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Abstract

Increases in our understanding of the molecular control of circadian rhythms and subsequent 

signaling pathways has allowed for new therapeutic drug targets to be identified as well as for a 

better understanding of how to more efficaciously and safely utilize current drugs. Here, we review 

recent advances in targeting components of the molecular clock in mammals for the development 

of novel therapeutics as well as describe the impact of the circadian rhythm on drug efficacy and 

toxicity.
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Most, if not all light-sensitive organisms, including mammals, possess a master circadian 

clock that regulates physiological and behavioral processes in alignment with the 24-h day. 

Recent advances in understanding the molecular control of circadian rhythms and 

subsequent signaling pathways has allowed for new therapeutic targets to be identified as 

well as for a better understanding of how to more efficaciously utilize current drugs. In 

addition to playing a key role in normal physiology and behavior, aberrations in the 

circadian rhythm are associated with the pathophysiology of diseases including diabetes, 

cardiovascular disease, psychological disorders and various autoimmune diseases/

inflammation.1–5 Additionally, the potency and efficacy of many drugs is associated with the 

circadian rhythmicity of expression of their molecular targets and cellular biochemical 

signals.4 A significant fraction of genes are expressed in a circadian fashion6 including many 

drug targets and drug metabolizing enzymes yielding potential differences in efficacy/side 

effects based on time of day administration. Applying the knowledge of circadian function 

and regulation to the relevance of disease has enabled a chronotherapy approach in the 

timing of administration of conventional drugs in order to synchronize the rhythms in 

disease activity with the efficacy of the drug. Furthermore, recent advances in targeting the 

protein components involved in maintenance of the core circadian rhythm have allowed us to 

examine pharmacological alteration of the core rhythm to examine potential utility for 

treatment of disease.
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Circadian rhythms influence most, if not all of mammalian physiology. Optimizing and 

coordinating metabolic processes, cellular functions and the organism’s behavior including 

the sleep-wake cycle can be viewed as the main tasks of the circadian timing system (CTS).2 

The CTS is hierarchical in structure with the master pacemaker located in the 

superchiasmatic nucleus (SCN) of the hypothalamus. This master pacemaker coordinates 

countless peripheral clocks within various tissue and cell types. In general, the molecular 

makeup of oscillators within the SCN and the periphery are very similar, with the main 

difference being how they are synchronized and influenced by various signals. The SCN is 

entrained by light received by the retina while the peripheral oscillators are often adjusted by 

chemical signals or by feeding2,7– 9 (Fig. 1).

Feedback regulation on a transcriptional and posttranscriptional level creates and maintains 

the circadian oscillations in the context of a single cell. Heterodimers of transcription 

factors, either CLOCK or NPAS2 with BMAL1 bind to DNA E-box elements within 

enhancer and promoter regions of the Cryptochrome (Cry) and Period (Per) genes and 

stimulate their transcription. CRY and PER protein levels accumulate to form complexes 

that inhibit the BMAL1-CLOCK/NPAS2 heterodimers, leading to the loss of activation of 

Cry and Per genes, and a reduction of CRY and PER protein levels which leads to the next 

transcriptional cycling event.2,10,11 Additionally, BMAL1–CLOCK/NPAS2 heterodimers 

also drive the circadian expression of REV-ERB, an nuclear receptor that represses both 

Bmal1 and Clock gene transcription by direct binding to their promoters12–14 (Fig. 2). An 

additional nuclear receptor, the retinoic acid receptor-related orphan receptor (ROR) also 

plays an important role activating transcription of the Bmal1 gene by binding to the identical 

DNA response element recognized by REV-ERB.15–17 Other proteins such as the WD40 

protein, NONO DNA-binding protein, the WDR5 histone methyl transferase binding 

platform, and casein kinases (CK1) also play an important role in modulation of the 

feedback loop ensuring proper circadian function.2,18 This self-sustained, cell autonomous 

circadian oscillator is maintained in most, if not all mammalian cells19 and drives 

physiological alterations by controlling genes that are responsive to components of the 

oscillator—clock controlled genes (CCGs).

Some components of the mammalian clock described above are clearly ‘druggable’ and very 

recent studies have demonstrated the effects of modulating the activity of these targets on 

circadian physiology as well as pathological states. The nuclear receptor REV-ERB was 

recently deorphanized and heme was identified as the physiological ligand20,21 and these 

studies clearly suggested that synthetic compounds could directly target this nuclear 

receptor. Our group recently developed synthetic agonists for REV-ERB, SR9009, that 

demonstrated the ability to modulate circadian behavior as well as metabolism3 (Fig. 3). 

Administration of REV-ERB agonists in mice resulted in alterations in the expression of 

clock genes both in the SCN and the periphery (liver, adipose and skeletal muscle). 

Circadian wheel running behavior was altered and interestingly, mice displayed increased 

energy expenditure with no increase in locomotion or food intake. Additionally, when 

administered to diet-induced obese mice, REV-ERB agonist SR9009 induced significant 

weight loss (fat mass) and reduced plasma triglycerides and cholesterol levels. Clearly, these 

data suggest that targeting the clock may hold utility in the treatment of metabolic disorders. 

A number of synthetic ligands that target the ROR nuclear receptors have also been recently 
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identified; however, their ability to modulate the circadian rhythm has not yet been 

examined.22–27

Small molecule activators of the CRY proteins were recently identified using a cell-based 

circadian phenotypic screen.28 KL001 interacts specifically with CRY and prevents its 

ubiquitin-dependent degradation leading to lengthening of the circadian period in cell-based 

models28 (Fig. 3). Additionally, KL001 modulation of CRY stability led to inhibition of 

glucagon-induced gluconeogenesis in primary hepatocytes providing further evidence that 

targeting the clock may hold utility in the treatment of metabolic disorders. No studies with 

KL001 or related compounds have been performed in vivo yet.

The CK1 family of kinases has been implicated in the phosphorylation of PER proteins and 

modulation of their activity. CK1δ has been implicated as the dominant isozyme required for 

regulation of the circadian period based on studies with isozyme selective CK1 inhibitors.29 

Longdaysin, an inhibitor of CK1α, CK1δ and extracellular signal-regulated kinase 2 

(ERK2), was identified in a screen of compounds based on their ability to lengthen the 

circadian period and this compound appears to function via stabilization of PER130 (Fig. 3). 

Administration of longdaysin to zebrafish resulted in a lengthened circadian period. Other 

CK1δ inhibitors such as LH846 have also been identified and have the ability to lengthen the 

circadian period in cell based models31 (Fig. 3). In contrast to the CK1δ inhibitors, inhibitors 

of glycogen synthase kinase β (GSK3β), such as indirubin, appear to shorten the circadian 

period32 (Fig. 3). GSK3β substrates include several components of the clock including REV-

ERB, BMAL1, CLOCK and CRY2, thus it is not clear exactly how these compounds 

mechanistically alter the clock. Clearly, there appear to be multiple opportunities to develop 

small molecule modulators of clock components and employ a chemical biology approach to 

determine the potential therapeutic utility of such compounds.

Variations in gene expression due to circadian changes often have effects on the absorption, 

distribution, metabolism and elimination of drugs2 (Fig. 4). These effects result from the 

rhythmic changes in liver metabolism, membrane viscosity, blood flow in the periphery as 

well as through organs, renal filtration rates, and various other rhythmic physiological 

properties. Clearly, efficacy and tolerability of a drug can be severely impacted by circadian 

pharmacokinetics and pharmacodynamics.

One of the most extensively studied examples of time-dependent dosing on drug effect and 

toxicity is glucocorticoid receptor (GR) agonists. GR is a ubiquitously expressed, 

glucocorticoid-activated member of the nuclear receptor superfamily of transcription factors 

and is involved in the regulation of development, metabolism, and immune response. The 

natural ligands for GR are glucocorticoids, predominantly cortisol, and are synthesized from 

cholesterol precursors in the adrenal cortex under tight regulation from hypothalamo-

pituitary axis. Circulating levels of glucocorticoids fluctuate in a circadian manner, with the 

highest levels observed in the morning and the lowest levels in the late evening in diurnal 

animals. Two decades ago, Beam et al. described a relationship between time of day of 

administration of a synthetic GR agonist, prednisone, and relief of nocturnal worsening of 

asthma symptoms.33 They speculated that the worsening of asthmatic symptoms at night 

was related to the corticosteroid-sensitive circadian localization of eosinophils to the 
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lungs.33 Subjects were treated with oral prednisone at one of several time points (0800, 

1500, and 2000 h) for six weeks and monitored by bronchoscopy, spirometry, and blood 

eosinophil levels. Interestingly the timing of prednisone was absolutely critical for the relief 

of the nocturnal worsening of the symptoms and the 1500 h administration of prednisone 

was effective while dosing at either 0800 h or 2000 h was ineffective.33

More recently GR function has been shown to be closely linked to the mammalian clock. 

The CLOCK/BMAL1 complex directly interacts and enzymatically targets GR, thereby 

regulating the action of its ligands in peripheral tissues.34 It was suggested that the CLOCK/

BMAL1 heterodimer acetylates the lysine-rich area of the GR hinge region and suppresses 

transcriptional activity regulated by GR, indicating that components of the circadian clock 

can modulate the effects of glucocorticoids on immune functions in various tissues and 

organs.34 Studies in Per2/Cry1 knockout mice, which lack a circadian rhythm, displayed 

defective pituitary and adrenal regulation. Interestingly, tissue transplantation in these mice 

led to a rescued glucocorticoid rhythm under LD conditions.35 Most recently it was 

demonstrated that CRY1 and CRY2 directly interact with GR and modulate the ligand-

dependent activity of the receptor suggesting another direct link between GR function and a 

core component of the mammalian clock.36

Many anticancer therapeutics have been shown to exhibit differing effects and toxicity based 

on administration time in rodents.37,38 Gorbacheva et al. showed the clear relationship 

between the chemotherapeutic agent, cyclophosphamide, and functional timing of the 

CLOCK/BMAL1 circadian components.37 Several different mutant mouse models were 

used to explore the molecular link between in vivo cyclophosphamide drug toxicity and 

circadian function, when compared to control mice treated with the same drug. It was 

observed that animals treated at the dark:light transition were more sensitive to drug toxicity 

than those treated at the light:dark transition; the increased drug sensitivity also appeared to 

correlate with survival of the animals37 Clock mutants and Bmal1−/− mice also showed a 

severe reduction in body weight following cyclophosphamide treatment, whereas the control 

mice maintained a stable body weight following injections. These findings suggested that 

when CLOCK/BMAL1 activity is deficient mice display a higher sensitivity to the 

chemotherapeutic drug. In addition, this and several other groups hypothesized that the 

circadian regulation of drug sensitivity may be further controlled by peripheral clocks 

regulating the rhythmic activity of drug-metabolizing enzymes, and not solely through the 

CLOCK/ BMAL1 transactivation pathway in the SCN.2,37,39

Since many of the components of the detoxification system have circadian mRNA 

expression, it makes sense that toxicity of certain drugs depends on the time of dosing. 

Members of cytochrome p450 (CYP) family of drug-metabolizing enzymes are highly 

expressed in the liver, kidney, intestine, and other organs. These enzymes often have 

oxidase, reductase, or hydrolase activities that aid in the removal of toxins.2 Additionally, 

conjugating enzymes, like sulfonotransferases, modify lipophillic components of drugs and 

allow for excretion into bile or urine. Most enzymes within the detoxification pathway have 

been shown to display circadian fluctuation throughout the day that likely contribute to time-

dependent efficacy of specific drugs.2 An additional component of the molecular basis of 

detoxification involves several nuclear receptors including constitutive androstane receptor 
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(CAR), pregnane X receptor (PXR), peroxisome proliferator-activated receptor (PPAR), 

liver X receptor (LXR), farnesoid X receptor (FXR), and hepatocyte nuclear factor (HNF4), 

and other transcriptional regulatory proteins like the aryl hydrocarbon receptor (AHR).2,40 

Several of these proteins regulate the detoxification system in a circadian manner as they 

either accumulate in a circadian manner or themselves display a circadian rhythm.2 Various 

studies suggest that the circadian expression of many nuclear receptors may shed light on 

how circadian rhythms are linked to disease and also how to effectively treat an 

individual.8,40–42 Iwata et al. using the broad-spectrum anti-cancer drug gemcitabine (GEM) 

recently described an example of this.42 Several studies revealed that standard weekly 

treatments of GEM often led to unpleasant side effects including myelosuppression, nausea, 

vomiting, alopecia, and varying hematologic toxicity in patients.18,39,42 Patients were 

randomly divided into two groups, either receiving treatment at 9 am or 3 pm, and the 

difference between hematologic toxicity between the groups over a two-week period.42 In 

addition to determining changes in white blood cell counts, red blood cell, hematocrit, 

hemoglobin and other serum levels were also assessed. This group was able to show that 

dosing with GEM earlier in the day alleviated hematologic toxicity. This is likely due to the 

rapid metabolism of GEM in the liver, kidneys, and plasma by cytidine deaminase, which 

has circadian expression in humans and peaks during the early active phase.42 Interestingly, 

studies of GEM in mice also show that circadian expression of BAX and BCL-2 may also 

contribute to the tolerability of this drug, since it targets S-phase cells and promotes 

apoptosis.42

In a recent study, Hamdan et al. found that the Abcg2 intestinal gene expression in mice is 

under the circadian control of the ATF4-CLOCK pathway and further investigated how 

fluctuations in gene expression affected oral absorption of a classic substrate of the breast 

cancer resistance protein (BCRP) in vivo.43 The well-characterized BCRP substrate 

sulfasalazine was orally administered to Abcg2 knockout demonstrating a 10-fold increase 

in accumulation than in wildtype mice. Interestingly, in the wildtype mice, intestinal 

accumulation of sulfasalazine displayed a circadian rhythm antiphase to that of BCRP 

expression.43 It has been speculated that BCRP expression in the mouse intestine is 

regulated by peripheral clocks and regulates the rate of intestinal drug absorption. It should 

also be mentioned that alternative routes of drug administration, including oral, cutaneous/

transdermal, and intravenous, have differences in drug absorption rates influenced by 

circadian rhythms.4 It has been demonstrated previously that local anesthetic agents have 

varying penetration rates through the skin in a circadian time-dependent manner.4,44,45 

Therefore, drug formulation, route of administration and circadian rhythms influences 

should all be taken into account when treating a disease.4,44,45 Taken together, the studies 

mentioned thus far suggest a molecular link between circadian rhythms and drug 

pharmacology that should be exploited in future therapeutic studies.

Another consideration when thinking about the chronopharmacology of a drug or compound 

is the delivery of treatment to a patient based on the dynamic disease-specific pathology and 

the changes in the pharmacology of that particular drug, often referred to as 

chronotherapeutics.2,40,46 This relatively new discipline of medical treatment allows for the 

consideration of a patient’s biological rhythm, changes in the severity of a disease state 

during the day, and the synchronizing of dosing and delivery of a particular drug to allow for 
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the optimal efficacy in the patient.46,47 Many studies have shown that cardiovascular related 

events, such as myocardial infarction and stroke, often occur in the early morning due to 

circadian changes regulating blood pressure, heart rate, vasodilating hormones, etc.47,48 

Dihydropyridine calcium channel blockers, such as Norvasc, have been shown that time of 

day dosing, particularly evening, is the most advantageous for efficacy of the treatment and 

normalizing changes in blood pressure rhythms to reduce early morning cardiac events.47,48 

ACE inhibitors, AT-receptor blockers, diuretics, and other antihypertensives have also been 

studied to determine circadian-based time of day dosing for the most effective treatment.

While many people acknowledge that targeting diseases with specific time-of-day dosing of 

drugs based on circadian rhythms is beneficial for patients in increasing efficacy while 

reducing side effects, it is often overlooked that disruption of circadian rhythms can lead to 

disease. Disruption of circadian rhythms is often observed in individuals involved with shift-

work or sudden changes in time schedule from traveling (jet-lag), and often contribute to 

fluctuations in sleep patterns, behaviors, and metabolic patterns. In the case of jet-lag, 

circadian disruption is temporary but often leads to feelings of general discomfort, 

irritability, depression, gastrointestinal upset, and a decreased mental and physical 

performance.49,50 Similar to individuals with jet-lag, shift workers tend to have circadian 

disruption of the master and peripheral clocks, leading to an increased incidence of 

gastrointestinal, cardiovascular, and metabolic diseases, as well as menstrual problems in 

women, and increased cancer risks.49 It should also be noted that even low-intensity light 

exposure at night can disrupt the clock in humans, which often alters temperature and 

hormonal rhythms and may lead to an increased disease propensity.49,51 An interesting study 

performed by Cheeseman et al. tested the effects of general anesthesia on time perception 

and circadian rhythm in honeybees.52 Honeybees have a remarkably similar genetic and 

functional molecular circadian network to mammals and this work demonstrated that 

isoflurane exposure, a general anesthetic, led to abnormal orienting behavior, alterations in 

foraging time, atypical circadian rhythms, and severely altered circadian gene expression 

markers. It was also demonstrated that the phase shifting caused by the use of isoflurane was 

in direct contrast with those caused by pulsed light. When isoflurane or pulsed light was 

administered during daytime, a strong phase delay was observed for the isoflurane treated 

bees but not the light-treated bees. Conversely, when administered at night, only the light 

treatment caused a phase delay in the bees.52 These results suggest a possible 

neurobiological mechanism that may be shifting the circadian clock in honeybees and can be 

extrapolated to circadian shifts and time perception in mammals following anesthesia 

administration. An important question to consider is whether it may be possible to target the 

circadian mechanisms in order to treat patients and help expedite recovery time following 

surgical procedures.52

It is clear that environmental cues drive the rhythmic expression of clock genes in mammals. 

Many physiological processes in humans are influenced by both the CTS of the master clock 

in the SCN and various peripheral clocks found in differing tissues. Recent studies have 

begun to decipher the molecular networks involved in the regulation and coordination of 

these clocks, and thus furthering the understanding of how circadian timing affects 

physiological processes and disease development. The latest advances in 

chronopharmacology are leading the way to unleash new opportunities for drug discovery 
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and advance drug development. As mentioned previously, it has been shown that circadian 

rhythms influence how drugs are absorbed, distributed, metabolized, and eliminated from 

the body. Development of circadian-controlled release and/or delivery of current 

therapeutics may enhance treatment efficacy and control cell toxicity, especially in 

chemotherapeutic agents. Further research should be applied to optimizing novel drugs to 

synchronize with a patient’s circadian rhythm, in order to increase the benefit of treatment.53 

Additionally, the development of drugs that act by specifically modulating the components 

of the circadian clock is another highly anticipated area of chronopharmacology.
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Figure 1. 
Circadian clocks exist both in the central nervous system and in the peripheral tissues. The 

figure illustrates the master clock (suprachiasmatic nucleus (SCN)) is via light received by 

the retina. The peripheral clocks of many organs are also illustrated and can be entrained by 

signals from the SCN as well as other signals such as nutrient availability.
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Figure 2. 
The mammalian circadian clock. (a) The mechanism of the mammalian molecular clock 

illustrating the feedback loop that maintains 24-h oscillations of BMAL1-CLOCK/NPAS2 

and PER-CRY expression. (b) Illustration of antiphase circadian oscillations of BMAL1-

CLOCK/NPAS2 and PER-CRY expression. (c) Schematic illustrating the relationship 

between the core clock and clock-controlled genes.
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Figure 3. 
Synthetic compounds that modulate the clock. Chemical structures of several compounds 

that alter the circadian rhythm by targeting the core clock are shown. LH846 and longdaysin 

are CK1 inhibitors while indirubin is a GSK3β inhibitor. SR9009 is a REV-ERB agonist and 

KL001 is an activator of CRY.
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Figure 4. 
Schematic illustrating the role of the clock in regulation of oscillations in various enzymes 

and drug target expression levels that lead to variability in drug efficacy, pharmacokinetics 

and toxicity with regard to the time of day administration of a drug.
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