the reduction of CLOCK/BMAL1-dependent transcription.
The circadian expression of around 10%–15% of
mammalian genes is achieved through the combined effect
of core clock genes, local transcription factors, and
chromatin-remodeling enzymes, resulting in cell- or tissue-
specific gene rhythmic expressions [38]. The dynamic
equilibrium between clock activators and clock inhibitory
complexes leads to the circadian expression of approximately
10%–15% of mammalian genes [39,40].

Herein, the specific mechanism is described. To begin
with, it is crucial to mention that BMAL1 and CLOCK are
essential transcription factors that come together to create a

heterodimer. Subsequently, this heterodimer initiates the
activation of PER and CRY genes’ transcription. After being
translated in the cytoplasm, the PER and CRY proteins
move to the nucleus and combine with each other to form
dimers. The purpose of this process is to suppress and
hinder the function of the BMAL1/CLOCK heterodimer
[41]. As a result, these heterodimers move to the nucleus
and suppress the transcriptional activity of BMAL1/CLOCK
heterodimers on target genes located downstream.
Ultimately, this process establishes a negative feedback
regulatory loop [42,43]. The proteasome in the cytoplasm
breaks down the PER protein, but the PER/CRY
heterodimers can move to the nucleus and stop PER
degradation, thus hindering the BMAL1/CLOCK complex’s
function [44]. The decrease in levels of PER and CRY
heterodimeric proteins reduces the inhibitory impact on the
transcriptional activity of CLOCK/BMAL1, resulting in the
commencement of a fresh transcription-translation cycle
that governs the organism’s circadian rhythm. Furthermore,
the interaction between BMAL1 and CLOCK heterodimers
is involved in the regulation of the transcription of REV-
ERBα/β and RORα/β genes, which are classified as orphan
nuclear receptors. The REV-ERB protein, when translated,
competes with the ROR protein for the ROR response
element (RRE) found in the binding site of the BMAL1
promoter region. This competition in binding results in
either the activation or inhibition of BMAL1 transcription,
depending on the specific protein it attaches to. The ROR
protein stimulates the transcription of BMAL1, whereas
REV-ERB suppresses the transcription of BMAL1, creating
an additional regulatory loop for the circadian rhythm. As
shown in Fig. 2 [13,34,35,45].

FIGURE 2. The description of circadian rhythms includes both positive and negative feedback. Initially, BMAL1 and CLOCK serve as
fundamental transcription factors that create heterodimers which bind to E-boxes in order to initiate the transcription process of PER and
CRY genes. Following translation in the cytoplasm, PER and CRY proteins join together to suppress and hinder the function of the BMAL1/
CLOCK heterodimer. REV-ERB and ROR protein compete for the ROR response element. The ROR protein triggers the transcription of
BMAL1 by attaching to the ROR response element (RRE) found within BMAL1. Conversely, REV-ERB hinders the transcription of
BMAL1, thereby establishing an additional regulatory loop for the circadian rhythm.
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Circadian Regulation of Autophagy

Regulation of macroautophagy by circadian rhythm
Circadian rhythms have been shown to regulate
macroautophagy, which is the predominant form of
autophagy according to numerous studies [46–49]. The
regulation of autophagy is often studied using genes that are
regulated by the circadian rhythm. The summary of the
characteristics and role of these rhythmic genes can be
found in the subsequent section.

REV-ERBα is a key factor linking autophagy to the
circadian clock. It has been reported that obvious circadian
rhythmicity is exhibited in autophagy. For instance, the
circadian activation of TFEB and TFE3, pivotal regulators of
autophagy and lysosomal biogenesis, is closely linked to
REV-ERBα [50,51]. Pariollaud et al. found that the
inhibition of rhythmic diurnal variation occurred upon
knocking down REV-ERBα, resulting in a significant
increase in inflammatory cytokines in the mouse lung. This
observation suggests that circadian clock molecules play a
role in mediating REV-ERBα, thereby promoting an
inflammatory response and exacerbating the progression of
chronic obstructive pulmonary disease (COPD) [52]. The
impairment of autophagy in emphysema is mediated by
perinuclear accumulation of TFEB and promotes
inflammatory-oxidative stress responses [53]. TFEB and
TFE3 have the ability to engage with REV-ERBα and
contribute to the rhythmic manifestation of autophagy,
consequently governing lung homeostasis [54]. The
circadian clock genes can regulate the suppressor of
autophagy, mTOR, through two mechanisms: firstly, the
core clock protein PER2 can impede mTORC1 activity to
induce autophagy [55], and secondly, clock-related
transcription factors can positively modulate mTORC1 to
hinder autophagy and phosphorylation of the clock protein
BMAL1 [56]. The binding of TFE3 and REV-ERB to the
promoter regions of genes related to circadian, autophagic,
and lysosomal biogenesis (such as LAMP1, ATG3/5 and
CTSL) was observed. The presence of Alpha, TFEB, and
TFE3 plays a crucial role in regulating autophagy, lysosome
biogenesis, and cellular homeostasis, particularly in relation
to circadian rhythms. Additionally, it can also regulate clock
genes involved in autophagy and the expression of REV-
ERBα [50].

Researchers have conducted studies aiming to control
autophagy and address diseases through the targeting of
REV-ERB. The utilization of the REV-ERB-specific agonist
SR9009 has been found to elicit REV-ERB-dependent anti-
small cell lung cancer effects by inhibiting autophagy both
in vivo and in vitro. The regulation of autophagy by REV-
ERBα plays a significant role in this process. The primary
autophagy gene, ATG5, is a direct downstream target of
REV-ERBα, and the interaction between REV-ERBα and
ATG5 may impede autophagic activity, leading to the
cytotoxic effects of SR9009 in SCLC cells [57]. Similar
conclusions have been confirmed in multiple studies that
reported its effectiveness against cancer and liver fibrosis via
pharmacological modulation of circadian mechanisms.
Additionally, previous research has demonstrated that

SR9011 plays a crucial role in initiating apoptotic responses
in malignant cells. These REV-ERB agonists possess
selective anticancer properties that effectively impede cancer
cell growth and enhance survival rates in experimental
animals, all while minimizing detrimental effects on normal
tissues [9,45,58–60]. Moreover, the circadian clock gene
REV-ERBs have the potential to alleviate follicular dysplasia
by inhibiting granulosa cell apoptosis and promoting
proliferation through the regulation of mitochondrial
biogenesis and autophagy in polycystic ovary syndrome
[9,61]. However, some researchers have also found that the
effect of REV-ERBs is not completely positive. For example,
REV-ERBα upregulation exacerbated steatosis in alcoholic
fatty liver (AFL) by regulating autophagy and promoting the
progression of AFL [62]. The expression of REV-ERBα is
heightened by stressors associated with diabetes, leading to
the suppression of autophagy and the viability of β-cells.
Conversely, the administration of REV-ERBα agonists
impedes the flow of autophagy, viability, and insulin
secretion, indicating the significant involvement of REV-
ERBα activation in the modulation of β-cells in the face of
diabetic stressors [63].

The protein CLOCK/BMAL1 serves as a fundamental
regulator of the circadian clock. Recent research has
demonstrated that autophagy, a cellular process, is initiated
by reactive oxygen species (ROS) in conditions of low
oxygen levels (hypoxia). Furthermore, the overexpression of
CLOCK in human umbilical vein endothelial cells
(HUVECs) during hypoxia results in an augmentation of
autophagosomes. Conversely, the suppression of CLOCK
expression counteracts these effects. Additionally, pre-
treatment with 3-methyladenine (3-MA) only mitigates
autophagy without influencing ROS generation [64].
C/EBPβ, a transcription factor regulated by the circadian
rhythm, stimulates the expression of autophagic genes
including Ulk1, Gabarapl1, LC3B, and Bnip3, as well as
protein degradation [54]. In zebrafish, the CLOCK-BMAL1
heterodimers bind to E-boxes to modulate the transcription
of C/EBPβ, which subsequently governs the transcription of
autophagy-related genes in an indirect manner [65]. In
atherosclerosis, the downregulation of CLOCK and
circadian dysregulation promoted vascular smooth muscle
cell apoptosis by attenuating defects in autophagy [66]. In
investigations concerning myocardial ischemia/reperfusion
injury, it has been observed that the regulation of autophagy
by the HDAC3/SIRT1 pathway through BMAL1 also
exhibits a protective impact [67]. A study conducted on
diabetic mice demonstrated that melatonin, in a dose-
dependent manner, augmented the expression of proteins
associated with the SIRT1-BMAL1 pathway and enhanced
autophagy, thereby mitigating cerebral ischemia-reperfusion
(I/R) injury [68]. The study revealed that the suppression of
circadian gene CLOCK expression resulted in the reversal of
cisplatin resistance in SKOV3/DDP cell lines of ovarian
cancer. This effect was attributed to the modulation of
protein expression of resistance genes associated with
autophagy. Consequently, the CLOCK gene emerges as a
promising candidate for targeted gene therapy in cases of
drug-resistant ovarian cancer [69].
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The clock genes CRY and PER exhibit negative
regulation and are implicated in the regulation of
autophagy. Through the PI3K/AKT/mTOR pathway, the
upregulation of the clock gene PER2 impedes the
progression of oral squamous cell carcinoma (OSCC) by
inducing autophagy. Consequently, PER2 holds promise as a
valuable therapeutic marker for OSCC [70]. In OSCC
tissues, the expression of the clock gene PER1 was found to
be significantly reduced. Furthermore, the silencing of PER1
in SCC15 OSCC cells was observed to have a significant
inhibitory effect on autophagy, while simultaneously
activating the AKT/mTOR pathway, thereby promoting the
progression of OSCC [71]. Additionally, it was discovered
that PER2 functions as a scaffold protein, facilitating the
binding of tuberous sclerosis complex 1 (Tsc1), Raptor, and
mTOR. This interaction leads to the specific inhibition of
mTORC1 complex activity and the activation of autophagy.
Consequently, a novel role for PER2 in the regulation of the
mTORC1 pathway has been unveiled [72]. The expression
of PER2 decreased with aging, which might be due to
decreasing autophagy [73]. Neuronal PAS domain protein 2
(NPAS2) is a fundamental gene involved in the regulation
of circadian clock rhythm. Research has demonstrated that
NPAS2 plays a beneficial role in mitigating myocardial
ischemia/reperfusion (I/R) injury in rats by modulating the
CX3CL1 pathway and autophagy regulation. NPAS2 can
interact with CRY2 to promote CX3CL1 signaling pathway
transcriptional activity. Additionally, NPAS2 exerts its
influence on the downstream AKT/mTOR pathway to
suppress autophagy, thereby leading to an improvement in
cardiac I/R injury in rats [74].

Mitophagy is regulated by circadian rhythms
Cellular function is significantly reliant on the oxidative
metabolism and quality control of mitochondria, rendering
mitophagy an attractive subject of study in the field of
autophagy research. The disruption of mitophagy adversely
affects clock gene activity, resulting in an excessive buildup
of mitochondrial reactive oxygen species, structural
impairment of mitochondria, and subsequent cardiac
dysfunction. The restoration of autophagy/mitophagy has
the potential to repair autophagy defects and mitochondrial
damage in cardiomyocytes lacking the CLOCK gene. The
cytoprotective effect of CLOCK is nullified when autophagy
is inhibited through ATG7 knockdown. CLOCK has the
ability to regulate mitophagy in cardiomyocytes, thereby
modulating adaptive stress responses crucial for cell survival.
Compensatory mechanisms involving CLOCK may prove
beneficial in mitigating cardiac injury in individuals
experiencing circadian rhythm disturbances [75].

Chaperone-mediated autophagy (CMA) is regulated by
circadian rhythms
Researchers found that circadian rhythms and CMAs are
interdependent. The regulation of circadian rhythms is
governed by the degradation of core clock proteins by
chaperone-mediated autophagy (CMA) in both central and
peripheral systems. Disruption of the circadian cycle occurs
when CMAs are lost in vivo. Conversely, the circadian clock
modulates CMA activity in a tissue-specific manner and

controls protein transcription at distinct circadian phases
[76]. The circadian rhythms govern the oscillatory
fluctuations in protein abundance via the clock mechanism
to maintain physiological functions in accordance with the
light-dark cycle. Moreover, the timely degradation of these
proteins by various proteolytic systems is crucial for
ensuring the strength and adaptability of circadian
fluctuations. Researchers found that the circadian activity of
CMA in mouse tissue cells was regulated by BMAL1 at the
transcriptional level. Specifically, BMAL1 regulated the
diurnal variation of CMA activity by inhibiting LAMP2A,
and the degree to which CMA rhythmicity was regulated by
BMAL1 in the liver, renal tubules, glomeruli, and heart
tissues was inconsistent. Circadian rhythm disturbances can
lead to the loss of CMA rhythmicity, resulting in marked
changes in cellular protein expressions [77].

Regulation of Circadian Rhythm by Autophagy

Regulation of circadian rhythm by macroautophagy
In contrast to the extensive research on the circadian
regulation of autophagy, the evidence supporting the
regulation of circadian rhythms by autophagy is relatively
limited. However, it is increasingly acknowledged that
circadian clocks and their associated clock genes play crucial
roles in various physiological and pathological processes.
Therefore, it has been postulated by researchers that the
autophagy system governing circadian clock could serve as a
crucial focal point for addressing these diseases [13,78].
Lysosomal targets, namely BMAL1, CLOCK, REV-ERBα,
and CRY1, have the potential to function as circadian
proteins, while macrophage autophagy exerts an influence
on the circadian clock through the selective degradation of
these associated proteins.

Here we start with these genes that receive autophagy
regulation and briefly describe the process how autophagy
regulates biological rhythms. It has been reported that
CRY1, which acts as a gluconeogenic inhibitor, undergoes
periodic autophagic degradation during starvation. This is
dependent on gluconeogenesis, similar to blood glucose
maintenance. The consumption of a diet high in fat has
been observed to expedite the process of autophagic
degradation of CRY1, ultimately resulting in hyperglycemia
associated with obesity. CRY1 possesses multiple LC3-
interacting region (LIR) motifs, which aid in the interaction
between cargo proteins and the autophagosome marker
LC3. This interaction plays a crucial role in the regulation of
circadian glycemic control through the degradation of
CRY1. Consequently, targeting the LIR motifs presents a
promising avenue for the management of hyperglycemia
[18]. It has also been suggested that the dynamic balance
and reciprocal interaction between TFEB/TFE3 and REV-
ERBα may be responsible for the regulation and oscillations
of autophagy and metabolic genes in the diurnal cycle [51].
Studies have also verified the regulation of autophagy on the
circadian clock by other means. For example, researchers
have found that bromide inhibited clock gene expression
and autophagy processes in rat cardiomyocytes, while
rapamycin (an autophagy inducer) significantly restored this
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inhibition [79]. The overexpression of PER1/2 has been
shown to impede the formation of cancer cell colonies,
suggesting that targeting PER2 could be a potential
therapeutic approach for the treatment of malignant tumors.
Research findings have demonstrated that suppressing
autophagy in the HCT 116 human colon cancer cell line
leads to a notable elevation in PER2 protein expression and
a substantial reduction in cancer cell clones [80].

Regulation of circadian rhythms by CMA
CMA can rhythmically degrade clock proteins and remodel
circadian rhythms through selective autophagy. Most clock
proteins such as BMAL1, CLOCK, REV-ERBα, CRY1, and
RORα carry a KFERQ-like pentapeptide motif for lysosomal
targeting of CMA, with BMAL1 and CLOCK being the most
compatible. There are targeting motifs similar to KFERQ
that preferentially bind to CMA active lysosomes, HSC70
and LAMP2A and can be directly translocated into free
lysosomes. Studies have displayed that CMA inhibition can
lead to circadian rhythm disorders in mice. For example,
Lamp2A KO mice have abnormal circadian gene
transcription cycles. CMA disorder causes BMAL1
degradation obstruction and is sufficient to change the
periodic cycle characteristics of clock protein. Experiments
have also observed the phenotype of disordered circadian
rhythm in aging mice and suggested that age-dependent
CMA decline may be one of the causes of circadian rhythm
disorders in elderly organisms [77]. The regulatory
relationship between ferroptosis and autophagy, termed
“clockophagy”, is elucidated as the selective degradation of
the core clock protein BMAL1 by autophagy. SQSTM1 acts
as a receptor protein to guide REV-ERB autophagic
degradation and is essential for ferroptosis [81].

Co-regulation of autophagy with circadian rhythm
Autophagy and circadian rhythm generally present a
relationship of mutual regulation, but some studies have
also found that the intervention of diseased patients or
animal models led to the dual regulation of autophagy and
circadian rhythm, in which the specific mechanism remains
to be explored.

For example, the expression of the core clock genes PER2
and REV-ERBα in the adipose tissues of overweight subjects
increased with weight loss, and the clock gene and LC3
expression levels are closely related to the degree of weight
loss [82]. Acrylamide (ACR) is a persistent neurotoxin
within the brain that hampers the magnitude of oscillations
in clock genes, namely BMAL1, CRY2, and REV-ERBβ, or
induces alterations in the timing of clock genes, specifically
CLOCK, PER2, and REV-ERBα. Consequently, this
phenomenon augments the nocturnal accumulation of
autophagosomes, instigating detrimental consequences such
as nerve cell damage, apoptosis, and ultimately culminating
in cognitive decline [9]. In the pathogenesis of Parkinson’s
disease, gene mutations in mitochondrial ligases MUL1 and
PARKIN caused circadian and circadian clock disturbances
and prolonged periods of locomotor rhythms, increased
total activity, and shortened sleep duration at night. The
expression levels of clock genes PER and CLOCK are
changed in mutants, and ATG5 expression decreases in
neurons in the brain [83]. Based on the idea that REV-
ERBβ is upregulated in various tumor cells, the investigators
identified ARN5187 through compound screening.
ARN5187 has a dual inhibitory effect against REV-ERB-
mediated transcriptional regulation and autophagy, and this
was reported to be effective in killing cancer cells [84].

Regulatory Mechanisms of Autophagy and Circadian
Rhythm in Diseases and Clinical Implications

Circadian rhythms and autophagy are essential physiological
processes with a bidirectional regulatory relationship.
Imbalances in this regulation contribute to many diseases.
Understanding this relationship is crucial for uncovering
disease mechanisms and potential therapies. As shown in
Fig. 3 and Table 1, we will briefly describe the significance
of this regulatory process in these diseases.

Cardiovascular and cerebrovascular diseases
Circadian rhythms and autophagy have raised concerns in
cardiovascular disease over the last decade. The expression
of rhythmic genes fluctuates with the diurnal variation of

FIGURE 3. The autophagy processes that are
impacted primarily consist of macroautophagy and
chaperone-mediated autophagy. Table 1 will provide
a detailed discussion on the genes implicated in the
interplay of autophagy and circadian rhythm.
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the vascular physiological state, suggesting that vascular
rhythm plays a key role. The circadian clock directly
regulates endothelial cell synthesis, secretion, and
phenotypic switching of vascular smooth muscle cells,
thereby regulating vasodilation and contraction [48].
Downregulation of CLOCK and circadian rhythm
disturbance in vascular smooth muscle cells can promote
apoptosis and vascular calcification by attenuating
autophagy when atherosclerosis occurs [66]. In myocardial
ischemic diseases, CLOCK regulates cardiomyocyte survival
and adaptive responses by affecting mitophagy. Thus, the
appropriate upregulation of CLOCK expression under
ischemia-hypoxia conditions may help to reduce myocardial
injury [64,75]. In addition, in diabetes-induced brain I/R
injury, melatonin can modulate the SIRT1-BMAL1 pathway
to improve cell survival, induce antioxidant and anti-
apoptotic effects, and enhance autophagy to improve
prognosis [68]. Histone deacetylase 3 (HDAC3) and silent
information modulator 1 (SIRT1) are enzymes involved in
the deacetylation of histones, which in turn regulate crucial
metabolic pathways and exert significant influence in the
context of diabetes and myocardial ischemia/reperfusion
(I/R) injury. Targeting the HDAC3/SIRT1 pathway-
mediated regulation of autophagy via BMAL1 effectively
ameliorates myocardial I/R injury in diabetic rats [67].
NPAS2 is one of the core genes controlling circadian clock
rhythm. The myocardial I/R injury rat model displayed a
decreased expression of NPAS2 and increased reperfusion
time. In contrast, the overexpression of NPAS2 could
regulate the downstream AKT/mTOR pathway to inhibit
autophagy, thereby improving myocardial injury in rats [74].

Respiratory disease
Increasing evidence suggests that circadian clock disruption
during chronic lung disease is crucial in increasing oxidative
stress, inflammatory responses, metabolic imbalance, mucus
secretion, dysregulation of autophagy, and altering lung
function [58]. The dysregulation of oscillations and
expression of circadian clock genes such as BMAL1, PER1,
and PER2 have been associated with lung inflammatory
diseases, and targeting the association of circadian rhythms
and autophagy is a promising therapeutic strategy [78]. In
addition, TFEB and TFE3 act as critical regulators of
autophagy, lysosome biogenesis, and cellular circadian
rhythms, and they regulate clock genes involved in
autophagy and REV-ERBα expression [50]. The TFE3 and
REV-ERBα binding sites exist in the promoter regions of
genes involved in circadian rhythm, autophagy, and
lysosomal biogenesis (e.g., LAMP1, ATG3/5, and CTSL).
Chromatin co-immunoprecipitation analysis revealed that
there were several ChIP-seq peaks of TFEB and TFE3 in the
REV-ERBα promoter region [50].

Digestive and endocrine system disorders
The circadian rhythm system is related to various
physiological processes (e.g., body metabolism and hormone
secretion) and diseases (e.g., fatty liver, obesity, metabolic

syndrome) [41,47,49]. Hepatic gluconeogenesis is one of the
important modes of blood glucose regulation. CRY1 can
play the role of gluconeogenesis inhibitors, and autophagy
can selectively degrade CRY1 to regulate circadian rhythm
and blood glucose. Therefore, the LC3 interaction region
(LIR) motif in CRY1 and its protein sequence may be
potential targets for controlling blood glucose in the future
[18]. The failure of pancreatic β-cells in individuals with
type 2 diabetes mellitus (T2DM) is linked to the
compromised regulation of autophagy, a process that
governs the development, function, and survival of β-cells
by eliminating misfolded proteins and damaged organelles.
Previous studies have established a connection between
REV-ERBα and disrupted autophagy, as well as the survival
of β-cells under diabetic circumstances. Researchers have
discovered that the reduction of REV-ERBα expression
offers partial protection against inflammation and
glucotoxicity-induced β-cell failure [63].

Alcoholic fatty liver (AFL) is a hepatic disorder resulting
from the excessive intake of alcohol, manifesting as hepatic
steatosis. Recent investigations have revealed that REV-
ERBα can intensify hepatic steatosis in alcoholic liver
disease and facilitate the advancement of AFL through the
regulation of autophagy. These findings propose an
innovative mechanism for the regulation of steatosis in AFL
and indicate that targeting REV-ERBα could hold promise
as a therapeutic approach for AFL [62]. In studies related to
liver fibrosis, the REV-ERB agonist SR9009 was found to be
effective in regulating autophagy and attenuating liver
fibrosis [85].

Neoplasms
The disruption of the circadian clock has been linked to a
range of human diseases, including cancer [21,86]. The
observed abnormal expression of clock genes in numerous
tumors is a consequence of overall changes in the cancer
cell transcriptome and could potentially enhance cancer cell
survival. Several studies have suggested that manipulating
clock-related proteins through pharmacological means could
serve as a promising approach in combating cancer [59,60].
REV-ERB is an important regulatory target in various
cancers and inflammatory diseases [87], and researchers
proposed the REV-ERB-specific agonist SR9009 as a first-
line/second-line treatment for small cell lung cancer. The
specific mechanism of SR9009 is to activate REV-ERBα,
which in turn regulates the core autophagy gene ATG5,
affects autophagy, and produces cytotoxicity in SCLC cells
[57]. Similar studies (including SR9009 and SR9011) have
also been validated in various benign and malignant tumors
such as glioblastoma, leukemia, breast cancer, colon cancer,
and melanoma [45]. In addition to this, certain researchers
have explored the concurrent dual suppression of REV-
ERBβ and autophagy as a novel pharmacological strategy to
elicit cytotoxicity in malignant cells [84]. The suppression of
the circadian gene CLOCK has been observed to counteract
cisplatin resistance in SKOV3/DDP cell lines of ovarian
cancer by modulating the expression of autophagy-

AUTOPHAGY AND CIRCADIAN RHYTHMS 39



associated resistance genes. Consequently, CLOCK genes hold
promise as a prospective therapeutic target for drug-resistant
ovarian cancer [69].

Reproductive system disorders
Polycystic ovary syndrome (PCOS) is an endocrine disorder
characterized by a multifaceted pathophysiology and
frequently leading to infertility due to anovulation in
women. Researchers have observed disturbances in circadian
rhythms in individuals with PCOS. In PCOS mouse models,
an intervention utilizing the REV-ERBα/β agonist SR9009
effectively improved follicular dysplasia by stimulating the
generation of new mitochondria and suppressing autophagy.
These findings highlight the potential of SR9009 as a
therapeutic agent for managing PCOS [61]. The rhythmic
expression of CLOCK genes was observed in rodent ovarian
tissue and granulosa cells. The study revealed that core clock
genes (BMAL1, PER2, and REV-ERB) and autophagy-related
gene (ATG5) displayed rhythmic expression patterns within
a 24-hour period in mouse ovaries and primary granulosa
cells. The clock genes affect granulosa cell function by
regulating granulosa cell autophagy through REV-ERB-
mediated ATG5 inhibition [88].

Summary

Autophagy exhibits rhythmic activation in a clock-dependent
fashion within the physiological state of the organism, thereby
exerting an influence on circadian rhythms through the
degradation of circadian proteins [41]. Recently, many
studies have demonstrated that disturbances in the
regulatory relationship between autophagy and circadian
rhythms can lead to disease development [89–91]. At
present, the mechanism of the regulatory relationship
between the two is not fully clarified, and its impact on the
disease may involve all aspects, such as inflammation,
oxidative stress, aging, and dysfunctional synthesis and
secretion. This review discussed the interaction and
mechanism between autophagy and circadian rhythm,
introduced the molecules affecting autophagy and circadian
rhythm, and summarized the related diseases, targets, and
drugs.

Maintaining a certain autophagy rhythm enables regular
clearance of damaged material from cells. Autophagy assumes
a crucial function in the growth, development, and
physiological functioning of the body [92,93]. Perturbation
of this intricate mechanism results in the accumulation of

TABLE 1

Diseases and genes related to the reciprocal regulatory relationship between circadian rhythms and autophagy

Disease Circadian
rhythms
genes

Regulated genes Regulation
consequence
(up/down)

Organism/cell culture References

Atherosclerosis CLOCK Beclin-1/ATG6 Up Vascular smooth muscle cell [66]

Cardiovascular diseases
associated with hypoxia

CLOCK Beclin-1/ATG6,
LC3/ATG8

Up HUVECs [64]

Ischemia-reperfusion
injury in Diabetic brains

BMAL1 Beclin-1/ATG6,
LC3/ATG8 and
ATG14

Up Streptozotocin-induced diabetic mice and
high-glucose-cultured HT22 cells

[68]

Myocardial ischemia/
reperfusion (I/R) injury
in diabetes

BMAL1 LC3/ATG8 Up Diabetic rats [67]

Myocardial I/R NPAS2 AKT/mTOR Down Myocardial I/R rats [74]

Myocardial ischemia CLOCK Beclin-1/ATG6,
ATG7 and
ATG14

up CLOCK Δ19/Δ19 mouse of myocardial
ischemia

[75]

Alcoholic fatty liver REV-ERBα LC3/ATG8 Down EtOH-fed mice and EtOH-treated L-02 cells [62]

Type 2 diabetes mellitus
(T2DM)

REV-ERBα LC3/ATG8 Down INS-1E cells/ primary human β-cells/ [63]

Liver fibrosis REV-ERBα ATG5/12, ATG7
and ATG16

Down hepatic stellate cells [85]

Cancer REV-ERBα ULK1, ATG7,
ULK3 and
Beclin1/ATG6

Down Cancer cells derived from different tumor
types, namely brain, leukemia, breast, colon,
and melanoma

[45]

Follicular atresia REV-ERBα ATG5 Down Granulosa cells [88]

Polycystic ovary
syndrome

REV-
ERBα/β

LC3/ATG8 Down Granulosa cells [61]

Ovarian cancer CLOCK LC3/ATG8 Up SKOV3/DDP Cell [69]
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aberrant cellular constituents, thereby instigating pathological
manifestations within the cells and the organism as a whole
[94–96]. Rhythmic dysregulation of autophagy has been
implicated in the cellular accumulation of misfolded
proteins, resulting in alterations in membrane permeability,
increased production of reactive oxygen species (ROS), and
the degradation of mitochondria and DNA. These processes
ultimately contribute to the development of metabolic
disorders, neurodegenerative conditions, and the aging
process [97,98]. The circadian regulation of autophagy is
believed to play a crucial role in preventing the buildup of
abnormal cellular components, which are known to be key
factors in the pathogenesis of specific diseases.

Despite the limited number of studies investigating the
regulation of circadian rhythm through autophagy, it is
noteworthy that this process forms a reciprocal relationship,
commonly referred to as a “feedback loop,” with the
regulation of autophagy by the aforementioned rhythmic
genes. Moreover, this intricate interplay assumes a pivotal
role in numerous physiological and pathological processes
[13,78]. For example, lysosomes in macrophages selectively
degrade circadian proteins such as BMAL1, CLOCK, REV-
ERBα, and CRY1 [18]. The dynamic balance and reciprocal
interaction between the key transcription factors (TFEB/
TFE3 and REV-ERBα) regulating autophagy may be
responsible for the regulation and oscillations of autophagy
and metabolic genes in the diurnal cycle [51]. CMA can
remove clock proteins and remodel circadian rhythms by
selective autophagy. Most clock proteins such as BMAL1,
CLOCK, REV-ERBα, CRY1, and RORα carry pentapeptide
motifs for lysosomal targeting of CMA, and CMA
obstruction can lead to circadian rhythm disturbances in
mice and alter the cycling properties of circadian rhythms
[77]. The discovery of “clockophagy” has highlighted the
importance of autophagy for circadian rhythm regulation [81].

In conclusion, the feedback loop formed by the close
coupling of autophagic protein degradation and the
biological clock plays an important role in the processes of
growth and development, maturation and aging, and
physiological and pathological processes. This interaction
can reshape intracellular protein composition and normal
cell function and maintain metabolic homeostasis. In
addition, it can also affect the occurrence and development
of diseases by regulating cellular inflammation, oxidative
stress, cell degeneration, and other processes. The
prevalence of circadian rhythm disruptions is on the rise in
contemporary society. The incongruity between external
stimuli and the internal circadian clock results in the
perturbation of the biological timekeeping system.

Outlook

The advent of modern electronic devices, such as smartphones
and computer screens, exposes individuals to nocturnal light
exposure, thereby inducing desynchronization of their
intrinsic circadian rhythms. The emission of short-
wavelength light by these electronic devices constitutes a
significant contributing factor, which has been associated
with the development of metabolic syndrome and the

manifestation of sleepiness. Furthermore, sleep disruption
and engagement in shift work are considerably
consequential occurrences that can engender an augmented
susceptibility to cardiovascular disease [99,100].

In future scientific research, the following several
directions may be the focus of study. Firstly, further elucidate
the molecular mechanisms of interaction between circadian
rhythm and autophagy. Currently it is still not fully clear
how circadian clock genes and autophagy genes regulate each
other at the molecular level. More research is needed to map
out the detailed signaling pathways and feedback loops.
Secondly, explore how disruption of circadian-autophagy
interaction contributes to disease development. Studies can
investigate whether and how conditions like metabolic
disorders and neurodegeneration are linked to deregulation
of this interaction. This can provide new insights into disease
pathogenesis. Thirdly, develop circadian-autophagy dual
targeting therapeutic strategies. Based on understanding the
interaction mechanism, researchers can design treatments
that modulate both circadian rhythm and autophagy for
better treatment of diseases found to involve disrupted
interaction between the two processes.

Conclusion

Conducting a thorough investigation into the correlation
between autophagy and circadian rhythms will facilitate an
enhanced comprehension of various ailments, such as
cancer, neurodegeneration, aging, and metabolic disorders.
Although numerous investigations have been conducted in
cellular and animal models, limited advancements have been
achieved in clinical trials. Future work should focus on
elucidating the complex regulatory relationship in diseases,
especially the impact of specific external factors (e.g.,
inflammatory microenvironment) and mechanical signals
(e.g., cell environment) on the related mechanisms. Gaining
insights into the underlying mechanism governing the
interplay between autophagy and circadian rhythm holds
the potential to yield novel therapeutic approaches for the
management of diseases in clinical application.
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