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Abstract

The circadian clock and its inherent rhythms serve as the foundation for regulating many
of the body’s vital processes. Recent advances in medicine have leveraged these natural
cycles through chronotherapy, the practice of timing drug administration to align with the
body's internal clock, to enhance treatment outcomes. Endogenous clocks not only dictate
physiological rhythms but also influence how drugs are absorbed, distributed, metabolized,
and excreted, thereby affecting both their therapeutic efficacy and potential toxicity. When
these circadian rhythms are disrupted, the resulting imbalance has been linked to a range
of disorders, such as cancer and cardiovascular diseases, highlighting the growing need
for time-sensitive therapeutic strategies. Technological breakthroughs, including wearable
sensors, digital health platforms, and sophisticated machine learning techniques, now allow
for continuous, real-time monitoring of circadian biomarkers, which in turn helps optimize
treatment regimens. In oncology, for example, synchronizing chemotherapy, cardiovascular
therapy, immunotherapy and anti-inflammatory drugs with the patient’s circadian cycle has
been shown to enhance drug effectiveness and improve tolerability. Moreover, observed
sex-based differences in circadian drug responses emphasize the importance of tailoring
drugs to individual patient profiles. Emerging research is also focusing on directly targeting
molecular clock components, showing potential for treating metabolic and oncological
conditions. However, fully integrating chronopharmacology into clinical practice will require
the development of standardized protocols, regulatory backing, and large-scale trials that
incorporate circadian biomarkers. Ultimately, merging circadian biology with therapeutic
strategies promises to optimize treatment efficacy, minimize side effects, and enhance
patient outcomes. Future studies must address inter-individual variability, sex differences, and
circadian misalignment to fully harness chronotherapy’s potential in personalized medicine.
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Introduction

Intrinsic biological cycles, termed circadian rhythms, generally
align with a 24-hour period, though variations ranging from 20
to 28 hours have been documented [1]. These rhythms originate
from genetic molecular clocks operating autonomously within
individual cells. Central to their regulation is the hypothalamic
pacemaker named suprachiasmatic nuclei (SCN), responsible
for synchronizing internal rthythms with external environmental
cycles [2]. Significant inter- and intra-individual variability in these
rhythms necessitates precise monitoring to determine optimal
drug administration windows [3, 4]. Emerging research also
underscores sexual dimorphism as a critical modulator of circadian
regulation, influencing pharmacokinetics (absorption, distribution,
metabolism, excretion) and pharmacodynamics (especially
toxicity) processes across molecular, tissue, and systemic
levels [5]. While external time cues (e.g., light-dark cycles)
help align the circadian timing system, integrating molecular
and physiological assessments of the circadian timing system
is vital for understanding how circadian phases influence drug
responses at the individual level [6]. Notably, disrupted circadian
biomarkers independently correlate with adverse outcomes in
cancer, highlighting their prognostic value [7]. The integration
of wearable devices, digital platforms, and machine learning has
revolutionized the real-time tracking of circadian biomarkers,
enabling automated analysis of patient data [8, 9]. Breakthroughs
in omics-based algorithms now permit the prediction of molecular
clock activity in both healthy and diseased tissues using single-
timepoint biopsies, propelling chronotherapy towards precision
medicine [10]. Systems medicine approaches enable the replication
of molecular mechanisms governing drug chronopharmacology
across preclinical models and human populations [11, 12]. Here,
we explore recent progress in chronopharmacology, particularly
in therapies alleviating cancer burden, improving cardiovascular
health and promoting immune function. We also discuss sex-
specific variations in chronotherapy, a strategy that optimizes
treatment timing relative to circadian cycles to enhance therapeutic
outcomes and reduce side effects. In addition, we discuss
therapeutic targeting of molecular clock mechanisms and its
implications for personalized medicine. By harmonizing circadian
biology with therapeutic strategies, these advancements pave the
way for tailored interventions that align with individual circadian
profiles, optimizing efficacy and safety.

Circadian clock and rhythms

At the core of the body's circadian regulation lies the SCN, a
cluster of neurons and glial cells within the hypothalamus that
functions as the central pacemaker. These cells generate rhythmic
oscillations close to 24 hours, yet external environmental factors,
such as light-dark transitions and social interactions, fine-tune them
to align precisely with a 24-hour cycle (Figure 1) [13]. Through its
regulation of physiological rhythms, including hormonal release
and temperature fluctuations, the SCN synchronizes peripheral
circadian clocks throughout the body. Every cell contains its
own molecular clock of almost 15 interdependent genes arranged
in self-regulating feedback loops that maintain intracellular
circadian cycles [14]. However, when external cues or internal
coordination are diminished, variations can emerge in the timing,
intensity, and duration of circadian oscillations at the cellular
level [15, 16]. Disruptions to environmental exposures affecting
circadian rhythms, have been implicated in the development of
chronic diseases due to the misalignment of molecular clocks
with physiological processes (Figure 1) [17, 18]. For instance,
meal timing influences liver clock activity by affecting insulin
and glucagon secretion, while rhythmic food intake independently
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governs the expression of numerous clock-controlled genes,
overriding the liver’s endogenous rhythmicity [19]. Extensive
genome-wide studies indicate that circadian rhythms are deeply
embedded in critical cellular activities, governing processes from
chromatin remodeling to gene transcription, and from protein
synthesis to their modifications at post-translational level [20].
It is estimated that in male mice, roughly 8000 protein-coding
genes exhibit expression patterns aligning with circadian rhythms
across at least one of the 12 analyzed organs [21]. Consequently,
intracellular mechanisms responsible for metabolism, cell
proliferation, repair, and survival operate in a time-dependent
manner [1]. Notably, sex-based differences in circadian regulation
have been observed, particularly within the SCN, where distinct
patterns of sex hormone receptor expression influence overall
circadian system function [22]. For example, female rodents tend
to exhibit higher-amplitude oscillations in transitioning from rest
to activity, and temperature fluctuations compared to men [22].
Furthermore, sex-dependent differences have been documented in
circadian gene expression and the downstream pathways regulated
by these molecular clocks, with implications for both mice and
humans [23, 24].

Circadian rhythm-regulated pharmacokinetics and toxicity

Over the past few decades, research has increasingly emphasized
the role of circadian rhythms in pharmacokinetics (absorption,
distribution, metabolism, excretion) and toxicity, particularly
in relation to drug efficacy and tolerance [25, 26]. Circadian
regulation plays a critical role in drug metabolism, particularly
through its effects on cytochrome P450 enzymes (CYPs) and ATP-
binding cassette (ABC) transporters. Research has demonstrated
that the molecular clock governs the rhythmic transcription
of these enzymes and transporters in the intestine, leading to
significant fluctuations in their activity throughout the day [27,
28]. A meta-analysis has further supported that Abcg2, Abccl,
and Abcc5 exhibit thythmic mRNA fluctuations Abcc5 across
14 different mouse organs. Strong circadian variations have been
observed in SLC drug transporters as well (Figure 1) [29]. The
liver's uptake of xenobiotics is partly regulated by circadian-
controlled SLC transporters. Similarly, xenobiotic uptake into
the brain fluctuates throughout the day in male mice, driven
by circadian rhythms [30]. Circadian rhythms are fundamental
regulators of phase I metabolic processes such as oxidation,
reduction, and hydrolysis, which are primarily mediated by CYP
enzymes [31, 32]. Additionally, phase II detoxification pathways
in the liver and intestines of rodents are influenced by circadian
fluctuations, largely controlled by key clock-regulated transcription
factors [33]. Despite well-documented sex-based differences in
drug metabolism and therapeutic effects, the extent to which sexual
dimorphism influences circadian regulation of pharmacokinetics
and toxicity remains largely underexplored [34]. Differences
in body composition contribute to sex-based variations in drug
distribution. Because women generally have a higher proportion of
body fat, lipid-soluble drugs, such as benzodiazepines, tend to have
a larger volume of distribution in females. Conversely, men, who
typically possess greater lean body mass, exhibit a larger volume
of distribution for drugs [35]. Sex differences have been observed
in the circadian regulation of ABC transporters as well. For
example, in the ileum mucosa of mice, both mRNA and protein
expression levels of Abcc2 follow distinct circadian rhythms
in males and females. These fluctuations influence intestinal
tolerability to irinotecan, a topoisomerase I (TOP1) inhibitor [36].
Additionally, sex-based differences have been detected in the
circadian regulation of Abcbla and Abcblb, where females display
significantly greater circadian amplitudes in the mouse ileum
[37]. Moreover, in the kidneys, baseline Abcbla/lb expression is
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Figure 1. Circadian rhythm-regulated pharmacokinetics and toxicity. Circadian clock in primarily regulated by suprachiasmatic nuclei
(SCN), synchronizing the peripheral clocks throughout the body. Bmall and Clock are the master regulator of circadian rhythm throughout
the body leading rhythmic cellular function and responses. Disrupted environmental exposures such as sunlight, heat, sound, diseases and
treatment plans dysregulate circadian rhythms. In addition, sex-based differences also contribute to alterations in circadian rhythms. Different

pharmacokinetic and toxicity associated genes are tightly regulated by circadian clock, expression rhythmic expressions.

higher in females than in males [38]. Male mice, however, show
no detectable rhythmicity in renal Abcbla/lb mRNA or P-gp
protein levels [39]. In contrast, P-gp protein expression in the liver
follows a circadian pattern in females but not in males, suggesting
potential differences in the biliary excretion of xenobiotics
between sexes [37]. Sex differences are further reflected in
variations in drug-induced toxicity. For instance, the toxic effects
of acetaminophen and oxaliplatin differ between male and female
mice [40, 41]. Notably, female mice exhibit lower susceptibility to
acetaminophen toxicity, which has been attributed to their ability
to more rapidly replenish mitochondrial GSH following hepatic
depletion [42].

Circadian responses to chemotherapy

Cytotoxic drugs, which form the backbone of systemic cancer
treatment, belong to multiple classes designed to target rapidly
proliferating cells. The importance of synchronizing their
administration with circadian rhythms was initially identified in
studies on mice and rats treated with arabinofuranosylcytosine,
cyclophosphamide, doxorubicin, and cisplatin. These experiments
demonstrated that the timing of drug administration significantly
affected both its effectiveness and tolerability [3]. Subsequent
research has reinforced the idea that circadian fluctuations play
a crucial role in the efficacy and/or tolerability of more than 50
anticancer drugs [4]. While variations in blood pharmacokinetics
are observed based on when the drugs are administered, this alone
does not fully account for differences in tolerance and efficacy [3,
4]. Instead, circadian control over pharmacokinetics and toxicity

appears to be a primary factor [11]. The clinical implications of
circadian-timed chemotherapy have been evaluated for nearly 20
anticancer drugs across a range of malignancies [43]. A systematic
review analyzing data from 18 randomized trials assessed the
impact of chrono-modulated chemotherapy, where at least one
group received treatment timed according to circadian rhythms
[44]. Results indicated that chemotherapy aligned with circadian
cycles improved efficacy in three trials (17%) while maintaining the
same effectiveness in the remaining 15. Additionally, this approach
significantly reduced major toxicity in 11 trials (61%) and partially
reduced toxicity in two more (11%), with toxicity increasing
in only one study (6%) [45]. Platinum-based chemotherapy
agents, such as cisplatin, carboplatin, and oxaliplatin, have been
shown to reduce toxicity by up to threefold when administered
between ZT15 and ZT19, which corresponds to the midpoint of
their nocturnal activity phase (Figure 2) [3]. In clinical settings,
findings align with these preclinical observations, demonstrating
that administering these drugs in the afternoon or early evening
enhances tolerability across several cancers. Furthermore, this
timing either maintained or improved treatment efficacy [46,
47]. Emerging anticancer drugs are also under investigation for
their circadian-dependent effects. The organo-osmium complex
which induces apoptosis by generating reactive oxygen species,
has shown significant circadian variation in tumor inhibition in
preclinical studies. Specifically, hepatocarcinoma (Hepal-6)
tumors in male mice exhibited a 67% reduction when FY26 was
administered at ZT18, compared to only a 13% reduction at ZT6
[48].

To overcome resistance mechanisms, anticancer drugs
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are commonly administered in combination regimens. Both
experimental studies and clinical data suggest that each drug
should be delivered at best effective circadian phase [49].
Current research efforts focus on translational strategies aimed
at identifying factors that can stratify patients for chronotherapy,
including sex-based differences and circadian biomarkers, while
also incorporating systems medicine principles. For instance,
synchronized Caco-2 cell culture models have been employed
to investigate the molecular and cellular chronopharmacology
of irinotecan, a key drug in gastrointestinal cancer treatment
[27]. Studies have demonstrated that silencing Bmall abolished
the circadian fluctuations in irinotecan’s bioactivation to SN38,
its interaction with TOP1-DNA, and the subsequent induction
of apoptosis. Similarly, when Bmall and its molecular partner
Clock were either suppressed, knocked down, or mutated,
cyclophosphamide toxicity remained fixed at its most harmful
circadian phase in male mice [50]. These findings emphasize
the potential for artificial intelligence-driven models to integrate
experimental and clinical data, paving the way for personalized
chronotherapy [51]. Despite mounting evidence that chemotherapy
tolerability differs between sexes, no formal guidelines exist
for sex-specific drug dosing or scheduling [52]. Female patients
tend to experience greater adverse effects when receiving time-
unspecified doses of 5-FU and irinotecan compared to male
patients [53, 54]. Research suggests that sex-related differences
in cancer chronotherapy are becoming increasingly apparent,
largely due to clinical observations [55]. For instance, studies have
revealed that when 5-FU is administered at a constant rate, its
plasma concentration exhibits circadian variations, with women

Platinum therapy
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showing lower circadian amplitude in 5-FU clearance than men
[56]. Moreover, a study involving 210 patients demonstrated that,
in cases of diffuse large B-cell lymphoma, female patients, but
not male patients, had significantly improved survival rates when
rituximab, cyclophosphamide, doxorubicin and vincristine were
administered in the afternoon rather than in the morning [57].
Sex-based differences have also been confirmed in preclinical
models, particularly regarding irinotecan-induced systemic and
organ toxicities, as well as its plasma pharmacokinetics in mice.
Statistical modeling has identified the reciprocal transcriptional
dynamics of Rev-Erba and Bmall as key regulators of sex-specific
variations in response to irinotecan treatment [58]. Although
research in this area is still in its early stages, these findings are
consistent with clinical observations, highlighting the need for
further prospective studies to explore how sex and circadian
timing interact to refine cancer chronotherapy.

Circadian responses to cardiovascular therapy

The risk of acute thrombotic cardiovascular events is notably
higher in the early morning due to circadian fluctuations in
hemostasis and thrombogenicity [59]. Early clinical studies
observed significant circadian variations in anticoagulation levels
among thrombosis patients receiving continuous unfractionated
heparin infusions, with findings suggesting an increased
morning time rethrombosis risk and night time bleeding risk [60].
Circadian-dependent variations in both pharmacokinetics and
pharmacodynamics have also been observed for anticoagulants.
For instance, when rivaroxaban was administered at 8:00 AM, 12
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hours plasma concentrations were nearly half of those when taken
at 8:00 PM [61]. Similarly, ristocetin-driven platelet aggregation,
was significantly lower when taken at 8:00 AM, compared to
its effects when taken at 8:00 PM (Figure 2) [62]. These clinical
findings align with experimental evidence from male rats, where
factor X activity peaks during the early rest phase, specifically
at ZT4 [63]. Since blood pressure regulation follows a circadian
rhythm, antihypertensive drugs act on physiological pathways
that naturally fluctuate over a 24-hour period [11]. Disruptions in
this cycle have been associated with negative health consequences
[64]. Many antihypertensive drug targets are deeply integrated
into the mechanisms governing blood pressure oscillations [65].
These medications are generally prescribed once daily to ensure
stable blood pressure control throughout the day [66]. While no
specific guidelines dictate an optimal time for administration,
morning dosing is the most common approach [67]. However, a
systematic review evaluating 153 randomized trials comparing
morning versus evening administration consistently reported
better safety and efficacy outcomes when antihypertensives
were taken at night [65]. Similar patterns have been observed in
oncology, where dual therapy for blood pressure control is more
effective and better tolerated when administered in the evening
[65]. Individuals exhibiting a nondipping or riser blood pressure
pattern, where nocturnal blood pressure fails to decrease as
expected, may particularly benefit from nighttime antihypertensive
intake [68]. A notable exception to this trend is diuretics, which
increase urine output and, if taken before bedtime, may lead to
frequent nighttime urination, disrupting sleep and negatively
affecting overall health [69]. Given the widespread prevalence
of hypertension and its associated risks, a more personalized,
integrative treatment approach has been increasingly emphasized.
This involves considering factors such as lifestyle, coexisting
medical conditions, and organ-specific physiological differences
[70]. Statins are widely used to lower low-density lipoprotein
(LDL) cholesterol and reduce the risk of cardiovascular events
[71]. Research in rats has shown that hepatic expression of HMG-
CoA mRNA follows a circadian pattern [72], although additional
factors such as hormonal fluctuations and feeding-fasting cycles
also influence this process [73]. In humans, variations in circadian
timing systems and individual lifestyle habits may affect statin
efficacy at different times of the day. While evening administration
is generally recommended [66], no strong evidence indicating
significant clinical benefits based on dosage timing has been found
[74].

Circadian immune system

Circadian clocks are not limited to the central pacemaker and
peripheral tissues; immune cells themselves possess intrinsic
circadian rhythms [75]. Both innate and adaptive immune cells
harbor functional circadian machinery and their proliferation,
migration, and functional activity follows a circadian pattern. For
example, in healthy men, the total count of circulating lymphocytes
is nearly twice as high at 2:00 AM compared to 8:00 AM. In
contrast, circadian variations in NK and effector T cells follow a
different rhythm, peaking in the afternoon, whereas B cell levels
reach their highest concentration around 8:00 PM (Figure 2) [76,
77]. The SCN exerts control over immune cell rthythms through
neuronal and hormonal pathways, particularly via cortisol and
catecholamines, which regulate immune activity based on the time
of day [78]. Current investigations are focused on understanding
how sex differences, microbiome composition, and circadian
rhythms collectively shape immune responses and influence
pharmacological effects. A well-documented sex bias exists in
autoimmune disease prevalence [79] and susceptibility to severe
infections (49). Interestingly, studies in germ-free mice suggest
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that microbiome depletion can diminish this sex-based disparity,
modifying the incidence of conditions such as type 1 diabetes and
liver cancer [80]. Additionally, research indicates that circadian
rhythms in microbiota-host interactions are more pronounced in
females than in males [81]. The interaction between the circadian
timing system and the microbiome appears to be crucial in shaping
immune system development and function across the lifespan,
with potential applications in optimizing therapeutic strategies [82,
83].

Circadian responses to immunotherapy and anti-inflammatory
drugs

Medication timing plays a pivotal role in determining both its
therapeutic benefits and potential side effects, a concept particularly
evident in the use of immunotherapy and anti-inflammatory
drugs in both human patients and laboratory rodents [84]. Since
their regulatory approval in 2014, immune checkpoint inhibitors
have become a fundamental component of cancer treatment
[85]. Findings from several independent retrospective studies
have consistently revealed that patients experience enhanced
progression-free and overall survival when immune checkpoint
inhibitor infusions are scheduled in the morning or early in the
day [86, 87], with infusions given later in the day correlating
with poorer outcomes [88]. These observations highlight the
importance of precisely scheduling treatments according to
optimal circadian timings. Despite immune checkpoint inhibitors
possessing relatively long plasma half-lives [89], their pronounced
time-dependent efficacy underscores the significance of circadian
pharmacodynamics within tumors and their associated lymph
nodes. Experimental studies support this notion, revealing that T
lymphocytes fail to migrate efficiently from the bloodstream to
lymph nodes during the latter half of the nocturnal activity period
in mice, corresponding to the afternoon and evening in humans.
This suggests that immune checkpoint inhibitors administered
during these hours may exhibit reduced effectiveness due to
impaired immune cell trafficking. Although emerging evidence
indicates that efficacy of immune checkpoint inhibitor may vary
by sex [90], the interaction between sex and administration timing
remains unexplored. Recent research on everolimus has uncovered
sexually dimorphic circadian immune responses in mice with
males exhibiting a nearly threefold higher susceptibility compared
to females [91]. These results underscore the necessity for sex-
specific preclinical studies incorporating mechanistic insights to
refine immunotherapy strategies. Circadian rhythms also modulate
the immune response following vaccination [92]. Research has
demonstrated that vaccines administered in the morning elicit
more robust adaptive and trained immune responses, including
heightened antibody production, compared to those given in the
evening. This pattern has been observed with vaccines for Bacillus
Calmette-Guérin, influenza, and SARS-CoV-2 [93]. Similarly,
the pharmacokinetics of immunosuppressive medications
fluctuate according to circadian rhythms. In recipients of solid
organ transplants, morning administration of mycophenolate
mofetil leads to higher peak plasma concentrations (C_max) and
increased area under the curve (AUC 0-12h) values compared to
evening dosing. These findings suggest that adjusting the timing of
immunosuppressive therapy could enhance its efficacy [94, 95].
Chronopharmacological research has also reinforced the
beneficial impact of medication timing for the treatment of both
corticosteroids and nonsteroidal anti-inflammatory drugs. For
instance, in individuals with osteoarthritis, taking the sustained-
release version of indomethacin in the evening rather than in the
morning led to nearly four times lower toxicity and twice the
therapeutic efficacy [96]. Likewise, in patients with rheumatoid
arthritis, administering short-acting prednisolone around 2:00 AM
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genes involved in regulating circadian clock. This can help in devising optimized dosing time-based treatment plans as precision medicine.

was found to be most effective in reducing morning stiffness [97].
To improve adherence to treatment without requiring patients to
wake up for nighttime dosing, researchers developed a modified-
release formulation of prednisone. When taken at 10:00 PM, this
formulation delayed drug release by approximately four hours,
synchronizing with peak levels of circulating cytokines responsible
for joint stiffness [98, 99]. Similarly, methotrexate, an anti-
inflammatory dihydrofolate reductase inhibitor, showed superior
effectiveness in rtheumatoid arthritis patients when taken in the
evening compared to the conventional thrice-daily regimen [100].
Moreover, the relevance of circadian-based drug administration
is not limited to inflammatory diseases. Studies indicate that
aligning the timing of central nervous system—acting medications
with circadian rhythms can improve therapeutic outcomes in both
psychiatric and neurological disorders [101, 102].

Diagnosing circadian rhythms to tailor precision
chronopharmacotherapy

Given the substantial variation in circadian timing function
among individuals, shaped by factors such as sex, lifestyle, genetic
predisposition, and medical history, there is growing recognition
that personalized treatment strategies based on circadian cycles
may be more effective than generalized chronotherapy. Achieving
precision medicine in this context requires reliable diagnostic
tools capable of assessing circadian rhythm parameters at an
individual level. Chronotype questionnaires, which assess
personal preferences for activity and sleep timing, have revealed
significant differences based on age and sex [103]. One of the
most commonly used biomarkers for circadian phase is the dim

light melatonin onset (DLMO) test (Figure 3) [104]. However,
a comprehensive meta-analysis of 152 studies involving 4,397
healthy participants showed substantial variability in DLMO
timing between individuals, with no significant differences
detected between sexes [105]. Despite its reliability, practical
constraints, such as environmental, dietary, and pharmacological
factors, often limit the feasibility of DLMO testing in clinical
settings [106]. To overcome these challenges, alternative methods
for assessing circadian timing system are under development.
Machine learning algorithms have been employed to predict
circadian phase based on mRNA expression levels of core clock
genes such as Period homolog 2 (PER2) and REV-ERBf from a
single blood sample [107]. Moreover, transcriptomic models driven
by artificial intelligence can estimate molecular clock function
by analyzing RNA sequencing data from tissue biopsies [108].
Recent advancements in wearable sensor technology and remote
monitoring platforms have made it possible to continuously track
circadian biomarkers in real-world conditions. Devices that record
rest-activity patterns and body positioning have shown striking
inter-individual differences, sometimes as large as 12 hours, in
peak activity or body temperature rhythms, observed in both
healthy and diseased individual [109].

Targeting circadian clock as precision chronopharmacotherapy

The field of chronopharmacology is progressing rapidly,
particularly with the introduction of innovative pharmacological
agents designed to target molecular clock proteins [110]. These
compounds have the potential to optimize the timing of drug
administration by synchronizing it with the body’s natural
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circadian rhythms or restoring disrupted clock functions, ultimately
reducing disease susceptibility and improving chronotherapy.
The discovery of KL0O1 marked a significant milestone in this
field, as it was the first molecule found to modulate the molecular
clock by preventing CRY’s ubiquitin-dependent degradation,
thereby prolonging the circadian cycle [111]. This compound has
demonstrated antitumor effects by inhibiting the CLOCK-BMALI1
complex, leading to reduced glioblastoma proliferation in cell
cultures [112]. Additionally, KLOO1’s ability to stabilize CRY has
been linked to the suppression of gluconeogenesis in hepatocytes,
suggesting its potential therapeutic application for diabetes (Figure
3) [110, 113]. Since then, several CRY modulators have exhibited
hypoglycemic effects in diabetic mice [114]. More recently, M47, a
newly identified selective CRY1 destabilizer, has shown promising
pharmacokinetic properties and the ability to cross the blood-
brain barrier in mice [115]. In p53—/— cancer-prone mice, M47
treatment extended lifespan by 25% compared to control groups,
highlighting its potential as a therapeutic candidate for cancers
with mutations in p53 gene. CLKS8 has emerged as the only known
candidate capable of modulating the interaction between CLOCK
and BMALL [116]. By disrupting the nuclear translocation of
CLOCK, CLKS8 enhances the amplitude of circadian rhythms
without altering the overall length of the cycle. Given that reduced
circadian amplitude is associated with aging and various diseases,
compounds like CLKS8, which strengthen rhythmic oscillations,
could offer significant therapeutic advantages. A retinoic acid—
related orphan receptor (ROR) agonist, nobiletin, has also been
found to enhance circadian amplitude while extending the clock
period. This compound has also demonstrated beneficial effects
on metabolism and longevity in mice [117]. In the realm of REV-
ERB targeting compounds, GSK4112 was the first synthetic
agonist identified. This molecule has been shown to suppress
Bmall, inhibit gluconeogenesis, and decrease the secretion of the
pro-inflammatory cytokines. Additionally, SR9009 and SR9011,
originally developed as stenabolics, have been recognized as potent
REV-ERB agonists (Figure 3) [118]. Due to their widespread
impact on metabolic gene expression in various tissues, REV-
ERB agonists hold promise for treating sleep disorders, jet lag,
and metabolic conditions. Moreover, SR9009 and SR9011 have
exhibited selective cytotoxic effects against cancer cells. They have
also been shown to slow glioblastoma progression [119]. However,
a notable limitation of these compounds is their off-target affinity
for the liver X receptor a (LXRa), a key regulator of inflammation
and energy metabolism. To address this issue, newer compounds
have been developed, demonstrating greater selectivity for REV-
ERBa. Overall, despite the progress in developing molecules that
target the circadian clock and rhythms, many of these compounds
still face significant challenges in transitioning from in vitro
research to in vivo applications due to suboptimal pharmacokinetic
properties.

Conclusion and future prospects

Over the past 50 years, extensive research using laboratory
rodents has highlighted the critical role of circadian rhythms
in shaping drug responses across multiple pharmacological
categories. Moreover, growing evidence indicates that the timing
of drug administration significantly impacts both the efficacy
and tolerability of various medications in human patients.
Chronopharmacology is rapidly emerging as a key component
of precision circadian medicine and personalized chronotherapy.
One of the most significant advancements in this field has been
the recognition of sex-based differences in circadian regulation,
challenging the long-standing belief that the central timekeeping
system operates uniformly in both male and female mammals [104].
Despite these compelling findings, further large-scale randomized
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clinical trials are necessary to establish standardized guidelines
for incorporating circadian timing into routine medical practice.
Notably, despite the well-documented interplay between cell cycle
regulation and circadian clock, circadian-based evaluations have
not been conducted for the emerging class of cyclin-dependent
kinase 4/6 inhibitors [120]. This research gap presents a major
challenge in advancing the fields of chronopharmacology and
chronotherapy, hindering the clinical application of molecular
clock discoveries. The collective evidence emphasizes the urgency
for regulatory agencies, research institutions, funding bodies,
and the pharmaceutical and biomedical sectors to prioritize the
integration of chronopharmacology into clinical practice. Utilizing
physiological, hormonal, and molecular circadian timing system
biomarkers could enhance drug safety and efficacy by enabling
personalized medication schedules tailored to patients who
possess a well-regulated circadian timing system. In contrast,
individuals with a dysfunctional circadian timing system
tend to experience worse clinical outcomes and may require
behavioral, environmental, or pharmacological interventions to
restore circadian function and optimize chronotherapy results
[51]. Although preclinical studies have demonstrated circadian
influences on nearly all drug classes, additional clinical research
is required to investigate sex-based and inter- and intra-patient
variability in circadian timing system. Fully harnessing the
therapeutic potential of circadian drug response mechanisms
will likely depend on coordinated chronotherapeutic strategies
spanning in vitro experiments, rodent models, and large-scale
human clinical trials, including Phase III randomized trials.
These studies must incorporate sex differences and circadian
timing system biomarkers in patient stratification. Ultimately,
the goal of chronopharmacology is to develop personalized drug
administration schedules that maximize therapeutic benefits,
ushering in a new era of precision medicine.
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