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Abstract

Circadian clocks are biological timing mechanisms that generate 24-h rhythms of physiology 

and behavior, exemplified by cycles of sleep/wake, hormone release, and metabolism. The 

adaptive value of clocks is evident when internal body clocks and daily environmental cycles 

are mismatched, such as in the case of shift work and jet lag or even mistimed eating, all 

of which are associated with physiological disruption and disease. Studies with animal and 

human models have also unraveled an important role of functional circadian clocks in modulating 

cellular and organismal responses to physiological cues (ex., food intake, exercise), pathological 

insults (e.g. virus and parasite infections), and medical interventions (e.g. medication). With 

growing knowledge of the molecular and cellular mechanisms underlying circadian physiology 

and pathophysiology, it is becoming possible to target circadian rhythms for disease prevention 

and treatment. In this review, we discuss recent advances in circadian research and the potential for 

therapeutic applications that take patient circadian rhythms into account in treating disease.
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The 24-h environmental cycle caused by the daily rotation of the earth led nearly all 

organisms to evolve endogenous cycles that occur with a period of about 24 h and are called 

circadian rhythms (from the Latin phrase circa diem meaning about a day) (Dunlap, 1999). 

This internal timing system allows organisms to anticipate cyclic changes of light, food 

availability and predation risk, and provides temporal segregation of physiological processes 

that may be incompatible with each other or with an environmental signal. For instance, 

temporal compartmentalization of biochemical, metabolic, and redox processes within cells 
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(Bass and Lazar, 2016) may help single-cell organisms time cell division so as to escape the 

DNA damaging effects of ultra-violet light and ionizing radiation associated with sunlight 

(Chaix et al., 2016). In multicellular organisms including humans, cellular oscillators in 

the brain and peripheral tissues interconnect to form a circadian network that coordinates 

rhythms in physiology and behaviors such as sleep-wake, body temperature, blood pressure, 

hormone production, neural, and immune systems (Patke et al., 2020).

Modern lifestyles often lack regular patterns of working, eating, and sleeping. The 

subsequent rhythm disruptions increase susceptibility to cardio-metabolic, digestive, 

immune, neuropsychiatric disorders, as well as cancers, reflecting the adaptive benefits of 

circadian rhythms (Masri and Sassone-Corsi, 2018; Scheiermann et al., 2018; Chellappa 

et al., 2019; Logan and McClung, 2019; Segers and Depoortere, 2021). Studies with 

animal models containing genetic mutations of clock genes, or animals exposed to circadian 

desynchrony regimens, reinforce the causal relationship between circadian disturbances and 

pathology (Mattis and Sehgal, 2016; Aiello et al., 2020; Hadadi et al., 2020; Shafi et al., 

2021). In addition to the pathological impact of circadian disruption, symptoms of several 

medical conditions, including neurological (e.g. epilepsy), cardiovascular (e.g. high-blood 

pressure, myocardial infarction, stroke), and inflammatory disorders (e.g. asthma, sepsis, 

rheumatoid arthritis), show time of day variations (Scheiermann et al., 2018; Chellappa et 

al., 2019; Crnko et al., 2019; Karoly et al., 2021). The mechanisms, in some cases, may 

be due to rhythmic expression of disease genes and in other cases due to cycling in other 

aspects of physiology. Moreover, responses to physiological and pathological stimuli such as 

diet, exercise, and pathogenic infections often show circadian rhythms (Gabriel and Zierath, 

2019; Diallo et al., 2020; Lewis et al., 2020).

Given the links between circadian dysregulation and pathology, investigators have sought 

ways to enhance circadian rhythms for disease treatment, by targeting the circadian clock 

with non-pharmaceutical interventions such as bright light, time-restricted feeding, or 

exercise. The fact that target genes of many medications are expressed rhythmically also 

provides a molecular rationale for timed drug treatment to increase effectiveness and reduce 

toxicity (R. Zhang et al., 2014; Mure et al., 2018; Ruben et al., 2018). These drugs may 

directly target clock genes or molecules that cycle under the control of the clock—“output 

molecules” (Tognini et al., 2018; Hawley et al., 2020; Miller and Hirota, 2020; Borrmann et 

al., 2021; Rogers et al., 2021). On the other hand, some drugs can alter or disrupt circadian 

rhythms. Pharmacologically induced changes in circadian behavior can be traced back over 

a thousand years to the legendary Ethiopian goatherder Khaldi. Khaldi noticed that his 

goats stayed up at night dancing after they ate the berries of a local tree. He shared this 

information with a monk, who decided to make a brew from the berries to stay awake during 

morning prayers. The tree, Coffea arabica, is now one of the most widely cultivated crops 

and the brew, coffee, is consumed daily by more than two billion people.

In this review, we describe recent advances in chronobiology with a focus on disease models 

that may have potential for circadian rhythm-based therapies.
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MECHANISMS OF CIRCADIAN PHYSIOLOGY

The basic architecture of the circadian clock across organisms consists of a cell-autonomous 

autoregulatory feedback loop (Chaix et al., 2016; Johnson et al., 2017). In eukaryotes, 

dedicated positive and negative clock regulators form an interlocked transcriptional 

translational feed-back loop (TTFL) to create a cell-autonomous oscillator that drives 

rhythmic expression of output genes involved in metabolic, biosynthetic, signal transduction, 

and cell cycle pathways (Patke et al., 2020). In mammals, BMAL1 and CLOCK genes form 

a transcription activator complex that cyclically drives transcription of its own repressors, 

Period (PER)/Cryptochrome (CRY). The core oscillator is complemented by a second 

stabilizing loop in which periodic expression of BMAL1 is maintained by the REV-ERBα/β 
repressor and RORα/β/γ activator proteins (Takahashi, 2017). Besides the core regulatory 

loops, multiple levels of epigenetic, posttranscriptional, and posttranslational regulation 

by various kinases and phosphatases, ubiquitin-proteasome pathway components, nuclear-

cytoplasmic transporters, non-coding RNAs, and chromatin remodelers, contribute to the 

molecular clock (J. Lee et al., 2008; Y. Lee et al., 2010, 2015a, 2015b, 2019b; Anafi et al., 

2014; Korge et al., 2018; Koronowski and Sassone-Corsi, 2021).

The clock generates rhythms by coordinating temporal programs via multiple clock-output 

genes. Large-scale genomic studies found that, although the identity of genes expressed 

rhythmically varies from tissue to tissue, ~50% of mammalian genes show circadian 

regulation in at least one tissue (R. Zhang et al., 2014; Mure et al., 2018; Ruben et al., 2018). 

In addition, multi scale-omics studies demonstrated circadian regulation of the epigenome, 

the metabolome, the proteome/phosphoproteome, and the microbiome (Thaiss et al., 2014; 

R. Zhang et al., 2014; Chiang et al., 2017; Robles et al., 2017; Solanas et al., 2017; J. 

Wang et al., 2017; Y. Wang et al., 2018; Dyar et al., 2018; Mure et al., 2018; Noya et 

al., 2019; Malik et al., 2020). Notably, these studies reveal that oscillations of proteins or 

metabolites often exhibit different patterns relative to transcript rhythms in a given tissue 

(e.g. hippocampus, liver), and oscillations at all levels can be reprogramed by circadian 

rhythm disturbances caused by sleep deprivation, jet lag, high-fat diet, and aging.

A central pacemaker in the brain, housed in the hypothalamic suprachiasmatic nucleus 

(SCN), synchronizes clocks in brain and peripheral organ systems to create a body-wide 

circadian network. In particular, the SCN is critical for synchronizing organismal clocks 

to light as it receives information about light from the retina via the retinohypothalamic 

tract (RHT) (Koronowski and Sassone-Corsi, 2021). In a hierarchical organization model, 

the SCN central clock coordinates the circadian phases of extra-SCN clocks in other brain 

regions via rhythmic release of neurotransmitters and neuropeptides and of peripheral tissues 

via systemic hormonal secretion and neural innervation (Gizowski et al., 2016; R. M. Buijs 

et al., 2019; Collins et al., 2020; Paul et al., 2020). For example, via the sympathetic nervous 

system, the SCN coordinates the rhythmic secretion of the night hormone melatonin in the 

pineal gland and the morning stress hormone glucocorticoid in the adrenal glands (R. M. 

Buijs and Kalsbeek, 2001; Ishida et al., 2005; Russell and Lightman, 2019). In addition, 

the SCN clock regulates the autonomic nervous system to control peripheral clock functions 

in the heart, kidney, pancreas, lung, intestine, and thyroid glands (F. N. Buijs et al., 2016; 
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Tahara and Shibata, 2016; Firsov and Bonny, 2018; Challet, 2019; Ikegami et al., 2019; 

Stenvers et al., 2019).

Beyond photic entrainment, multiple non-photic physiological and environmental cues (e.g. 

temperature, food intake, exercise, gut microbial products, redox cofactors, metal ions, 

and pathogenic infections), can regulate and/or set the timing of non-SCN brain and 

peripheral clocks (Son et al., 2008; BanoOtalora and Piggins, 2017; Ehlen et al., 2017; 

Myung et al., 2018; Hasegawa et al., 2019; Myung et al., 2019; Finger and Kramer, 

2021; Segers and Depoortere, 2021; Sinturel et al., 2021; Van Drunen and Eckel-Mahan, 

2021). The peripheral clocks, in turn, interact with and influence each other via neural 

and immunometabolic circuits, resulting in multi-mode regulation of tightly-coupled body 

clocks that leads to overt rhythms of physiology.

CIRCADIAN RHYTHMS AND CHRONOTHERAPY

The broad impact of circadian rhythms on physiology underscores the importance of 

translating mechanistic insights into clinical practice through two major approaches. 

The first is to increase awareness of how rhythm disturbances by physiological and 

environmental factors impact physiology and increase susceptibility to disease (Figure 1). 

Circadian disruptions such as surgical ablation of the SCN clock, whole-body knockout 

of core clock genes (ex., Bmal1, Per1/2, Cry1/2, Rev-erbα/β) or experimental jet lag 

(chronic phase shift by altered light schedules) increase the risk of sleep, mood, cardio-

metabolic, immune, endocrine, digestive, reproductive, premature aging, neurodegenerative 

and neoplastic disorders (Kondratov et al., 2006; Alvarez et al., 2008; Musiek et al., 2013; 

Papagiannakopoulos et al., 2016; Firsov and Bonny, 2018; Stenvers et al., 2019; Bishehsari 

et al., 2020; Walker et al., 2020b; Segers and Depoortere, 2021). Resonant with these, 

several human and translational studies have reported adverse health consequences as a 

result of polymorphisms in clock genes, sleep deprivation, night shiftwork, and artificial 

light at night exposure (Buxton et al., 2012; West et al., 2017; Tahkamo et al., 2019; Walker 

et al., 2020a).

The second area of medicine that should be developed, based on circadian insights, is 

a therapeutic approach that takes circadian regulation into account (Figure 1). In this 

review, we classify chronotherapeutic approaches into two categories: (1) Clocks as targets; 

non-pharmaceutical or pharmacological interventions to manipulate circadian rhythms or 

circadian components; (2) Clocks as modulators: timing of medicine to the endogenous 

rhythm established by clocks in order to improve efficacy and reduce side effects. These 

concepts would not be exclusive of each other but can be applied in a combinatorial 

manner. For example, non-pharmaceutical interventions can strengthen the compromised or 

disordered rhythms to improve the effects of clock-targeted or circadian-modulated drugs.

CLOCKS AS TARGETS

As mentioned above, the circadian system composed of the brain and peripheral clocks can 

be synchronized through a wide variety of environmental and systemic cues such as light, 

feeding, hormones, and exercise. Exploiting such rhythm synchronizers can enhance body 
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clock functions, thereby improving circadian rhythms and perhaps reducing susceptibility 

to diseases that are particularly sensitive to internal desynchrony (Figure 1). Along with 

system-level interventions, the identification of disease-relevant effects of specific clock 

components has prompted efforts to develop small-molecule compounds targeting these 

components (Miller and Hirota, 2020). This effort has been facilitated by chemical and 

structural biology approaches such as the characterization of X-ray crystal structures of 

clock protein-compound complexes (Miller and Hirota, 2020). In the following sections, we 

describe therapeutic applications of non-pharmacological and pharmacological interventions 

targeting circadian clocks in disease settings.

Enhancing Circadian Rhythms to Improve Health

Circadian rhythms can be enhanced through non-invasive interventions such as bright light 

or scheduled meal times, making them an ideal target for improving basic health and fitness, 

in other words, preventive medicine.

Chrono-Phototherapy.—Light is the most well-established means to entrain circadian 

rhythms, although no specific treatment or light device is FDA approved. Morning bright 

light exposure, has been widely touted as a way to treat sleep disorders (e.g. advanced or 

delayed sleep phase syndromes), neuropsychiatric disorders (e.g. autism spectrum disorder, 

attention deficit hyperactivity disorder, seasonal affective disorder, dementia), associated 

with genetically, environmentally, and pathologically perturbed circadian rhythms (Lyketsos 

et al., 1999; Lieverse et al., 2011; Vallee et al., 2020). Randomized, double-blind, parallel-

arm, placebo-controlled studies showed that light therapy improves mood and insulin 

sensitivity in patients with major depression and type 2 diabetes (Brouwer et al., 2015, 

2019). Concomitantly, bright light therapy is emerging as a chronotherapeutic tool to 

alleviate motor disorders, sleep/wake alterations, anxiety, and depression in patients with 

neurodegenerative disease (Fifel and Videnovic, 2019).

Light also regulates melatonin levels, and some studies show that melatonin inhibits the 

growth of tumors. Although melatonin is suppressed by light, daytime blue light enhances 

the effect of nighttime melatonin in inhibiting the growth of prostate, liver, and breast 

cancers (Mao et al., 2012; Dauchy et al., 2015, 2016, 2018). These correlate with previous 

reports that melatonin depletion by light exposure late at night stimulates the growth of 

multiple human cancer xenografts, increasing drug resistance (Blask et al., 2002, 2005; 

Wu et al., 2011; Dauchy et al., 2014; Xiang et al., 2015). Other experimental human 

studies with a simulated night shift model show that bright light induces complete and rapid 

adjustment of peripheral clocks, suggesting phototherapy as a potential non-pharmacological 

intervention to counteract the deleterious effects of shift work or jet lag (Cuesta et al., 2017; 

Kervezee et al., 2019). Overall, these studies suggest that targeting the neuro-hormonal axis 

with light could have benefits in disease prevention and treatment.

Chrono-Diet.—Restricting food intake to a specific daily interval synchronizes some 

peripheral clocks and has become a popular way to improve metabolic health. The health 

benefits of clock-modulating diets have been increasingly recognized as has the dynamic 

cross-talk between circadian clocks and metabolic pathways (Marcheva et al., 2013; Reinke 
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and Asher, 2019). The molecular circadian clock directly or indirectly synchronizes diverse 

metabolic processes such as gluconeogenesis, mitochondrial metabolism, and lipogenesis 

(Marcheva et al., 2013). This involves circadian regulation of uptake, synthesis, and 

break-down of nutrients (e.g. glucose, amino acids, lipids) via rhythmically controlled 

expression and activity of transporters or enzymes. Reciprocally, the clock receives input 

from nutrient signaling pathways (e.g. NAD +-dependent sirtuins), which function as 

rheostats to coordinate metabolic processes with daily cycles of sleep/wake and fasting/

feeding (Marcheva et al., 2013; Reinke and Asher, 2019).

Time-restricted feeding (TRF) and metabolic health.—Typically, animals have a 

circadian rhythm of feeding, but when provided with food ad libitum, feeding rhythms are 

blunted. Nonetheless, they can be enhanced by time-restricted feeding (TRF) protocols, 

which synchronize clocks in metabolic tissues (Lewis et al., 2020) and improve health 

(Mattson, 2019; Lundell et al., 2020). Using rodent models, Panda and colleagues showed 

that a TRF regimen that limits food availability to 8–9 h in the active phase improves 

internal clock rhythms and metabolic health indices compromised by high-fat diets, thus 

relieving or reversing metabolic conditions associated with obesity, diabetes mellitus type 2, 

hyperlipidemia, fatty liver disease, and inflammation (Hatori et al., 2012; Chaix et al., 2014). 

Another mouse study showed that restoring peripheral clock rhythmicity and synchrony by 

TRF normalizes body weight and glucose metabolism in SCN-specific Bmal1 deficient mice 

in constant darkness (Kolbe et al., 2019).

Corresponding to the animal study results, early time-restricted feeding, in which food 

intake was limited to 6-h window each day with an 18 h daily fast, improved insulin 

sensitivity, blood pressure, and oxidative stress without weight loss in prediabetic men 

(Sutton et al., 2018). Another study with overweight/ obese men showed that short-term 

TRF (8 h day/d) improves the rhythm of serum and muscle metabolites as well as of genes 

controlling amino acid transport, without perturbing core clock gene expression (Lundell et 

al., 2020). In line with this, short-term TRF improved nocturnal and postprandial glycemic 

control in overweight/obese sedentary males, and also improved feelings of well-being (Parr 

et al., 2020). As with morning light therapy for inherent short or long sleepers, timed 

metabolic interventions can relieve the pathological impact of some metabolic disorders.

TRF and the gut microbiome.—Interestingly, TRF appears to exert health benefits, in 

part, by influencing diurnal gut-microbiome activity. The composition of the microbiome 

cycles over the course of a circadian day and impaired cycling in a mouse model of 

diet-induced obesity is rescued by TRF, presumably through a decrease in amounts of 

obesogenic microflora relative to obesity-protective microflora (Zarrinpar et al., 2014). This 

was supported by the finding that TRF modulates the circadian rhythm of gut microbiota 

and hepatic lipid metabolism, reducing the detrimental effects of a high-fat diet (Ye et 

al., 2020). TRF also significantly enhanced gut microbial richness (Prevotellaceae and 

Bacteroideaceae) in healthy humans, improving serum lipid and liver profiles (Zeb et al., 

2020).

Clock-enhancing diets and aging.—TRF and other dietary interventions have the 

potential to counteract aging via circadian rhythm enhancement., A fly model revealed 
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that TRF attenuates age-related cardiac decline in Drosophila (Gill et al., 2015). Moreover, 

short-term intermittent fasting in young flies extended lifespan by improving gut health and 

resistance to oxidative stress (Catterson et al., 2018). Interestingly, even caloric restriction 

(CR), which is a well-known lifespan-extending dietary intervention, improves circadian 

cycling in flies (Katewa et al., 2016).

In mice as in flies, circadian molecular and metabolic profiles altered by aging are reversed 

by CR (Liang et al., 2018). Solanas and colleagues showed that age-associated rewiring 

of the oscillatory diurnal transcriptome in adult stem cells, such as the switch from genes 

involved in homeostasis to those involved in tissue-specific stresses (e.g. DNA damage, 

inefficient autophagy), was prevented by long-term CR (Solanas et al., 2017). In a parallel 

study, CR rescued the aging-dependent decline in the global rhythms of transcription and 

protein acetylation in the liver, improved NAD + availability, enhanced SIRT1 activity, and 

increased levels of acetate and acetyl-coA, all indicative of enhanced longevity (Sato et al., 

2017). Consistent with a role of NAD in circadian heath and aging, Levine and colleagues 

recently reported that NAD + repletion to youthful levels with the NAD + precursor 

nicotinamide riboside (NR) restored transcriptional, metabolic, and behavioral rhythms in 

old mice, through inhibition of the clock repressor PER2 (Levine et al., 2020). Interestingly, 

elevated acetyl-CoA levels in mice treated with candidate drugs against Alzheimer’s disease 

reduced many aspects of brain aging such as memory deficits (Currais et al., 2019). Thus, 

CR or CR mimetics (CRMs) are potent dietary options to counter aging-associated circadian 

pathologies and/or accelerated aging linked to circadian disruption (Madeo et al., 2019). 

Notably, molecules that mediate the effects of CR on lifespan, such as insulin/IGF-1, SIRT1, 

NAMPT, AMPK, PGC-1α, mTOR, GSK3β, and FGF21, are also affected by the timing of 

food availability (López-Otín et al., 2016). Thus mechanisms underlying effects of TRF and 

CR may, at least in part, be similar (López-Otín et al., 2016). Indeed, use of an automated 

feeder system to accurately control duration, amount, and timing of food access showed that 

CR alters behavioral rhythms and food intake patterns to match that of a temporal restriction 

paradigm (Acosta-Rodríguez et al., 2017). The authors recommended that circadian timing 

of food availability be considered in determining longevity effects of dietary restriction 

regimens (Acosta-Rodríguez et al., 2017).

Clock-enhancing diets and cancer.—In addition to anti-aging benefits, preclinical 

evidence indicates that CR may have anticancer effects by reducing tumor progression, 

enhancing the death of cancer cells, and increasing the effectiveness and tolerability of 

chemoand radiotherapies (Alidadi et al., 2020). Nonetheless, it is increasingly recognized 

that chronic CR often has detrimental effects on tumor development and chemotherapy, 

possibly by negatively affecting the immune system, wound healing, and other important 

functions (Brandhorst and Longo, 2016). Instead, intermittent fasting (IF), a diet-based 

therapy that alternates between fasting and free feeding/eating for a period of time, 

reportedly inhibits tumor growth and improves antitumor immune responses in preclinical 

and clinical studies (X. Zhao et al., 2021). Furthermore, IF can increase cancer sensitivity 

to chemotherapy and radiotherapy and reduce the side effects of traditional anticancer 

treatments (X. Zhao et al., 2021). Together these findings holds promise for well-designed 
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dietary intervention tailored to the host’s circadian rhythms as a potential therapeutic 

regimen to counter cancer.

Chrono-Exercise

Chrono-exercise and aging.—As with TRF, exercise is gaining attention as a potential 

chrono-therapeutic intervention in the prevention and treatment of multiple diseases (Gabriel 

and Zierath, 2019). In earlier animal studies, exercise was shown to have positive health 

effects by strengthening circadian rhythms. For example, Schroeder and colleagues showed 

that scheduled exercise during the late-night improved many of the rhythmic deficits, 

including gene expression changes, observed in mice deficient in the peptide vasoactive 

intestinal polypeptide (Schroeder et al., 2012). Furthermore, aged mice housed with a 

running wheel showed stronger circadian rhythms in locomotor activity, faster recovery 

of internal synchrony following a phase advance of 8 h, and increased amplitude of the 

firing rate rhythm in the SCN, when compared to aged mice housed without a running wheel 

(Leise et al., 2013). Together with clinical evidence on the protective effect of exercise 

against multiple morbidities, particularly associated with aging (Duggal et al., 2018; de 

Souza Teixeira et al., 2020), these results provide a rationale for scheduled exercise as a 

potential tool to counteract genetic, environmental, and pathophysiological disruptions of 

circadian rhythms.

Chrono-exercise and metabolic health.—Skeletal muscle has an intrinsic circadian 

clock that is critical for regulating metabolic activity. Indeed, multiple metabolic indices 

in the muscle, such as glucose tolerance, insulin sensitivity, and muscle oxidative capacity, 

show circadian oscillations (Qian and Scheer, 2016; van Moorsel et al., 2016) and these 

are influenced by the timing of exercise (Erickson et al., 2021). Ezagouri et al showed that 

both mice and humans exhibit differences in exercise capacity between the early and late 

part of their active phase, with exercise inducing a time-of-day-dependent transcriptomic and 

metabolic pattern in the mouse skeletal muscle (Ezagouri et al., 2019). ZMP, an endogenous 

AMPK activator, is induced by exercise in a time-dependent manner to regulate key steps in 

glycolytic and fatty acid oxidation pathways, which may in turn enhance exercise capacity 

(Ezagouri et al., 2019). Sato and colleagues showed that exercise in the evening (beginning 

of active phase), rather than in the morning (beginning of rest phase), resulted in higher 

utilization of carbohydrates and ketone bodies, together with degradation of lipids and 

amino acids in mice (Sato et al., 2019). Exercise selectively activated HIF1α, a central 

regulator of glycolysis during hypoxia, in a time-dependent manner (Sato et al., 2019).

Resonant with these animal studies, time of day-dependent efficacy of exercise is observed 

in humans, particularly in metabolically compromised people. A randomized crossover trial 

with type 2 diabetes men (45–68 years of age) showed that intensive exercise training 

in the afternoon improved blood glucose levels whereas morning training had an acute, 

deleterious effect, increasing blood glucose (Savikj et al., 2019). Similarly, another study 

with adult males (58 ± 7 years) at risk for or diagnosed with type 2 diabetes reported 

that afternoon (15:00 and 18:00 p.m.) exercise training improved insulin-stimulated glucose 

disposal, reductions in fat mass and percentage, exercise performance, and basal hepatic 

glucose output more profoundly than morning exercise (08:00 and 10:00 a.m.) (Mancilla 
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et al., 2021). Interestingly, exercise performed by overweight/obese men before versus after 

nutrient intake (i.e., in the fasted state) increased skeletal muscle and whole-body lipid 

utilization and reduced the postprandial increase of insulin in the blood (Edinburgh et al., 

2020).

Though no parallel studies with female subjects are reported yet, analysis of 7157 Women’s 

Health Study participants using accelerometers shows that women engaging in less physical 

activity before noon have a higher odds ratio for obesity compared to women who are 

more physically active in the morning (Chomistek et al., 2016). Besides nutrition and 

sex, personal chronotype appears to influence the time-dependent efficacy of exercise. 

Among sedentary young men and women, both morning and evening exercise induced 

phase advances for late chronotypes (people who have a preference for the evening), but 

only morning exercise advanced early chronotypes (morning people), with evening exercise 

actually causing a phase delay (Thomas et al., 2020). The authors suggested that late 

chronotypes benefit from phase advances induced by exercise in the morning or evening, but 

evening exercise may exacerbate circadian misalignment in early chronotypes (Thomas et 

al., 2020).

Circadian Components as Drug Targets

Modulating Melatonin.—Diet and exercise timing are examples of non-pharmacological 

interventions, but several pharmacological agents can target circadian clocks and have been 

tested in models of neuropsychiatric, metabolic, and neoplastic disorders. The oldest known 

example is melatonin, which is synthesized and released by the pineal gland at night 

under control of the SCN, and is thought to be an important signal for synchronizing 

circadian rhythms and inducing sleep. The extent to which melatonin contributes to 

circadian synchrony across the organism is debatable, although melatonin receptors are 

found in the SCN as well in sites of non-SCN clocks in the brain and periphery (fetal 

adrenal gland, pancreas, liver, kidney, heart, lung, fat, gut, etc.). Multiple melatonin and 

melatonin agonist administration regimens were developed for the treatment of circadian 

and sleep disorders (Pevet and Challet, 2011), initially for sleep disruptions caused by shift 

work or jet lag (Walker et al., 2020b). In a recent systematic review and meta-analysis, 

melatonin and its analogs (ramelteon, agomelatine, TIK-301, Neu- P11, and tasimelteon) 

were found to resynchronize circadian rhythms and alleviate depression (Olie and Kasper, 

2007; Satyanarayanan et al., 2018).

The use of melatonin analogs to treat circadian disruptions represents the most successful 

example of circadian medicine. Blind people often have trouble maintaining circadian 

rhythms, a condition known as Non-24. In 2014, the FDA approved treatment of blind 

people with tasimelteon, which is marketed by Vanda Pharmaceuticals under the brand name 

Hetlioz. Ramelteon is also an FDA-approved melatonin agonist, but its approval is as a 

sedative and not specifically for non-24. Though melatonin cycling is under control of the 

clock and not actually a component of the core clock, its successful targeting demonstrates 

that circadian output pathways are druggable, and may actually be better targets than core 

clock components.
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Besides its neuromodulatory functions, melatonin is implicated in antioxidant activity, bone 

formation, reproduction, cardiovascular function, and immune regulation and has therapeutic 

benefits for gastrointestinal, inflammatory, cardiovascular diseases, as well as cancers 

(Najafi et al., 2019; Tarocco et al., 2019). Melatonin has an antagonistic relationship with 

insulin, and melatonin treatment improves glucose homeostasis, energy balance, and overall 

health in diabetes mellitus (Wajid et al., 2020). Murine models suggest that exogenous 

melatonin prevents high-fat diet (HFD)-induced obesity symptoms, via improvement in 

liver steatosis, low-grade inflammation, insulin resistance, lipid dysmetabolism, and diurnal 

rhythms of gut microbiota diversity and composition (P. Xu et al., 2017; Yin et al., 

2018, 2020). With the established efficacy of melatonin and absence of long-term toxicity, 

melatonin therapy promises to be one of the safest chronobiotic strategies to treat circadian 

rhythm-associated diseases.

Modulating Casein Kinases (CKs).—In recent years, identification of small-molecule 

modulators of circadian rhythms that target core or noncore clock proteins has expanded 

options for treating circadian-related disorders (Ribeiro et al., 2021). As in the case of 

most pharmacological agents, however, one cannot exclude the possibility that the small 

molecules have additional non-circadian targets that contribute to their therapeutic effects.

Familial advanced sleep phase syndrome is caused by a T44A mutation in CK1δ that causes 

hypophosphorylation of PER2 and shortens circadian period (Y. Xu et al., 2005). Thus, 

CK1δ, despite being a ubiquitous protein required for many functions, is a component of the 

circadian clock. Meng et al, showed that pharmacological inhibition of CK1δ by PF-670462, 

a selective CK1δ inhibitor, restores robust and persistent circadian rhythms in Vipr2−/− 

mice that have disrupted rhythms due to loss of an SCN signal, vasoactive intestinal peptide 

receptor type 2 (Meng et al., 2010). Furthermore, administration of a CK1δ/ε inhibitor 

(PF-5006739) induces rapid and robust circadian rhythms in ex vivo mouse tissues and 

improves glucose tolerance in both diet-induced and genetic mouse models of obesity 

(Cunningham et al., 2016).

Modulating REV-ERBs.—Pharmacological targeting of REV-ERBs may have therapeutic 

potential in a wide range of neuropsychiatric, metabolic and immune disorders and cancers. 

Compounds thought to be REV-ERB agonists, such as SR9009 and SR9011, induce 

wakefulness, suppress sleep, regulate emotional behavior in mice, and reduce anxiety-like 

behavior (Banerjee et al., 2014). Conversely, a REV-ERBα antagonist (SR8278) triggers 

hyper-dysfunction of midbrain dopaminergic (DAergic) neurons and mania-like behavior 

in mice. SR9009 and SR9011 also increased energy expenditure and decreased fat mass, 

plasma triglycerides (TGs), and cholesterol when used in obese mice, while improving 

mitochondrial respiration and exercise capacity in normal mice (Solt et al., 2012; Woldt 

et al., 2013). While the specificity of SR9009 is questionable (see below), a different 

REV-ERB agonist GSK4112, and its analogs, also exhibit an immune-suppressive effect by 

inhibiting pro-inflammatory IL-6 expression in human cells and Th17 cell differentiation, 

which has beneficial consequences for autoimmune and inflammatory diseases (Gibbs et al., 

2012; Trump et al., 2013). SR9009 and SR9011 have also been credited with anticancer 

properties in brain, leukemia, breast, colon, glioma, melanoma, and small-cell lung cancer, 
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through effects on a range of cellular processes including autophagy, lipogenesis, ROS 

levels, and cell proliferation (De Mei et al., 2015; Sulli et al., 2018; Dong et al., 2019; 

Wagner et al., 2019a; Shen et al., 2020), but these effects should be regarded with caution 

as SR9009 also produces responses in REV-ERBα/β double-deletion knockouts (Dierickx et 

al., 2019). Thus, targets other than REV-ERBα/β contribute to effects of SR9009.

Modulating RORs.—Retinoic acid receptor-related orphan receptors (RORs) are positive 

transcriptional regulators of Bmal1 expression and several isoforms of these are potential 

candidates to treat disease. For example, pharmacological repression of RORα with SR3335, 

a RORα-selective inverse agonist, suppresses gluconeogenesis and lowers glucose plasma 

levels in a diet-induced obesity mouse model (Kumar et al., 2011). SR1555, another inverse 

agonist modulator of RORγ, reduces food intake, fat mass and body weight, and improves 

insulin sensitivity in obese diabetic mice, while increasing thermogenic expression and 

fatty acid oxidation (M. R. Chang et al., 2015). These findings suggest the potential utility 

of ROR modulators as anti-diabetic and anti-obesity agents. On the other hand, multiple 

selective RORγ Inhibitors reduce T-helper cell 17 (Th17) responses as well as production of 

the proinflammatory cytokine IL-17, indicating the therapeutic potential of these molecules 

for autoimmune diseases, including rheumatoid arthritis, multiple sclerosis, psoriasis, and 

inflammatory bowel disease (Cyr et al., 2016; Pandya et al., 2018; Cherney et al., 2020; 

Harcken et al., 2021; Meijer et al., 2021). Pharmacological inhibition of RORγ also exerts 

potent anti-tumor activity in in vitro and/or in vivo models of castration-resistant prostate 

cancer (J. Wang et al., 2016), pancreatic adenocarcinoma (Lytle et al., 2019), and triple-

negative breast cancer (Cai et al., 2019). However, effects of RORγ, particularly in the case 

of autoimmune disorders, are likely mediated through non-circadian mechanisms.

Modulating CRYs.—CRY modulators are increasingly implicated in metabolic disease 

and cancer treatment. Hirota and colleagues first reported that KL001, a CRY stabilizer 

identified via cell-based high-throughput circadian assays, lengthens circadian period in a 

variety of cells and tissues, and blocks glucagon-dependent induction of gluconeogenesis in 

cultured hepatocytes (Hirota et al., 2012). Consistent with these observations, a bioavailable 

derivative of KL001 exhibits antihyperglycemic activity in diabetic mice (Humphries et al., 

2018). Furthermore, two novel CRY1 and CRY2 selective stabilizers, KL101 and TH301, 

respectively, enhance brown adipose tissue differentiation in culture (Miller et al., 2020).

Notably, the CRY stabilizer KL001 was shown to exhibit anti-tumor activity, such that it 

impaired self-renewal, cell migration and proliferation, as well as increased apoptosis in 

patient-derived glioblastoma stem cells (Dong et al., 2019). However, another study showed 

that KL001 promoted cancer cell migration, but had no effect on cell proliferation or colony 

formation in U2OS cells (Lin et al., 2020). Adding to these discrepant findings, a CRY1/2 

inhibitor, KS15, reduced MCF-7 cell growth and increased chemosensitivity of human 

breast cancer cells, possibly via the elevation of PER2, a tumor suppressor clock protein 

(Chun et al., 2014, 2015; Jang et al., 2018). Overall, the effects of CRY modulators on 

tumors appear to involve divergent mechanisms that are cancer cell type-specific.

Chrono-Modulation With Natural Compounds.—Besides synthetic compounds, some 

natural chemicals modulate circadian clock function. Resveratrol, a potent natural activator 
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of the NAD + dependent deacetylase SIRT1 that targets PER2, restores rhythms in clock 

gene expression and ameliorates the cycling of lipid metabolism in HFD-induced obese mice 

(Sun et al., 2015). In addition to its anti-obesity and anti-diabetic properties, experimental 

and clinical evidence suggests that resveratrol, as well as other synthetic small-molecule 

SIRT1 activators, have the potential to prevent or treat aging-related disorders such as 

inflammation, cardiovascular and neurodegenerative diseases, and some cancers (Hubbard 

and Sinclair, 2014).

Likewise, nobiletin (NOB), a dietary flavonoid found in citrus fruits, was recently 

characterized as a RORα and RORγ agonist that enhances circadian rhythms and protects 

against metabolic syndrome (Mulvihill et al., 2011; He et al., 2016; Shinozaki et al., 

2017; Nohara et al., 2019b). Furthermore, NOB promotes healthy aging by fortifying 

mitochondrial respiration in skeletal muscle (Nohara et al., 2019a). Besides the metabolic 

benefits, NOB treatment reduces rearing and anxiety-related behavior of Cry1/2 clock 

mutant mice (Sanghani et al., 2020). NOB also has anti-tumor properties in that it induces 

apoptosis and cell cycle arrest, suppresses migration and invasion, inhibits many oncogenic 

drivers, upregulates tumor suppressors, and increases sensitivity of several cancer cell types 

to chemotherapy (Ashrafizadeh et al., 2020; Lellupitiyage Don et al., 2020). In addition to 

these compounds, several other natural phytochemicals (e.g. caffeine, catechin, quercetin, 

kaempferol, myricetin) may target circadian rhythms to promote their anti-diabetes, anti-

obesity, antioxidant, anti-inflammatory, anti-cancer, and anti-aging benefits (T. Xu and Lu, 

2019; Song et al., 2021).

CLOCKS AS MODULATORS

Most medicines are administered without regard to the time of administration. However, 

body-wide circadian transcriptome studies reveal that most drug targets are expressed 

rhythmically in one or other tissue (R. Zhang et al., 2014; Mure et al., 2018; Ruben et 

al., 2018). This target cycling suggests that timing matters for optimal efficacy of therapeutic 

drugs (R. Zhang et al., 2014; Peeples, 2018; Ruben et al., 2019c). But timing to the cycle 

of the target is not sufficient for determining optimal timing because the pharmacological 

effects of a drug are also determined by absorption, distribution, metabolism and excretion, 

all of which may be regulated by peripheral and central circadian clocks (Ballesta et al., 

2017; Bicker et al., 2020). In addition, toxic effects of drugs are often dose-limiting and 

off-target mediators of drug toxicity may not cycle the same way as the primary drug target 

(Anafi et al., 2017).

Based upon the factors above, properties and pharmacology of some drugs may make them 

more “clockable.” We suggest that drugs and targets with the properties listed below are 

candidates for circadian medicine.

1. Cycling target: A strongly cycling target suggests that drugs may be delivered 

when the target peaks (e.g. see below HMG-coA reductase). Alternatively, rate 

limiting metabolic or transporter molecules may cycle.

2. Cycling physiology or pathology: Even though the target may not cycle, the 

relevant physiology may have a circadian cycle. For instance, caffeine is 

Lee et al. Page 12

J Biol Rhythms. Author manuscript; available in PMC 2022 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



consumed in the morning to stay awake and sleeping pills are taken in the 

evening. Pathological symptoms may also manifest at a specific time of day, e.g. 

fever spikes at night or allergies in the morning.

3. Short half-life: If drugs are to be timed, they must have circadian peaks in 

their bioavailability, ideally a half-life of fewer than 6 h (R. Zhang et al., 2014; 

Ruben et al., 2019a). Some drugs, such as antibodies have half-lives of weeks, so 

administering them at different times of the day is not likely to affect their action. 

It is thought that compared with hydrophilic drugs, lipophilic (hydrophobic 

compounds) drugs exhibit more dependence on circadian phase, probably due 

to fast intra-cellular distribution (Selfridge et al., 2016). Also, these drugs tend to 

be substrates of efflux transporters, which display a circadian rhythm of activity 

in the blood-brain barrier (BBB) and perhaps also elsewhere (see below) (R. 

Zhang et al., 2014; Ruben et al., 2019a).

4. Cycling non-specific target: Optimal timing would be when a target with 

undesirable consequences is at a low point.

We describe below the growing application of circadian medicine to the treatment of disease, 

with a particular emphasis on the timed therapy of cancer.

Timing Medicine Targeted to the nervous System

In the brain, multiple key steps in intercellular signaling from transmitter synthesis to 

degradation are time-of-day regulated. Other fundamental processes show daily variation, 

including endocytosis/exocytosis, waste removal, regulation of synaptic strength and the 

permeability of the brain and cerebrospinal fluid to blood (Ruben et al., 2019b). Rodent 

models show that antidepressants are more effective at specific times of day (e.g. 

milnacipran, fluoxetine, imipramine, venlafaxine, or bupropion) (Kawai et al., 2018a, 

2018b, 2019). There does not appear to be a common mode of circadian regulation 

as dosing time dependency is seen with drugs that have different modes of action in 

serotonergic, noradrenergic, and dopaminergic neurons. Moreover, drugs show different 

chrono-pharmacological profiles (Kawai et al., 2018a, 2018b, 2019). The action of 

neuropsychiatric drugs (eg, lithium, selective serotonin reuptake inhibitors [SSRIs]) is also 

affected by polymorphisms in circadian clock genes, chronotype, and cellular circadian 

rhythms, supporting a general role of circadian biology in neuropsychiatric disorders 

(Rybakowski et al., 2014; McCarthy et al., 2019).

On the other hand, a high evening dose of antiepileptic drugs (e.g. valproic acid, phenytoin 

and carbamazepine, levetiracetam, oxcarbazepine, clobazam) improves drug responses 

and tolerance in both juvenile and adult patients with predominantly nighttime and early-

morning seizures (Yegnanarayan et al., 2006; Guilhoto et al., 2011; Thome-Souza et al., 

2016) (Figure 2). The mechanisms underlying the timely effect of anti-epileptics may 

involve circadian regulation of permeability through the blood-brain barrier. Fly and mouse 

studies revealed that the BBB harbors an evolutionarily conserved molecular circadian clock 

that regulates the activity of efflux transporters that pump out many drugs; indeed, the BBB 

clock drives time-of-day-dependent responses to an anti-epileptic drug, dilantin/phenytoin, 

in a fly seizure model (S. L. Zhang et al., 2018b, 2021a). This suggests a novel approach 
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to chronotherapy based on temporal BBB permeability, which may provide therapeutic 

windows for drugs targeted to the brain.

Timing cardio-Vascular and Metabolic Treatments

Many parameters that contribute to cardiovascular physiology, including endothelial 

properties, thrombus formation, blood pressure, heart rate, cholesterol metabolism, and 

renal function show circadian variation (McLoughlin et al., 2015; Douma and Gumz, 2018; 

Thosar et al., 2018; Bartman and Eckle, 2019; Crnko et al., 2019; D. Zhang and Pollock, 

2020; Han et al., 2021; L. Zhang and Jain, 2021). Study of these is now accompanied by the 

identification of cycles in the relevant molecular and cellular processes (Bartman and Eckle, 

2019; Crnko et al., 2019; L. Zhang and Jain, 2021).

Not surprisingly, there have been efforts to improve therapeutic efficacy for vascular 

diseases and metabolic disorders by timing medications.

An early example is simvastatin (SV), one of the most widely prescribed statin drugs for 

the treatment of hypercholesterolemia, hyperlipidemia, and coronary artery disease. SV is 

a short-acting inhibitor of hydroxymethylglutaryl coenzyme A reductase (Hmgcr), a rate-

limiting enzyme in cholesterol synthesis. Hmgcr is rhythmically expressed in rat and mouse 

liver with expression peaking at night (Hamprecht et al., 1969; Li et al., 2020b). Several 

clinical trials have reported that evening administration of SV is more effective than morning 

administration. It is now approved for treating hyperlipidemia, with a recommendation for 

it to be taken “once a day in the evening.”(Saito et al., 1991; Wallace et al., 2003; Ruben 

et al., 2019c). More recently, a study with high-fat diet-fed obese mice confirmed that 

simvastatin administered at zeitgeber time 13 (ZT13), compared to ZT1, was more effective 

at decreasing serum levels of total cholesterol, triglycerides, non-esterified free fatty acids 

and low-density lipoproteins cholesterol involved in atherosclerosis, as well as improving 

liver pathology (Li et al., 2020a). While the similar timing of efficacy in rodents and humans 

may present a conundrum, given that rodents are nocturnal and humans are diurnal, a high 

fat diet reportedly shifts the phase of activity/feeding in mice (Kohsaka et al., 2007).

Similarly, administering blood pressure medication at night may be more effective because 

blood pressure rises in the morning (Figure 2). Several classes of anti-hypertension 

and vasodilatory drugs such as calcium channel blockers, β-adrenoceptor antagonists, 

angiotensin-converting enzyme inhibitors, and angiotensin II receptor blockers, are more 

effective at curbing the morning rise of high blood pressure and heart rate when 

administered at night (Bowles et al., 2018; Hermida et al., 2010, 2017, 2020; Bowles et 

al., 2018). Additionally nocturnal hypertension is also detrimental for the heart and this can 

be reduced by taking anti-hypertension medications at night (Verdecchia et al., 1990; Qiu et 

al., 2005; Hermida et al., 2008a). In patients with chronic kidney disease ingestion of one 

or more hypertension drugs in the evening reduces blood pressure during sleep and converts 

the 24 h non-dipper blood pressure profile into a dipper pattern (Hermida et al., 2013). In 

line with this, a large-scale observational cohort study with hospital patients showed that 

the clinical response to hydralazine, an acute antihypertensive, is dosing time-dependent 

and greatest at night (Ruben et al., 2019a). Notably, application of a cyclic ordering by 

periodic structure (CYCLOPS) algorithm to human gene expression revealed that several 
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drug-metabolizing enzymes, transporters, and drug targets cycle in the cardiovascular system 

(Ruben et al., 2018). Particularly, several L-type Ca2+ channel subunits, critical for cardiac 

polarization and targets of commonly prescribed antihypertensives, cycle in the human heart 

and vasculature at a population scale (Ruben et al., 2018). Consistent with these results, 

Ca2+ channel blockers such as nifedipine exhibit improved efficacy (e.g. reduced blood 

pressure and edema) when taken before bedtime (Hermida et al., 2008b).

Circadian regulation is increasingly implicated in the timing of heart attacks, which are 

most likely to occur in the morning ~6 AM to 12 PM (Muller et al., 1985; Culić, 2007; 

Martino and Young, 2015; Thosar et al., 2018). In addition to the temporal control of blood 

pressure, the morning peak of such cardiovascular events is influenced by circadian clock 

control of platelet activation (Scheer et al., 2011). As in the case of the anti-hypertensives, 

most anti-thrombosis drugs are more effective when taken at bedtime, likely because 

bedtime administration improves platelet inhibition during the morning hours (Bonten et 

al., 2014; Buurma et al., 2019). For example, a clinical trial with the oral anticoagulant 

drug rivaroxaban showed that, relative to morning ingestion, evening intake was associated 

with lower thrombin levels and lower probability of thromboembolic events during the 

vulnerable morning time (Brunner-Ziegler et al., 2016). Similarly, a low dose of aspirin 

administered in the evening reduces COX-1-dependent platelet function in the morning in 

healthy patients (Miciak-Ławicka et al., 2018). Also, a more recent randomized, controlled 

trial in a high-risk group of patients with arterial hypertension showed that, compared with 

morning use of aspirin (75 mg per day), the same dose administered in the evening resulted 

in a significant drop in blood pressure and an improvement of the diurnal profile of blood 

pressure (Krasińska et al., 2021). Timed treatment for cardiovascular pathology can also 

help to reduce target organ damage. Remodeling of organs such as the heart occurs at night, 

so delivering therapies (e.g. anti-hypertension drugs) at this time can optimize effects, and 

reduce organ damage (Martino et al., 2011)

Even the severity of ischemia and reperfusion injury imposed during cardiac surgery has 

been linked to the molecular circadian clock (Durgan et al., 2010). A clinical study 

of patients undergoing aortic valve replacement surgery indicated lower perioperative 

myocardial injury and postoperative morbidity following afternoon, relative to morning, 

procedures (Montaigne et al., 2018). Further ex-vivo analysis of human myocardium 

revealed that an intrinsic morning-afternoon variation in hypoxia-reoxygenation tolerance 

is associated with varying levels of the nuclear receptor Rev-Erbα, which is highest in 

the morning (Montaigne et al., 2018). In support of a causal relationship, Rev-Erbα gene 

deletion or antagonist treatment in a mouse model of hypoxia-reoxygenation myocardial 

injury reduced injury at the sleep-to-wake transition (Montaigne et al., 2018). This suggests 

that perioperative myocardial injury is transcriptionally regulated by the circadian clock, 

with Rev-Erbα antagonism emerging as a pharmacological strategy for cardioprotection.

Timing Medicine Targeted to the Immune System

Inflammation shows a circadian cycle with a nightly surge of the cytokines TNF-α and 

IL-6 (Buttgereit et al., 2015; Cutolo, 2019) (Figure 2). In targeting this surge for treatment 

of auto-immune diseases, clinical studies found that glucocorticoids (e.g. prednisone, 
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a synthetic human cortisol), nonsteroidal anti-inflammatory drugs (e.g. ketoprofen, 

indomethacin, aceclofenac, and lornoxicam), and disease-modifying anti-rheumatic drugs 

(e.g. methotrexate) are more efficacious at improving morning auto-immune symptoms (e.g. 

asthma, rheumatoid arthritis) when administered at bedtime rather than during the day 

(Buttgereit et al., 2015; Cutolo, 2019). The bedtime administration may reduce or blunt the 

effects of the nocturnal rise in pro-inflammatory immune activity.

Timing cOVId-19 Medication

The COVID-19 pandemic of 2020 and 2021 also underscored circadian elements in 

infectious diseases. One television personality who chronicled his infection live commented 

that the beast (fever spikes) came out at night. Often the most severe response to COVID-19 

infection is a hyper-immune response that manifests as acute respiratory distress syndrome. 

Notably, the synthetic glucocorticoid dexamethasone, reduced the death rate of critically 

ill Covid-19 patients by about one-third, perhaps by suppressing hyperactive immune 

responses in the lung (Group et al., 2021). Considering the success of treating chronic 

autoimmune diseases with steroid chronotherapy, it is reasonable to speculate that nighttime 

glucocorticoid delivery would be more effective at reducing severe immunopathological 

consequences (ex., cytokine storm) of covid.

Beyond the possible benefit of chronotherapy for treating the inflammatory component 

of COVID-19, viral infection may also cycle, suggesting other chronopharmacological 

interventions. As discussed earlier, time-series analysis revealed that a high proportion of the 

best-selling drugs used in the treatment of cardio-metabolic diseases, inflammatory diseases, 

mental health disorders, and cancer, directly target the products of circadian-regulated genes 

(R. Zhang et al., 2014; Mure et al., 2018; Ruben et al., 2018). A similar comparative 

pharmacogenomic analysis of the SARS-CoV-2 interacting host factors revealed that 

expression profiles of most genes targeted by existing FDA-approved drugs or by candidate 

clinical and preclinical compounds also exhibit robust 24 h oscillation in at least one organ 

or tissue (Ray and Reddy, 2020). Cycling genes include human angiotensin-converting 

enzyme (ACE2), a receptor that mediates entry of SARS-CoV-2 (Bhalla et al., 2020), and 

is expressed rhythmically in the lung in humans (Anafi et al., 2017), baboons (Mure et al., 

2018) and mice (Z. Zhang et al., 2019). The ACE protein levels also exhibit robust time of 

day expression, coinciding with SARS-CoV entry and infection rates in human epithelial 

lung cells (Zhuang et al., 2021). Given that multiple existing ACE2 inhibitors are currently 

prioritized for COVID-19 management, these results hold promise for chrono-therapeutic 

application of repurposed cardiovascular drugs to improve anti-viral therapy (Lopes et al., 

2020).

Timing Vaccination

Mirroring the circadian control of host immune responses to pathogens, emerging evidence 

suggests that timing vaccinations may boost their efficacy. For instance, adrenergic 

innervation of lymph nodes (B cells, CD4+, and CD8+ T cells), through β2-adrenergic 

receptors, modulates the diurnal variation of adaptive immune cell numbers in the 

circulation and in lymph nodes. This correlates with the consequent magnitude of the 

antibody response upon immunization (Suzuki et al., 2016). Besides the diurnal variation in 
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the humoral immune response, the response of CD8 T cells to vaccination with dendritic 

cells loaded with an antigen follows a 24 h rhythm, with higher T cell activation upon 

vaccination in the daytime compared to the nighttime (Nobis et al., 2019). The early 

daytime immune response to vaccination was dampened or abolished upon deletion of 

Bmal1 in dendritic cells or CD8 T cells, suggesting that the cell-intrinsic clock modulates 

the time-of-day dependence of vaccination efficacy (Nobis et al., 2019). In an early study, an 

attenuated Venezuaelan equine encephalomyelitis vaccine administered at 8 am resulted in 

peak antibody titers 4 days earlier than the peak in those vaccinated at 8 pm (Feigin et al., 

1967).

There are mixed results in human studies that address variations of vaccine efficacy with 

time of day. In a study of healthy young university student volunteers, a group of 30 

(13 male/17 female) subjects who received the hepatitis B vaccine in the morning (08:00–

08:30) did not differ in their response from a group of 33 (14 male/19 female) subjects 

who were injected in the evening (17:30–18:00), arguing that the immune response to the 

hepatitis B vaccination is not influenced by circadian timing (Karabay et al., 2008). On 

the other hand, a study of 164 men and women found that men, not women, mounted 

a higher antibody response to both hepatitis A and influenza A when vaccinated in the 

morning (Phillips et al., 2008). Similarly, a subsequent randomized trial study reported that 

morning vaccination enhances antibody response over afternoon vaccination in older adults, 

suggesting potential benefits of timed-vaccination strategies to counter age-related decline of 

antibody production (Long et al., 2016). However, a report of higher influenza A antibody 

titers in aged (but not younger) individuals following afternoon, versus morning, vaccination 

was attributed to the timing of sample collections, rather than vaccination timing (Kurupati 

et al., 2017).

Beyond the vaccine-specific antibody responses, a more recent study with healthy 

volunteers, using the anti-tuberculosis vaccine bacillus Calmette-Guérin (BCG), found that 

BCG vaccination in the morning elicited a stronger nonspecific trained innate immune 

response, as well as Mycobacterium Tuberculosis specific adaptive responses, compared 

with evening vaccination (de Bree et al., 2020). Concomitantly, morning vaccination with 

BCG upregulated clock genes Bmal1 and Clock in circulating monocytes, with more 

accessible chromatin in genes important for the mTOR pathway, which is crucial for the 

induction of trained immunity (de Bree et al., 2020). Overall, there is reason to believe that 

the circadian system affects responses to vaccination. However, more research is needed 

with studies controlled for sex and the timing of blood collection.

Chrono-Chemotherapy

Host-Tissue Tolerance May Vary With Time of Day.—The earliest examples of 

chronotherapy are from the treatment of cancer, and circadian timing is now increasingly 

recognized as an important parameter to optimize therapy (Sulli et al., 2019). Anti-cancer 

drugs are usually cytotoxic to normal tissues as well as malignant cells, so the goal is not 

just to improve efficacy but also reduce toxic side effects such as host tissue damage and 

immunological dysfunction. Timing cancer therapy may achieve an optimal balance between 

drug tolerance and efficacy (Figure 3). In earlier work, the efficacy of over 30 chemotherapy 
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drugs was shown to vary by over 50% based on administration time (Levi, 2001; Innominato 

et al., 2014). Some of the most commonly used anticancer drugs (e.g. cisplatin, doxorubicin, 

cyclophosphamide) exhibit differential toxicities depending on the time of administration 

(Cardoso et al., 1978; Hrushesky, 1985). For example, chronochemotherapy experiments 

with rat models for cancer found maximal benefit and minimal toxic effects when cisplatin 

was administered in the middle or later part of the active phase while doxorubicin was 

most effective when administered near the end of the daily resting phase (Hrushesky et al., 

1982; Levi et al., 1982a, 1982b; Sothern et al., 1989). In patients with advanced ovarian 

cancer, administration of doxorubicin in the morning (e.g. 6 am) and cisplatin in the evening 

(e.g. at 1800 before or after doxorubicin) caused fewer complications and renal toxicity 

than administration of doxorubicin in the evening and cisplatin in the morning (Hrushesky, 

1985; Sothern et al., 1989; Levi et al., 1990). Likewise, chronotherapy trials of patients 

with metastatic colorectal cancer showed that timed combination therapy with irinotecan, 

oxaliplatin, 5-fluorouracil (5-FU), and leucovorin resulted in delayed time to progression 

and increased overall survival with increased tolerance and safety, compared to routine 

chemotherapy (Levi et al., 1997; Gholam et al., 2006; Innominato et al., 2020b).

Several potential mechanisms may underlie the benefits of daily timing for reducing toxicity 

of anticancer drugs (Levi, 1994). Computational analysis of experimental and clinical results 

revealed that timing a drug (e.g. 5-FU, oxaliplatin) appropriately can produce minimal 

cytotoxicity in one cell population, e.g. normal cells, and at the same time display high 

cytotoxicity toward a different cell population, e.g. tumor cells (Altinok et al., 2009). This 

underscores a potential advantage of chronotherapy in simultaneously improving chrono-

tolerance and chrono-efficacy. At the molecular level, the rhythmic response and toxicity 

of 5-FU are dependent on circadian oscillations in thymidylate synthase (TS) activity, its 

molecular target, and dihydropyrimidine dehydrogenase activity (DPD), the rate-limiting 

enzyme responsible for the elimination of 5-FU (Harris et al., 1990; Johnston et al., 1995; 

Lincoln et al., 2000; Salonga et al., 2000; Pullarkat et al., 2001). In accordance with this, a 

recent clinical study found that the circadian oscillation of DPD, with peak activity at 4:00 

p.m. and trough at 4:00 a.m., modulates the time-dependent bioavailability and efficacy of 5-

FU (Jacobs et al., 2016). On the other hand, glutathione, an anti-oxidant tripeptide involved 

in drug detoxification, showed a daily fluctuation with peak concentrations in the afternoon 

(~4 pm), thus better-reducing toxicity caused by platinum drugs (e.g. cisplatin, oxaliplatin) 

at this time (Zeng et al., 2005). Knowledge of these circadian mechanisms has been 

widely leveraged to design and implement recent clinical trials, such as chrono-modulated 

chemotherapy with 5-FU or cisplatin plus radiotherapy for nasopharyngeal carcinoma (Gou 

et al., 2018; P. X. Zhang et al., 2018a). Importantly, recent analysis of a randomized trial 

dataset shows that irinotecan administration in the morning for males and in the afternoon 

for females reduces toxicity, suggesting that gender should be taken into account when 

timing drug administration (Innominato et al., 2020a).

Cancer Chemotherapy Can Be Targeted to Cell Cycle Rhythms in Tumors.—
Besides host circadian rhythms, daily dynamics in tumors can be targeted for optimal 

treatment (Figure 3b). For instance, a circadian rhythm in the cell cycle was first reported 

in human mammary cell cancer biopsy samples in 1966 (Garcia-Sainz and Halberg, 1966). 
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Subsequent clinical studies showed time-of-day-dependent peaks of cancer cell mitosis in 

the tumors of most patients with differing circadian patterns in cancers of different origins 

(Klevecz et al., 1987; Smaaland et al., 1991; Hrushesky et al., 1998). A flow cytometry 

study with ovarian cancer patients revealed that tumor cell proliferation, determined by 

the percentage of cells in S (DNA synthesis) phase, exhibits a highly significant 24 h 

rhythm with a peak in mid- to late morning, nearly 12 h out of phase with non-tumor 

cell proliferation in normal tissues (Klevecz et al., 1987). Since most chemotherapy targets 

the cell cycle, chemotherapy can be timed to coincide with high tumor cell vulnerability 

and low toxicity to normal tissue (Klevecz et al., 1987). Supporting this approach, later 

preclinical and clinical cancer studies reported that cell cycle phase-specific drugs like 

cisplatin or 5-fluorouracil (5-FU) (S phase-specific), docetaxel (M phase-specific) and 

seliciclib (G1 phase-specific) have maximal efficacy and minimal toxicity at specific times 

of the day (Tampellini et al., 1998; Iurisci et al., 2006, 2009; Bernard et al., 2010). More 

recently, palbociclib (PD-0332991), a selective inhibitor of cyclin-dependent kinase (CDK) 

4/6 responsible for G1/S cell cycle progression, was found to reduce growth of cultured cells 

and mouse tumors in a time-of-day-specific manner (Y. Lee et al., 2019a) (Figure 3b).

Circadian Regulation of the Tumor Cell Cycle Can Affect Cancer 
Chemotherapy.—Molecular connections between the circadian clock and the cell cycle 

continue to be revealed (Gaucher et al., 2018; Farshadi et al., 2020). In fact, most genes 

regulating critical steps in the cell cycle are controlled by the circadian clock. Key genes that 

exhibit circadian cycles of gene expression in a CLOCK/BMAL1 dependent manner include 

c-MYC and cyclin D1, which induce entry to S phase, and Wee1 that gates entry to M phase 

(Fu et al., 2002; Matsuo et al., 2003; Granda et al., 2005; Gaucher et al., 2018; Y. Lee et al., 

2019a). Circadian regulation also extends to additional cell cycle regulators and checkpoint 

controllers (e.g. p21, p16/INK4a, p27, and p57), as well as cell cycle signaling pathway 

factors (e.g. mitogen-activated protein kinase, Wnt/β-Catenin, transforming growth factor), 

(Sotak et al., 2014). Moreover, DNA damage response, DNA repair, and apoptotic signaling 

pathways, which are closely associated with cell cycle checkpoints, are directly controlled 

by the circadian clock (Antoch et al., 2005; Gauger and Sancar, 2005; Gorbacheva et al., 

2005; Kang et al., 2009, 2010; Sancar et al., 2010; Gaddameedhi et al., 2012).

Animal and cellular studies show that clock gene perturbations alter rhythmic mitosis 

and cell proliferation, as well as tumor growth, suggesting circadian coordination of 

the cell cycle in tumors (Wood et al., 2008; Taniguchi et al., 2009; X. Yang et al., 

2009a, 2009b; Kang et al., 2010; N. Zhao et al., 2013; Puram et al., 2016; Kiessling 

et al., 2017; W. H. Chang and Lai, 2019; Dong et al., 2019; Shafi et al., 2021). In 

addition, enhancing intratumor circadian rhythms with clock synchronizing agents (e.g 

dexamethasone, forskolin, heat shock) results in fewer cells in S phase and more in the 

G1 phase and inhibits tumor growth (Kiessling and Cermakian, 2017). This suggests the 

tumor-suppressive function of the circadian clock is via induction of cell cycle arrest. On the 

other hand, some clock genes have been associated with increased tumor growth, although 

likely not through the cell cycle (see below).

Time-of-day-dependent anticancer efficacy has now been linked to the expression of specific 

circadian clock genes. The DNA alkylator temozolomide and topoisomerase I inhibitor 
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irinotecan showed rhythmic toxicity in glioblastoma and colorectal cancer cells, respectively, 

with maximum drug sensitivity occurring near the peak of Bmal1 expression (Ballesta et 

al., 2011; Dulong et al., 2015; Slat et al., 2017). Cytotoxic rhythms were ablated when 

Bmal1 was silenced, suggesting a direct role of the clock (Ballesta et al., 2011; Dulong et 

al., 2015; Slat et al., 2017). Elevated Bmal1 reportedly increases the sensitivity of colorectal 

cancer and tongue squamous cell carcinoma cells to oxaliplatin and paclitaxel (Zeng et al., 

2014; Tang et al., 2017). As with Bmal1, Per2 is an effective circadian modulator of DNA 

damaging agents (e.g. oxaliplatin), whose efficacy on human oral squamous cell carcinoma 

tumor grafts can be greatly boosted with timely administration at the peak of PER2 

expression (Tang et al., 2019). Mechanistically, PER2 periodically suppresses proliferating 

cell nuclear antigen (PCNA) transcription which, in turn, impedes the drug-induced DNA 

repair mechanism, thus increasing sensitivity to the drug (Tang et al., 2019). In addition 

to chemicals targeting DNA repair, tumor xenograft models revealed that other synthetic 

(e.g. SR9009, Bortezomib, aldehyde dehydrogenase inhibitor) or natural (e.g. Curcumin) 

compounds exert time of day-dependent anti-tumor activity via circadian metabolic factors 

in glioblastoma, liver, and breast cancer cells (Sarma et al., 2016; Matsunaga et al., 

2018; Wagner et al., 2019a, 2019b). Anti-cancer compounds that have time-of-day-specific 

activity were also identified systematically through a cell-based screen, which showed that 

cytotoxicity of multiple drugs is abrogated in Bmal1 knock out cancer cells (Y. Lee et al., 

2021). Bmal1 ablation also affected growth of a melanoma tumor graft model, as well as 

time of day sensitivity to HSP90 inhibitors in this model (Y. Lee et al., 2021). Interestingly, 

rhythmic actions of HSP90 inhibitors require not only intact circadian rhythms but also a 

synchronzied cell cycle, suggesting that circadian regulation of cellular dynamics in tumors 

can dictate the time of day specificity of anti-cancer drugs (Y. Lee et al., 2021).

Radiation Therapy to Treat Cancer May Also Benefit From Consideration 
of Time-of-Day.—Besides drug-based chronotherapy, there is increasing, but limited, 

evidence that radiation, the standard treatment for the majority of brain and peripheral 

tumors, may be more effective at specific times of day (Mazzola et al., 2021). According 

to a recent review, radiation therapy given in the morning significantly reduced symptom 

burden caused by an adenocarcinoma, with minimal effects on healthy mucosal tissue and 

skin, (Shuboni-Mulligan et al., 2019) (Figure 3a). Gender also appears to affect temporal 

responses to radiotherapy because female patients with painful bone metastases, but not 

males, exhibited a significantly better response in the 11:00 am-2:00 pm interval relative 

to other time windows (Chan et al., 2017). Given circadian regulation of the DNA damage 

response and repair machinery, as discussed above, it is expected that optimal timing of 

radiotherapy, as well as genotoxic anti-cancer agents, presents a good option to minimize 

negative side effects of treatment.

The Circadian Clock Can Be Targeted for Cancer Immunotherapy.—In the last 

decade, there has been a paradigm shift on the role of the immune system in cancer therapy, 

with several new therapies that are now FDA-approved to enhance and even engineer 

the immune system to attack tumors. Some of these new therapies may benefit from 

chronotherapy because the tumor molecular clock influences the tumor microenvironment 

and immune cell infiltration (Cash et al., 2021; Z. Zhang et al., 2021b). In multiple 
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cancer types, core circadian clock gene expression has also been linked to tumor antigen 

processing/presentation, tumor immunogenicity, and human leukocyte antigen (HLA) 

phenotype, though whether these pathways are upregulated or downregulated depends on the 

tumor type (Liu et al., 2019). A comprehensive analysis of 340 metastatic melanomas from 

The Cancer Genome Atlas data set revealed that higher BMAL1 is associated with higher 

T-lymphocyte infiltration as well as higher expression of the immune checkpoint surface 

molecule programmed cell death protein 1 [PD-1] and its tumor ligand [PD-L1]). This was 

correlated with a better objective response to antiPD1 immunotherapy, which activates T 

cells, and improved overall patient survival (de Assis et al., 2018). Likewise, multi-omics 

analysis showed that the infiltration level of CD8 T cells is positively correlated with 

CLOCK and BMAL1 expression levels in lung adenocarcinomas and lung squamous cell 

carcinomas (Y. Yang et al., 2019). Supporting a beneficial effect of tumor clock-dependent 

immune responses, multiple ROR agonists (e.g. LYC-55716), which are activators of 

BMAL1 transcription, are now in preclinical and clinical trials, showing good tolerability, 

safety, and pharmacokinetics in single or combined treatment with existing immune-

therapeutic agents (Cash et al., 2021). On the other hand, a recent study with patient-derived 

glioblastoma stem cells (GSC) revealed that CLOCK and its heterodimeric partner, BMAL1, 

enhance GSC self-renewal via transcriptional upregulation of olfactomedin-like protein 3 

(OLFML3), a proangiogenic chemokine that recruits immune-suppressive microglia into the 

tumor microenvironment (Chen et al., 2020). This also corresponds with a recent prognostic 

model suggesting that circadian clock genes promote glioma progression by affecting tumor 

immune infiltration and tumor cell proliferation (Z. Wang et al., 2021).

Although chronochemotherapy shows promise, mostly in preclinical studies, chronotype, 

gender, age, disease status, and genetic differences in rhythm status can contribute to 

pharmacodynamic variability among cancer patients, posing a daunting challenge in cancer 

therapy (Ozturk et al., 2017; Pariollaud and Lamia, 2020). Moreover, environmental or 

physiological perturbation of circadian rhythms such as shift work, abnormal sleep timing, 

irregular psychosociological stresses, and illness, can cause interindividual variability in 

both cancer growth and the response to cancer therapy (Y. Lee et al., 2019a; Walker et al., 

2020a; Koritala et al., 2021). Circadian disruption may also be related to the chronic sleep 

loss and depression suffered by many cancer patients following diagnosis and treatment 

(Innominato et al., 2014; Telias and Wilcox, 2019). Thus, training or enhancing the body 

clock with scheduled light exposure, mealtimes, or exercise, alongside a carefully timed 

chemotherapy regimen, may improve patient well-being as well as antitumor treatment.

CONCLUSION

In the past ~25 years, extensive research in chronobiology has expanded our understanding 

of the functional role and mechanism of the circadian clockwork in human health and 

disease. Knowledge of the interactions across clocks in the body and between clocks 

and almost all physiological systems has not only elucidated circadian physiology and 

pathophysiology but also led to some successful therapeutic recommendations. Despite 

substantial progress in this area, several questions remain. (1) Are the therapeutic benefits 

of the extant small molecules targeting clock components mediated entirely by those 

components? Many drugs have multiple targets, so it is important to confirm that relevant 
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effects are mediated by the clock molecule in question; this can be done by delivering the 

drug to cell or animals that lack that clock molecule. Using this approach, SR9009 was 

found to have REV-ERB-independent effects on cell proliferation and metabolism (Dierickx 

et al., 2019). On the other hand, as most cell signaling pathways targeted by therapeutic 

compounds cross-talk with the molecular clockwork, it is plausible that drug treatment 

impacts circadian physiology even if clock molecules are not the relevant direct target. 

In support of this, several anti-cancer or anti-epileptic drugs disrupt rhythms in patients, 

causing sleep and mood disorders, which in turn affect recovery (Ozturk et al., 2017; 

Griggs et al., 2018; Jin et al., 2020). (2) Does a therapeutic targeting a clock molecule 

actually act through a circadian pathway/mechanism? This is analogous to the question 

of whether phenotypes of clock gene knockouts reflect circadian function, or result from 

clock-independent effects of those genes on transcription. A circadian mechanism would 

be implicated for a therapeutic if other clock components could be manipulated to produce 

the same effect. In addition, rigorous studies may be able to establish that the relevant 

biomarkers and physiological effects are circadianly regulated. (3) How generalizable is 

the application of circadian medicine? Individual variability in circadian rhythms, caused 

by genetics or environmental factors (e.g. chronotype, lifestyle, illness, age), could have 

significant effects on treatment, suggesting chronotherapy may need to be individualized 

for patients. With the growing development of chrono-therapeutic tools and strategies, it 

may be reasonable to expect that integrative chronotherapy will improve the prevention and 

treatment of multiple disorders.
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Figure 1. 
Circadian-disruptive factors and chronotherapeutic interventions in physiology and disease. 

Abbreviations: CRY = cryptochrome; ROR = Receptor-related orphan receptor. Reciprocal 

interactions of circadian clocks with other physiological pathways constitute systemic 

circadian physiology. Multiple factors that disrupt circadian rhythms can increase the risk of 

disease onset and severity, which in turn feeds forward to cause more chrono-disruption. 

Conversely, several types of chrono-therapeutic interventions can be implemented to 

enhance or restore circadian rhythms and thereby reduce disease progression and improve 

the response to treatment; CKI = casein kinase 1
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Figure 2. 
Timing of disease symptoms and therapeutic interventions. Abbreviations: NSAIDS = 

nonsteroidal anti-inflammatory drugs; ACE = angiotensin-converting enzyme; BCG = 

Bacillus calmette–Guérin; TRF = Time-restricted feeding. The timing of therapeutic 

interventions is mostly associated with the daily susceptibility of diseases. a higher evening 

antiepileptic drug dose can reduce nocturnal and early-morning seizures. Night time 

administration of most anti-hypertensive and anti-inflammatory drugs effectively reduces 

the early morning severity of the cardio-metabolic and auto-immune disease symptoms, 

via preemptive suppression of the disease-relevant enzymes or proinflammatory cytokine 

activities that rise during sleep. On the other hand, morning vaccinations appear to induce 

better innate and adaptive immune responses. Morning bright light therapy improves 

circadian rhythms, sleep and, mood disorders. daytime TRf or exercise in the late afternoon 

can improve circadian rhythms and metabolic symptoms, particularly in patients with 

diabetes and obesity. Tnf-α = Tumor necrosis factor alpha IL-6 = Interleukin 6
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Figure 3. 
Chronotherapy for the treatment of cancer. Chronotherapy with anti-cancer medicine or 

regimen has been proposed to improve host tolerance and safety (a) and tumor cytotoxicity 

(b). (a) Tissue tolerance to timed anti-cancer therapy. The anti-phasic peak and trough 

level of DPD, an elimination enzyme of 5-FU, and TS, have been associated with the 

reduced toxicity of circadian-timed 5-FU treatment. Also, daily variations of GSH, a potent 

anti-oxidant, have been used as a host tolerance biomarker for the use of platinum-based 

anti-cancer drugs (e.g. oxaliplatin, cisplatin). Doxorubicin and radiation are generally more 

effective, with fewer side effects, in the morning. (b) Tumor toxicity in response to timed 

anti-tumor agents. Several anti-cancer drugs target phases of the tumor cell cycle including 

G1 phase (Seliciclib), G-S phase-transition (Palbocicilib), S phase (5-FU), and M phase 

(docetaxel). Notably, some tumor tissues display anti-phasic cell cycle rhythms to host 

ones, highlighting the potential efficacy of timed chemotherapy to coincide with high tumor 

cell vulnerability and low toxicity to normal tissue. Abbreviations: M = mitosis; G = Cell 

growth; DPD = dihydropyrimidine dehydrogenase; GSH = glutathione; TS = thymidine 

synthase; 5-FU = 5-fluorouracil; S = DNA synthesis.
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