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Abstract—Circadian rhythms ensure the synchronization of the physiology of cells and tissues in accordance
with daily changes in the environment. These rhythms are maintained by transcriptional oscillators located
in various organism cells. One of the rhythm sensors for the circadian clock is the intake of nutrients, this syn-
chronizer is especially important in peripheral tissues. With age, the work of both the central and peripheral
clock is disturbed. In old age, the amplitude of rhythms decreases and the peaks of expression of clock genes
shift. Such changes affect not only the circadian, but also other rhythms. Promising ways to maintain circa-
dian rhythms are a variety of dietary patterns, including both calorie restriction, well known for its ability to
prolong the lifespan of laboratory animals, and time-restricted feeding. It is now known that intracellular
metabolic sensors are also involved in regulation of the circadian clock. Among these sensors, it should be
especially noted AMPK, which coordinates many catabolic and anabolic processes and participates in the
implementation of the effect of calorie restriction. It is assumed that non-drug modulation of AMPK activity
will not only help fight metabolic disorders, but also maintain circadian rhythms. The review considers the
role of AMPK and some other metabolic sensors in the regulation of the circadian clock.
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INTRODUCTION
Circadian rhythms help the body adapt to the

day/night cycle, providing synchronization of cell and
tissue physiology in accordance with diurnal environ-
mental changes. Due to such synchronization, a
coherent temporal organismal physiology is estab-
lished [1, 2]. The circadian clock is based on a com-
plex network of transcriptional oscillators regulated by
transcription–translation feedback loops.

The circadian clock mechanism of mammals
involves the central and peripheral clocks. The central
clock coordinates not only physiology but also behav-
ior in accordance with the light–dark regime; it is
localized in the suprachiasmatic nucleus (SCN) of the
hypothalamus and synchronized by light stimulus
through the retinohypothalamic tract. Peripheral
clocks are present in almost all cells and tissues; their
main rhythm sensor (Zeitgeber) is the intake of nutri-
ents [3]. Additional rhythm sensors for the circadian
clock are temperature, physical activity, and hormonal
regulation [4, 5].

At a later age, the functioning of the circadian clock
is disrupted: there are shifts in the peaks of clock gene
expression, impaired synchronization in peripheral
tissues, decay of the rhythm amplitude, etc. [6, 7]. The
behavioral and molecular changes developing as a
result of such deterioration contribute to further
aggravation of age-related disorders [1]. Disorganiza-
tions of oscillation of circadian gene expression are
observed not only in the experiments with animals and
the studies involving humans, but also in the works
with cell cultures [3, 8], because even individual cells
contain self-sustaining cell-autonomous oscillators.

Abbreviations: AMPK, 5'-AMP-activated protein kinase;
BMAL1, brain and muscle ARNT-like 1; CaMKKβ,
Ca2+/calmodulin-dependent protein kinase kinase β; CCG,
clock-controlled genes; CKIε, casein kinase 1ε; CLOCK, circa-
dian locomotor output cycles kaput; CRY, cryptochrome;
FBXL3, F-box and leucine-rich repeat protein 3; FOXO, fork-
head box protein O; IGF-1, insulin-like growth factor 1; LKB1,
liver kinase B1 (serine/threonine kinase 11, STK11); PER,
period; NR1D1, nuclear receptor subfamily 1, group D, member 1
(REV-ERB-α); NR1D2, nuclear receptor subfamily 1, group D,
member 2 (REV-ERB-β); PARP1, poly(ADP-ribose)poly-
merase 1; RORα, retinoic acid-related (RAR)-related orphan
receptor α; SIRT1, sirtuin (silent mating type information regu-
lation 2 homolog) 1; TAK1, transforming growth factor β-acti-
vated kinase; TSC1/2, tuberous sclerosis complex 1/2; mTOR,
mammalian target of rapamycin; ULK1, Unc-51 like autophagy
activating kinase; SCN, suprachiasmatic nucleus.
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Nutrition plays an important role in synchroniza-
tion of at least peripheral clocks (especially in the
liver). At the same time, calorie restriction is a proven
way to slow down aging. Nutrient sensors affect the
signaling pathways that are not only related to aging
[9] but also involved in the regulation of circadian
rhythms. Among such sensors, we should take partic-
ular note of the sensors with a large number of targets:
SIRT1, IGF-1, PARP1, FOXO, AMPK, and the
mTOR complex. In view of the above, circadian clock
modulators and participants of nutrient-sensing sig-
naling cascades capable of activating and deactivating
the clock mechanism can potentially be used to slow
down aging and to eliminate its negative conse-
quences. AMPK seems to be one of the most interest-
ing sensors as it has a systemic effect and is involved in
implementation of the effect of calorie restriction. By
phosphorylating multiple targets, it provides the adap-
tation of both individual cells and whole organism to
nutrient deficiencies.

CIRCADIAN RHYTHMS

The major elements of the circadian clock mecha-
nism in mammals—BMAL1 (brain and muscle
ARNT-like 1) and CLOCK (circadian locomotor out-
put cycles kaput)—form a heterodimeric complex
activating production of the following proteins: Period
(PER) 1, 2 and 3 and Cryptochrome (CRY) 1 and 2.
Once the PER and CRY concentrations have reached
critical values, they form heterotypic complexes and,
after migrating into the cell nucleus, inhibit the
CLOCK–BMAL1 complex. When PER and CRY
concentrations fall, the inhibition of the BMAL1–
CLOCK complex is eliminated, followed by initiation
of a new transcription cycle, with each cycle taking
approximately 24 hours.

In addition to the Per and Cry genes, the CLOCK–
BMAL1 complex controls the rhythmic transcription
of the so-called clock-controlled genes (CCG) and
many other genes [10, 11], providing oscillatory regu-
lation of various biological functions. BMAL1 oscilla-
tions are also regulated by other participants. Its
expression is activated by the group of retinoic acid-
related orphan receptors (ROR) and inhibited by
nuclear receptor subfamily 1, group D, member 1
(NR1D1, or REV-ERB-α) and 2 (NR1D2, or REV-
ERB-β).

Posttranslational modifications such as phosphor-
ylation and ubiquitination also play an important role
in regulation of the molecular circadian clock. For
example, casein kinase 1ε (CKIε) regulates the activity
of PER–CRY dimers. Recognition of the targets for
subsequent proteasomal degradation of PER and CRY
is regulated by ubiquitin ligases, e.g., FBXL3 (F-box
and leucine-rich repeat protein 3) [12].
AGE-RELATED CIRCADIAN
RHYTHM DISORDERS

Deviations in the circadian rhythm are associated
with various pathologies, including not only sleep dis-
orders but also eating disorders, inflammation, mental
disorders and age-related diseases such as obesity, type 2
diabetes mellitus, and Alzheimer’s disease. For exam-
ple, social jetlag (discrepancies between the biological
circadian clock and the social clock) has been shown
to increase the risk of type 2 diabetes and metabolic
syndrome [13].

The development of sleep disorders is promoted by
the high level of city illumination at night, electronic
devices, night and shift work, as well as age-related
changes. All these factors disrupt the finely tuned
mechanism of circadian rhythms. In different animal
species it has been shown that there is a negative rela-
tionship between lifespan and deviation of the internal
circadian rhythm from the real 24-hour rhythm [6].

Mutations in the Per gene of Drosophila lead to a
shorter lifespan, impaired protection against oxidative
stress, and high level of neuronal degeneration [14].
The Bmal1 gene deletion in mice as a result of homol-
ogous recombination leads to accelerated aging [15].
At the same time, transplantation of the pineal gland
from young to old mice [16] and transplantation of
fetal SCN cells to old hamsters [17] increase animals’
lifespan.

The patterns of expression of the clock genes in dif-
ferent tissues undergo age-related changes. The level
of expression of the Per gene decreases in wild-type
D. melanogaster [14]. There is a decrease in the total
expression of the Clock and Bmal1 transcripts in the
SCN of old mice [18] and golden hamsters [19]. The
transcripts of more than 1000 genes with the circadian
rhythm in expression, which have been identified in
the human prefrontal cortex, are characterized by age-
related changes in rhythmicity or exhibit their rhyth-
micity at a particular age (e.g., transcription of some
genes becomes rhythmic at a later age, and the authors
believe it to be a compensatory response) [20]. As
regards the main circadian genes, the rhythms of
PER1, PER2, and CRY1 expression change in people
aged over 60 compared to 40-year-old people: CRY1
expression becomes arrhythmic and the peak expres-
sion of PER1 and PER2 shows a phase shift to an ear-
lier time; in some cases, the amplitude decreases.
Thus, age-related disorders of expression of the circa-
dian rhythm genes develop in central clocks.

AMPK AND ITS ROLE IN METABOLISM, 
AGING, AND REGULATION
OF CIRCADIAN RHYTHMS

AMPK is a serine/threonine protein kinase, which
responds to energy deficiency and triggers a wide
range of reactions aimed at slowing down anabolic and
accelerating catabolic reactions. It is activated when
ADVANCES IN GERONTOLOGY  2024
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the AMP and ATP level increases and decreases,
respectively. The AMPK heterotrimer is composed of
a catalytic alpha subunit (α1 or α2) and two regulatory
subunits: beta (β1 or β2) and gamma (γ1, γ2 or γ3).
There are 12 possible variants of the heterotrimer; it is
assumed that specific composition of the subunits
allows different complexes to respond to different
types of stress stimuli [21]. In the inactive state, the
α-subunit interacts with its own autoinhibitory
domain, and its activation requires AMP binding to
the gamma-subunit [22]. There are several kinases
that can activate AMPK by direct phosphorylation:
LKB1 (liver kinase B1), CaMKKβ (Ca2+/calmod-
ulin-dependent protein kinase β), and TAK1 (trans-
forming growth factor β–activated kinase) [23].

AMPK is an important regulator of energy homeo-
stasis at the intersection of different metabolic path-
ways [22, 24]. It is involved in autophagy and in the
effect of calorie restriction; many age-related patholo-
gies are associated with the impairment of its regula-
tory role. AMPK activation can suppress inflamma-
tion and stimulate mitochondrial function, which
allows this kinase to be used not only in the treatment
of metabolic disorders (obesity, type 2 diabetes, car-
diovascular diseases), but also to become a potential
tool for the correction of kidney diseases, neuromus-
cular disorders, and even Alzheimer’s disease [23].

The reciprocal regulation of AMPK and the circa-
dian clock probably plays an important role in the
diurnal rhythms of metabolism [25]. AMPK was ini-
tially shown to regulate the circadian clock by phos-
phorylation and CRY degradation [10]. CRYs are blue
light receptor proteins, but their function is not con-
fined to photoreception; they can also be magnetore-
ceptors and photolyases [26]. Lamia et al. [10] report
on one more role of CRY, now as a chemical energy
sensor, which allows this protein to perform nutrient
signal transduction to the circadian clock in peripheral
organs of mammals. At the same time, AMPK phos-
phorylates serines evolutionarily conservative in all
cryptochromes, which act as transcriptional repressors
and are absent in those functioning as blue light pho-
toreceptors [10, 25].

AMPK can also indirectly destabilize PER2
through phosphorylation of CK1ε [25, 27]. In addi-
tion, the composition of subunits comprising the het-
erotrimeric complex of AMPK varies depending on
the time of day, which potentially may also be a way to
regulate the diurnal rhythms of metabolism [25].

OTHER PARTICIPANTS OF METABOLIC 
PROCESSES INVOLVED
IN THE REGULATION

OF CIRCADIAN RHYTHMS
mTOR

The mTOR complex coordinates nutrient supply
with growth and development processes. Different
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model gerontological objects have shown hyperactiva-
tion of this complex in old animals; hence, its inhibi-
tion with rapamycin usually increases their lifespan
[28, 29]. The activity of mTOR is opposite to that of
AMPK; therefore, the inhibition of mTOR with rapa-
mycin or the activation of AMPK with metformin are
ones of the most popular life-extending agents in
gerontological studies. Both drugs are considered to be
the so-called calorie restriction mimetics [30].

The mTOR pathway activity undergoes circadian
oscillations [31]. mTOR regulates the proteostasis of
BMAL1, affecting its translation, degradation and
subcellular localization. Impaired regulation of
BMAL1 is one of the hallmarks of activated mTOR.
The inhibition of mTORC1 with rapamycin increases
the lifespan of Bmal1–/– mice by 50% [32]. Heterozy-
gous mutations in the orthologs of Tsc1/2 (Tuberous
sclerosis complex 1/2) in Drosophila neurons or mTOR
in mice can result in circadian arrhythmia [33]. In the
mathematical model of Sadria and Layton [5], circa-
dian rhythms cause oscillations in the levels of
mTORC1 phosphorylation. BMAL1 and PER2
inhibit mTORC1, and phosphorylation of mTORC1
increases the level of BMAL1. According to the
model, the phase difference between the phosphoryla-
tion of mTORC1 and the synthesis of Bmal1 mRNA is
about 9 hours.

SIRT1
Aging is associated with the decrease in the cellular

concentration of NAD+ and, as a consequence, with
the reduced expression of Sirt1, for which NAD+ is a
co-substrate at the transcriptional and translational
levels [5, 35]. The NADH level increases with age,
leading to a decrease in the NAD+/NADH ratio and
in the redox state of total NAD [36].

SIRT1 is related to AMPK activation as it deacetyl-
ates LKB1. The Sirt1 knockout in mice contributes to
manifestation of premature aging and decreased lifes-
pan, with activity rhythm disturbance similar to those
in old wild-type mice [37–39].

SIRT1 deacetylates BMAL1 in the CLOCK–
BMAL1 complex and PER2 in the PER2–CRY1
complex [40–43]. Age-related suppression of SIRT1
accounts for the decrease in the amplitude of different
rhythms controlled by CLOCK–BMAL1. Resveratrol
can potentially compensate for the age-related loss of
SIRT1 and restore the suppression of the PER2–
CRY1 complex [44]. Interestingly, it has been shown
in peripheral blood mononuclear cells that resveratrol
either has or has no effect on the AMPK pathway
depending on age [45].

The inhibition of AMPK with dorsomorphin
(compound C) significantly decreases the expression
of SIRT1 and phosphorylated AMPK; at the same
time, cardioprotection induced by the combination of
melatonin and sitagliptin disappears [46]. These
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results suggest that melatonin regulating circadian
rhythms can promote postischemic cardiac recovery
in old diabetic rats by increasing the activity of the
AMPK/SIRT1 pathway.

PARP1
PARP1 (poly(ADP-ribose)polymerase 1) is involved

in the regulation of different biological processes,
including DNA repair, differentiation, proliferation,
apoptosis, etc. PARP activity correlates with the age of
animals and species-specific lifespan; it also exacer-
bates some pathological states, inter alia, age-related
disorders such as Alzheimer’s disease and type 2 dia-
betes [47].

PARP1 ribosylates CLOCK when interacting with
the CLOCK–BMAL1 complex [48]. PARP1–/–

knockout mice demonstrate the changes in gene
expression levels in the liver and diurnal rhythms in
motor activity [25]. There is supposed to be a func-
tional interaction between PARP1 and SIRT1 as
NAD+-dependent proteins aimed at linking metabolic
signaling to circadian clock regulation [49, 50]. The
relationship between PARP1 and AMPK within the
framework of circadian rhythm regulation has yet been
poorly studied; however, analysis of the protective
effect of biguanides on the cardiovascular system has
shown that they exert a favorable effect on the vascu-
lature due to the inhibition of PARP1 activity through
its phosphorylation by AMPK [51]. It is probable that
a similar mechanism underlies the regulation of circa-
dian rhythms.

CALORIE RESTRICTION AND OTHER 
DIETARY MODIFICATIONS

Circadian and metabolic pathways are rather
closely intertwined [52, 53]. The Per2 deficiency alters
lipid metabolism in the liver of mice and stimulates
differentiation of fibroblasts into adipocytes. PER2
acts via the nuclear receptor PPARγ playing an
important role in adipogenesis [52]. PER3 also has an
effect on PPARγ, because the Per3 knockout leads to
an increase in the fat mass and a decrease in the mus-
cle mass of mice [54]. The mice with the Per1/Per2
double knockout maintained on a high-fat diet
demonstrate abnormalities not only in the circadian
rhythm but also in drug metabolism, cell cycle, lipid
metabolism, and in the pathways associated with can-
cer [55]. It should be noted that many of the parame-
ters analyzed in the present work (including the num-
ber of differentially expressed circadian genes) were
also impaired in wild-type mice fed with a high-fat
diet.

Dietary adaptations are important not only for
multicellular animals but also for unicellular organ-
isms. For example, the presence of the functional circa-
dian clock has a significant effect on the adaptation of
Neurospora crassa to long-term glucose starvation [56].
As mentioned previously, calorie restriction is the
proven way to extend the lifespan for quite a number of
laboratory animals. In addition to calorie restriction,
there is another type of dietary intervention: time-
restricted feeding. It has been shown that mice fed
with a high-fat diet but only during the period of activ-
ity (with calorie intake equal to that of animals fed on
the same food ad libitum) demonstrate improvement
in the sensitivity to glucose and coordination of move-
ments, the absence of obesity, hyperinsulinemia and
inflammation, as well as more stable circadian
rhythms [57]. Imposed feeding rhythms with time-
restricted feeding increased the ratio of the peak to
minimum mRNA levels of circadian clock compo-
nents in the liver. In addition, the animals under this
dietary regimen demonstrated the signs of high
AMPK activity. At the same time, the animals fed ad
libitum demonstrated the impairment of total and/or
diurnal changes in active mTOR and AMPK and
attenuated oscillations of circadian clock components
(PER1, PER2, CRY1, BMAL1, CLOCK, RORα,
REV-ERBα) in the liver.

The feeding of nocturnal animals such as rats and
mice only in the daytime when they are inactive results
in desynchronization of the peripheral clock, its dis-
connection from the central clock [3] and, as a conse-
quence, disorders of lipid metabolism and obesity. For
example, the daytime feeding of mice induces leptin
resistance, increases the peak levels of insulin in
plasma, and increases the expression of lipogenic
genes (Scd1, Srebp1c, Acc1 and Fasn) compared to the
same parameters in animals feeding only at night [58].

It should be noted that the studies of the mecha-
nisms of circadian rhythms and the search of interven-
tions that could be used to correct their dysfunction
mostly involve standard laboratory animals living a
nocturnal lifestyle. Feeding and experimental manip-
ulations are usually performed in the daytime, which
cannot but influence the physiology of studied ani-
mals. Despite the fact that laboratory facilities for such
studies are specially designed to ensure the specified
lighting cycle (i.e., to synchronize the active time for
animals with the time of work of the personnel) [59],
the results of such experiments still need to be inter-
preted with caution. For example, behavioral arousal
differently modulates the effect of light on SCN in
nocturnal and diurnal species [60]. In addition, it is
important to take into account the nocturnal chrono-
type of the most of laboratory mammals not only in
the studies devoted to circadian rhythms but also in
other experiments, especially in the study of metabolic
disorders: diabetes, metabolic syndrome, etc. Thus,
many factors should be taken into account when
choosing a model for the study of circadian rhythms
[61] and metabolism, as well as for the experimental
studies of aging [62–64]. First of all, it is necessary to
collect more information about the peculiarities of cir-
cadian rhythms in diurnal laboratory animals [65].
ADVANCES IN GERONTOLOGY  2024
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Different dietary regimens, along with physical
activity at certain times of the day, can probably be
used to correct deviations in circadian rhythms. In
humans, like in animals, eating later in the evening or
at night, as well as night shift work, results in circadian
clock disruption [66]. At the same time, it has been
shown that the timing of physical exercise with regard
to chronotype can alleviate disturbances of the circa-
dian rhythm in young men [13]. Probably, intermittent
fasting will be more relevant in this case than calorie-
restricted diet. Such interventions are now actively
investigated in humans. It has been found out, e.g.,
that intermittent fasting improves the body mass index
and arterial blood pressure, reduces the content of
prooncogenes and increases the levels of antitumor
and antidiabetic factors [67].

CONCLUSIONS

In conclusion, it should be noted that the bidirec-
tional relationship between circadian disorders and
metabolic pathologies creates a cyclic interrelation,
when rhythm has an effect on metabolic activity and
metabolism has an effect on rhythm [68]; on the other
hand, bidirectionality suggests that disorders can also
be corrected in two ways: either by hormonal effects
on the central clock or correction of its function using
different light regimens, or by normalization of circa-
dian rhythms using diets, specific nutritional regimens
and physical activity. Since almost all participants reg-
ulating the circadian clock mechanism have a whole
range of targets, we believe that the pharmacological
methods of intervention are less promising than phys-
iologic methods. From this perspective, AMPK still
seems to be one of the most attractive targets. We sug-
gest that nonpharmacological modulation of AMPK
activity may be used not only to correct the rhythm but
also to delay the development of age-related patholo-
gies.
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