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Abstract | Circadian rhythms are of crucial importance for cellular and physiological functions of the brain 
and body. Chronobiology has a prominent role in rheumatoid arthritis (RA), with major symptoms such as 
joint pain and stiffness being most pronounced in the morning, possibly mediated by circadian rhythms of 
cytokine and hormone levels. Chronobiological principles imply that tailoring the timing of treatments to the 
circadian rhythm of individual patients (chronotherapy) could optimize results. Trials of NSAID or methotrexate 
chronotherapy for patients with RA suggest such an approach can improve outcomes and reduce adverse 
effects. The most compelling evidence for RA chronotherapy, however, is that coordinating the timing of 
glucocorticoid therapy to coincide with the nocturnal increase in blood IL-6 levels results in reduced morning 
stiffness and pain compared with the same glucocorticoid dose taken in the morning. Aside from optimizing 
relief of the core symptoms of RA, chronotherapy might also relieve important comorbid conditions such 
as depression and sleep disturbances. Surprisingly, chronobiology is not mentioned in official guidelines 
for conducting RA drug registration trials. Given the imperative to achieve the best value with approved 
drugs and health budgets, the time is ripe to translate the ‘circadian concept’ in rheumatology from bench 
to bedside.
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Introduction
An intrinsic, ~24 h (circadian), rhythm is a funda­
mental aspect of cellular and physiological function in 
the brain and body. Circadian rhythms are genetically 
encoded and are evident at the behavioural level as well 
as the metabolomic, proteomic, transcriptomic, acety­
lomic and methylomic levels.1 The main function of this 
intrinsic timekeeping system is to impose a temporal 
‘architecture’ on behaviour, physiology and metabolism 
in the absence of external cues. This architecture ensures 
temporal segregation of behavioural and physiological 
processes for an optimally timed interaction with the 
environment. The latest developments in neuro science 
and molecular biology emphasize the importance of 
daily circadian oscillation for good health, longevity and 
amelioration of a range of conditions, including cardio­
vascular disease, immune dysregulation, cancer and 
mental illness.2 How ever, the ‘circadian concept’ is not 
yet part of mainstream medical education or practice. In 
this Review, we summarize the current understanding 
of circadian biology, successful application of chrono­
therapy and the potential for routine chronotherapeutic 
assessment in RA clinical drug trials.

The circadian clock
Intrinsic temporal organization of human biology is 
achieved through the integration of hierarchically organ­
ized, multi­oscillator systems via the interaction of central 
oscillators and their feedback from peripheral rhythms 
as well as from systemic, behavioural and environ mental 
cues. At the top of this hierarchy is the ‘central clock’ 
located in the suprachiasmatic nuclei (SCN), which gen­
erate circadian rhythms in neuronal activity and peptide 
release,3 which, in turn, are important synchronizing cues 
to other brain and body regions. The SCN are thought to 
act as a master clock that synchronizes peripheral clocks 
and conveys time­of­day information to peripheral organs 
(Figure 1). Disturbances in this coupling of central and 
peripheral clocks can lead to metabolic dysfunction 
and cardiovascular problems (reviewed elsewhere4).

Aside from internal synchronization, circadian 
rhythms are also synchronized by external periodic 
signals resulting from the rotation of the earth, in 
other words from the 24 h oscillation of light and dark 
(Figure 1). This synchronization with the environmen­
tal cycle under natural light–dark conditions, known as 
entrainment, is a result of daily adjustments of the phase 
and period of the circadian oscillator.5 The SCN receives 
photic input directly by retinal projection from a popu­
lation of intrinsically photosensitive retinal ganglion 
cells that express the photopigment melanopsin.6 Light 
acts as a Zeitgeber (a German word meaning ‘time­giver’ 
or ‘synchronizer’) to evoke time­dependent circadian 
responses in the SCN, such as the release of glutamate 
and pituitary adenylate­cyclase­activating peptide, to 
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reset the phase of the SCN clock.7 The neurohormone 
melatonin, which is primarily secreted nocturnally from 
the pineal gland, under the control of the SCN, has been 
reported to regulate sleep and circadian functions,8 as 
well as several different immune functions such as the 
regulation of proinflammatory cytokine expression or 
leukocyte functions such as responsiveness to anti gens, 
trafficking and cytotoxicity.9 Circadian rhythms in the 
expression of other important hormones, including 
gl ucocorticoids, are also SCN­dependent.10

The transcription–translation feedback loop
Extensive progress has been made in the identifica­
tion of mammalian clock genes and their regulation 
and function.11 The basis of circadian oscillations 
involves two interconnected feedback loops in clock 
gene expression (Figure 2).12 In the positive limb of 

Key points

 ■ Circadian rhythms of biological processes are genetically encoded and of 
crucial importance for cellular and physiological functions of the brain and body

 ■ Chronobiology has a prominent function in rheumatoid arthritis (RA), with major 
symptoms such as joint pain and stiffness usually being most pronounced in 
the morning

 ■ Therapy that recognizes the underlying chronobiology of RA might improve the 
benefit-to-risk balance

 ■ Timing the administration of NSAIDs or methotrexate according to biological 
rhythm determinants might help to optimize treatment outcomes in RA

 ■ New data on successful chronotherapy with glucocorticoids show that 
coordination of glucocorticoid administration with the nocturnal increase in IL-6 
levels improves morning symptoms of RA

 ■ Chronotherapy might have the additional benefit of increasing sleep quality 
or quantity and relieving depressive and other affective symptoms that are 
comorbid with RA

this transcription–translation feedback loop (TTL), 
the transcriptional activators aryl hydrocarbon recep­
tor nuclear translocator­like proteins 1 and 2 (ARNTL 
and ARNTL2), referred to in this article as brain and 
muscle ARNT­like 1 and 2 (BMAL1 and BMAL2), dimer­
ize with circadian locomotor output cycles protein kaput 
(hCLOCK), or possibly with neuronal PAS2 protein in 
brain tissue.11,12 This heterodimer binds to the E­box 
promoter elements in clock genes and clock­controlled 
genes.11,12 When activated in this manner, the clock gene 
isoforms PER1 and PER2, and CRY1 and CRY2, con­
stitute the negative portion of the TTL (Figure 2): the 
mRNAs of these genes are translated in the cytoplasm, 
and the resulting proteins (period circadian protein 
homolog [hPER]1 and hPER2, and cryptochrome 1 and 
cryptochrome2, respectively) form heterodimers that 
eventually enter the nucleus to inhibit transcription by 
binding to hCLOCK–BMAL or neuronal­PAS2–BMAL 
protein complexes.11,12

The positive and negative parts of the TTL are con­
nected by nuclear receptors from the Rev­erbA and 
retinoic acid receptor (RAR)­related orphan receptor 
(ROR) families. These receptors are transcriptionally 
regulated by the positive TTL and activate (ROR pro­
teins) or inhibit (Rev­erbAα, also known as nuclear 
receptor subfamily 1 group D member 1 [NR1D1]) 
transcription of ARNTL, NPAS2 and CLOCK (Figure 2), 
thereby modulating their own activators.12 This 
process is fine­tuned by hPER2, which interacts with 
Rev­erbAα to synchronize the negative and positive 
TTL (Figure 2). A metabolic oscillator is also driven by 
the TTL, and this oscillator feeds back to the TTL via 
the clock­controlled­gene products nicotinamide phos­
phoribosyltransferase and NAD­dependent protein dea­
cetylase sirtuin 1 (hSIRT1), to modulate transcriptional 
activity of the clock (Figure 2).12 In addition to these 
transcriptional mechanisms, many well­coordinated 
post­translational modifications (such as phosphoryla­
tion and acetylation) of core clock proteins are required 
to keep the clock ‘ticking’ at appropriate periodicities 
(reviewed elsewhere13).

Circadian regulation of physiology
The molecular clock regulates important physiological 
processes in a tissue­specific manner, via modulation of 
the transcriptional landscape in a pervasive and highly 
complex manner.14 Circadian patterns exist not only 
in expression of coding RNAs, but also of non coding 
RNAs.15 The effect of the molecular clock on various 
physiological process is highlighted by studies show­
ing roles for NR1D1 (the gene that encodes Rev­erbAα) 
in the organization of metabolism,16 regulation  of 
the midbrain dopaminergic system,17 and in shaping 
 thermoregulatory responses to cold.18

Disorders of the human circadian system are often 
manifested as circadian misalignment between the 
biological clock, sleep–wake cycles or the external 
light–dark cycle. This misalignment causes sleep distur­
bances, reduced attention, impaired daytime alertness, 
lack of energy, memory problems, negative mood and 
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Figure 1 | Internal circadian clocks and external Zeitgebers. Intrinsic circadian 
oscillations in the brain (SCN) and the periphery (organs) are synchronized via 
humoral signals and the autonomic nervous system. The circadian system actively 
synchronizes the temporal sequence of biological functions with the environment. 
The light–dark cycle is the most important Zeitgeber (synchronizer). Other potential 
environmental entrainment cues stem from sleep–wake and activity cycles, meal 
timing and societal rhythms such as work and leisure times. Abbreviation: SCN, 
suprachiasmatic nuclei.
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gastrointestinal disorders. These effects are most evident 
in shift workers for whom substantial discrepancy exists 
between endogenous and exogenous time, as they are 
awake, active and eating during their biological night, 
and trying to sleep and fast during their biological day.19

Interestingly, these neuropsychological symptoms 
can also occur in people diagnosed with depression, 
schizophrenia and other psychiatric disorders,20 with 
the possibility that internal desynchronization of the 
constituent pacemakers of the circadian system mani­
fests itself in desynchronization between behavioural and 
physiological cycles in such conditions.21 Promising evi­
dence shows that chronotherapeutic interventions that 
address circadian rhythm abnormalities can produce 
rapid and long­lasting antidepressant effects in patients 
with bipolar disorder or seasonal and nonseasonal 
major depression.22–25

Important links between circadian rhythmicity, 
inflammation and diseases have also been studied.26,27 
Aside from the symptoms already mentioned, shift 
workers also have an increased risk of developing RA,28 
and shift work is associated with inflammation.29 An 
increased inflammatory status might contribute to 
the increased risk of metabolic disorders, and evidence 
is accumulating, from large epidemiological studies, that 
people who work rotating night­shifts have an increased 
susceptibility (HR 1.03–1.24) to type 2 diabetes melli­
tus, after adjusting for traditional diabetes risk factors 
and BMI.30

If one considers that circadian and sleep–wake dis­
orders are often prodromal signs of common diseases, 
and that their treatment has a substantial effect on the 
development, consequence and treatment of these ill­
nesses, chronobiological intervention might need to 
be integrated into routine medical practice. This inte­
gration could result in shorter duration of hospitali­
zation and, ultimately, a reduced financial burden on 
healthcare systems.

Circadian rhythms in RA
RA, which affects 0.5–1.0% of adults in developed 
countries, is a disabling disease that is characterized 
by persistent synovitis and systemic inflammation.31,32 
Chronobiology has a prominent role in RA, with major 
symptoms such as joint pain and stiffness usually being 
most pronounced in the morning.26,33,34 This temporal 
factor has been, at least in part, attributed to underly­
ing circadian patterns in cytokines and hormones.26,35 
In patients with RA, increases in nocturnal blood levels 
of proinflammatory cytokines (for example, IL­6 and 
TNF) correlate with the severity of morning stiffness, 
whereas healthy individuals ordinarily have very low 
levels of these cytokines regardless of the time of day 
(Figure 3).36–38 Circadian rhythms in the expression of 
core clock genes CRY2 and RORA are altered in RA syn­
ovial fibroblasts, suggesting a desynchronization of the 
central clock and the local synovial clock that, in turn, 
might result in altered responsiveness to inflammatory 
mediators.35 Patients with RA also have higher baseline 
levels (and an altered temporal profile) of melatonin, 
suggesting a proinflammatory effect of this hormone.39 
Indeed, Hansson et al.40 demonstrated, more than 
20 years ago, that melatonin exaggerates the develop­
ment of collagen­induced arthritis in mice. As melatonin 
is also an antioxidant with some anti­inflammator y 
actions, Forrest et al.41 tested this hormone as adjunc­
tive treatment for patients with RA; they did not find 
statistically significant effects of melatonin treatment 
on clinical assessments of patient symptoms or on the 
concentration of IL­1β, IL­6 or TNF, but erythrocyte 
sedimentation rate, lipid peroxidation, neopterin and 
kynurenine concentrations were affected and indicate 
that melatonin can be proinflammatory.41

In RA, the temporal variation in cytokine secretion 
and joint symptoms is directed by the circadian clock, 
both at a systemic level through temporal regulation of 
signalling pathways, and at a local level by autonomous 
clocks present in inflammatory cells and cells exposed 
to proinflammatory conditions.26 The functions of some 
immune cells (for example, macrophages, mast cells and 
T cells) are tightly regulated by the circadian clock. For 
example, cryptochrome proteins regulate the expres­
sion of proinflammatory cytokines through the NFκB 
pathway, and Cry1–/–Cry2–/– mice are susceptible to 
aggressive collagen­induced arthritis.42 Furthermore, 
Cry1–/–Cry2–/– mice have higher basal expression of 
TNF and more severe disease than wild­type controls 
in a mouse model of inflammatory arthritis.43 Circadian 
regulation of other inflammatory responses is shown 
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Figure 2 | Molecular circadian clock mechanisms in a mammalian cell. The clock 
mechanism consists of a TTL consisting of a positive (+) and a negative (–)
feedback loop, which are intertwined via clock-protein-driven nuclear receptors and 
their interactions with hPER2, a component of the negative feedback loop. 
A metabolic oscillator is driven by the TTL and counter-regulates it via hSIRT1 (M). 
Abbreviations: CLOCK, circadian locomotor output cycles protein kaput; encircled 
M, metabolic component of the TTL; hPER2, period circadian protein homolog 2; 
hSIRT1, NAD-dependent protein deacetylase sirtuin 1; NAMPT, nicotinamide 
phosphoribosyltransferase; RORE, retinoic acid-related orphan receptor response 
elements; TTL, transcription–translation feedback loop. Modified with permission 
from Elsevier © Albrecht, U. Neuron 74, 246–260 (2012).12
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by mouse studies demonstrating that the temporal 
variation in response to endotoxin in macrophages 
is ‘gated’ (an effect elicited by a constant stimulus, but 
which is modulated by the circadian phase at which 
that stimulus is presented) by Nr1d1,44 that mCLOCK 
upregulates NFκB­mediated transcription,45 and that 
knockout of Arntl (the gene encoding Bmal1) results 
in hyper inflammatory responses to aerosolized inhaled 
endotoxin.46 Dysregulation of circadian rhythms by 
behavioural manipulation also leads to exaggeration of 
the inflammatory response to endotoxin and increased 
mortality.47 The dominant cell type driving circadian 
oscillation of IL­6 secretion and of pathology in RA 
is not known. CD4+ T cells might be involved, as they 
possess a circadian oscillator that governs rhythmic cell 

proliferation and cytokine secretion in response to acti­
vating stimuli.48 Furthermore, macrophages also possess 
an intrinsic clock, more than 8% of the macrophage 
transcriptome is under circadian control,26 and Bmal1 
regulates diurnal oscillations in the Ly6Chi subset of 
inflammatory monocytes.49

Switching the timing of treatment for RA
Progress in circadian medicine has the potential to 
improve current therapeutic regimens for patients 
with RA. Treatment for RA aims to achieve remis­
sion or low disease activity.50 Management recom­
mendations suggest that RA is treated initially with 
synthetic DMARDs such as methotrexate, usually in 
combination with gluco corticoids.51 If the treatment 
target is not reached within 3–6 months, either another 
synthetic DMARD or a biologic DMARD is used in 
accordance with risk stratification, with or without 
concomitant glucocorticoid therapy.51 Therapy that 
recognizes the underlying chronobiology of RA might 
improve the b enefit­to­risk balance. Nearly 40 years 
ago, E.C. Huskisson reported that treatment with indo­
methacin in the evening (once daily) controlled morning 
symptoms better than a morning dose.52 In the 1980s, 
studies of indomethacin and flurbiprofen confirmed 
that an evening or bedtime regimen is more effective 
in controlling morning signs and symptoms of RA than 
either morning or midday dosing.53,54 Although bio­
availability or the half­life of these drugs might be a 
factor, these trial results collectively suggest that adjust­
ing the timing of medical interventions according to 
biological rhythm determinants can serve as a means 
to optimize treatment outcomes in RA and perhaps also 
reduce adverse effects.55 To some extent, this suggestion 
is also true for DMARD treatment with methotrexate, 
a drug known for its dose­dependent adverse effects. 
However methotrexate administration modalities also 
matter, such that administration of metho trexate once 
per week as a single dose, or in divided doses over a 24 h 
period, results in a reduced incidence of adverse effects 
and improved toler ability. One small study indicated that 
methotrexate chrono therapy at bedtime, synchronized 
to the nocturnal increase in blood TNF concentration, 
is well­tolerated and has superior treatment effects in 
patients with RA.56

Clearly, more research is needed to understand under­
lying mechanisms of chronotherapy and to derive clini­
cally rele vant conclusions to improve patient care. The 
most compelling evidence for successful RA chrono­
therapy is with glucocorticoids, with the key observation 
being that coordination of glucocorticoid administration 
with the nocturnal rise in blood IL­6 concentrations 
(0200 h) results in substantially reduced morning stiff­
ness and pain compared with the same dose taken in the 
morning.57,58 However, expecting patients to wake during 
the night to take medication is unreasonable. Modified­
release (MR) prednisone enables bedtime administration 
with release of glucocorticoids at the optimal time for 
suppression of proinflammatory cytokines (Figure 3). 
Indeed, the CAPRA­1 (Circadian Administration of 
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Figure 3 | Responses to conventional prednisone versus chronotherapy for RA. 
Conventional glucocorticoid administration between 0600 h and 0800 h is usual, 
but might be too late as night-time pathophysiological processes have already 
initiated inflammation. MR prednisone enables convenient bedtime administration 
(~2200 h) with release of glucocorticoids at the optimal time for suppression of 
proinflammatory cytokines and, consequently, reduction of joint pain and stiffness 
in the morning. a | Patients with active RA have diurnal variation in symptoms. 
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release; RA, rheumatoid arthritis.
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Prednisone in RA) clinical study found that MR pred­
nisone reduced IL­6 levels and morning stiffness sub­
stantially more than conventional glucocorticoids.59,60 
The CAPRA­2 study compared MR prednisone with 
placebo and showed that the new drug increased treat­
ment response rates and physical function, and reduced 
morning stiffness, severity of RA and fatigue.61 These 
data have now led to the widespread support of this 
bench­to­bedside development.

RA is a considerable burden on patients, healthcare 
providers and society, with an estimated cost of €15,000 
per patient per year.62 Indirect costs owing to lost pro­
ductivity might account for approximately half this 
expense. When selecting treatments, rheumatologists 
must consider both economic implications and clini­
cal benefits.51 Optimizing the timing of administration 
for currently available conventional drugs incurs no 
additional costs, but might improve the benefit­to­risk 
ratio. Although average treatment costs per patient are 
higher for MR prednisone than conventional pred­
nisone, a health state­transition model generated an 
incremental QALY (quality­adjusted life years) of 0.044, 
indicating the cost­effectiveness of MR prednisone.63 
Also, adding MR prednisone to DMARD therapy might 
allow treatment goals to be reached in an additional 
11–13% of patients, without the need for costly biologic 
therapy.64 This benefit was demonstrated in a 4 month 
observational study that showed that switching from 
conventional prednisone, or 6­methylprednisolone, to 
MR prednisone improved outcomes, which might reduce 
the need for biologic treatment.65

Mental health
Aside from the classical core symptoms of RA, psychiat­
ric disorders are reported to be comorbid with RA. A sys­
tematic review and meta­analysis of depressive disorders 
in patients with RA reported prevalence rates of major 
depressive disorder, confirmed by clinical interview, 

of 16.8% and of dysthymic disorder of 18.7%.66 Mood 
disorders present during early RA67,68 might be under­
recognize d by attending rheumatologists,69 and are 
substantial  contributors to impaired quality of life.70

Given the evidence that comorbid mood disorders 
are an issue in RA, how might chronotherapy be used to 
alleviate them? The first suggestion is that chrono therapy 
with NSAIDs, DMARDs or glucocorticoids might have 
the additional benefit of reducing affective symptoms. 
Increased relief of pain and stiffness, resulting from 
improved treatment efficacy with chrono therapy, might 
alleviate the psychological suffering associated with these 
symptoms and lead to decreased depression and anxiety. 
However, fundamental biological mechanisms might 
also exist through which  chronotherapy could benefit 
mental health.

A well­described, but not fully understood, link 
exists between peripheral inflammation and affective 
dis orders.71 In preclinical models, induction of periph­
eral inflammation can induce long­lasting depression­
like behaviour that substantially outlasts the initial 
si ckness–behaviour response.72,73 The precise mecha­
nisms through which peripheral inflammation leads 
to such changes are unclear, but might involve neuro­
immune processes in the central nervous system (CNS) 
triggered by signalling from the periphery via a number 
of routes, including peripheral sensory afferent activa­
tion, cytokine transport to the CNS, or leukocyte infiltra­
tion of the CNS. This peripheral CNS signalling leads to 
increased expression of central inflammatory mediators 
and central neuro inflammation, which is implicated in 
the pathophysiology of a number of psychiatric disorders, 
including major depression.74,75 Similar neuro immune 
processes are also postulated as providing a mechanistic 
link between the well­observed clinical co­occurrence 
of chronic pain and depression across a number of 
chronic physical illnesses.76 Interestingly, in one report, 
rates of depression and anxiety were lower in patients 
with RA who were treated with TNF inhibitors than in 
those treated with other RA medications,77 suggesting 
that DMARDs might have a direct biological effect on 
comorbid psychiatric dis orders. Thus, chronotherapeu­
tic tailoring of treatment with NSAIDs, DMARDs or 
glucocorticoids to optimally suppress proinflammatory 
peripheral mediators might have the additional benefit of 
reducing affective symptoms by the reduction of neuro­
immune periphery­to­brain signalling (Figure 4). In 
order to address this important question, future trials of 
RA chronotherapy should include measures of depres­
sion as outcomes. Another possibility is the deployment 
of chronotherapeutic strategies to directly target affective 
symptoms in patients with RA. Such approaches have 
shown substantial promise in the treatment of bipolar 
disorder and major depression; however, the efficacy of 
such approaches in affective disorders that are comorbid 
with chronic physical illnesses, such as RA, has not been 
trialled, and so opportunities exist for the extrapolation 
of findings from chrono therapy trials focused on reset­
ting or strengthening  circadian rhythms to applications 
in rheumatology.
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Figure 4 | Effect of RA chronotherapy on associated depression. Several pathways 
exist via which chronotherapy for RA might result in increased sleep quality or 
quantity and a reduction of comorbid depressive symptoms. The assessment of 
sleep and affective outcomes should be included in future trials of chronotherapy 
for RA. Abbreviation: RA, rheumatoid arthritis.
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Sleep
Like many other chronic inflammatory diseases, sleep is 
disturbed in patients with RA, and can include sleep frag­
mentation, increased arousal and waking after sleep 
onset.78,79 Sleep has a well­characterized bidirectional 
relation ship with mood,80 and pain, depression and 
sleep disturbances seem to be interconnected in RA.81 
Night­pain has been postulated as a factor contributing 
to increased sleep fragmentation and awakenings after 
sleep onset in patients with RA.82 Chronotherapy that 
targets the nocturnal rise in inflammatory mediators in 
the blood of patients with RA might, therefore, be an 
effective countermeasure for reduced sleep consolida­
tion. As experimental sleep restriction has been shown 
to be proinflammatory,83 a ‘virtuous cycle’ might exist in 
which chronotherapy reduces night pain and increases 
the quality and duration of sleep, which in turn leads 
to improved inflammatory status. The CAPRA­1 study 
showed that MR prednisone modestly increases subjec­
tive sleep quality scores on a visual analogue scale, com­
pared with standard gluco corticoid treatment.59 These 
possibilities point to the need for a systematic collection 
of objective and subjective sleep data as outcomes in 
future trials of chronotherapy for RA.

Time for a change in approach?
A pressing need exists to optimize therapy for RA; 
chronotherapeutic approaches might help in this respect. 
Studies with drugs other than glucocorticoids are needed 
to evaluate the potential of chronotherapy in the treat­
ment of RA and other chronic inflammatory diseases. 
Although the circadian rhythmicity of proinflamma­
tory cytokines is an important target for chronotherapy, 
other humoral, immunological, endocrine and oxida­
tive stress parameters need to be similarly evaluated. 
Assessing circadian regulation of signalling cascades 
and cellular pathophysiology are also timely, innova­
tive and challenging fields of research. For example, in 
the CiRA (Circadian Rhythms of Cellular Immunity in 
RA) pilot study, circadian rhythms of cellular immunity 
were investigated in postmenopausal women with RA. 
Peripheral blood from patients with active RA (n = 5) 
and non­RA controls (n = 5) was collected every 2 h for 
24 h. Circadian rhythms were detected in the relative fre­
quency of peripheral blood cell populations: in non­RA 
controls but not in patients with active RA; in patients 
with RA but not in non­RA controls; and in both groups 
but with differences in peak phase, amplitude, or both 
amplitude and magnitude. In patients with RA, some 
immune cell populations lose their normal circadian 
rhythms, whereas others establish new ‘inflammatory’ 
circadian rhythms.84

Interestingly, similar reprogramming of the clock 
has been described in other conditions, such as 
en dotoxaemia­induced lung inflammation85 and 
chronic high­fat feeding.86 More data needs to be 
col lected to sufficiently explore the potential of 
chrono therapy in RA and other rheumatic diseases. 
Further more, the development of new small­molecule 
modulators of important molecular components of the 

circadian clock, such as Rev­erbAα and cryptochrome 
proteins, might provide new treatment avenues for 
RA.87,88 Such developments, however, might be more 
prospective than the possible immediate clinical bene­
fits offered by chronotherapeutic tailoring of existing  
approaches.

In this Review, we have provided examples of chrono­
therapeutic treatment strategies that either directly 
target the circadian timing system with the therapeutic 
aim of re­entraining desynchronized rhythms (or even 
prophylactically attenuating their disruption), or focus 
on optimal timing of drug administration with the 
aim of targeting specific circadian profiles of clini­
cal markers in individual patients. Thus, the clearest 
examples of successful chrono therapy are those with 
clear time­of­day­dependent disease symptoms (for 
example, RA and psychiatric dis orders). Surprisingly, 
none of the chronobiological effects of drugs and their 
pharmacokinetics is considered or even mentioned in 
official guidelines for conducting drug regis tration trials 
in humans. Moreover, entering the search term ‘chrono­
therapy’ into the ClinicalTrials.gov website currently 
yields only 17 hits. Given that approximately half the 
genome is expressed in a circadian manner when exam­
ined across all tissues, and that these circadian gene 
products are targets for a large percentage of commonly 
used drugs,15 this response seems inadequate. One 
reason for the lack of chronotherapeutic trials might be 
that industry is not overly interested in expanding the 
indications for, or improving the applicability of, drugs 
that were approved many years ago. Thus, trials related 
to chronotherapy might have to be supported by funds 
from governments or national and international grant­
ing organizations directed at comparative effectiveness 
research.89 Whether through healthcare providers or 
governments, obtaining the best value from approved 
drugs and healthcare expenditure is in the public inter­
est. Thus, the time is ripe to translate the ‘circadian 
concept’ from bench to bedside.

Conclusions
Although the role of chronotherapy in cancer and other 
clinical areas is somewhat controversial,90 the approaches 
we have described for chronotherapy of patients with RA 
are widely accepted among the rheumatology commu­
nity. Similarly, chronotherapeutic treatment strategies 
are being established as important adjuvant therapies in 
other clinical domains, such as psychiatry.91 Nevertheless, 
chrono therapy faces dogmatic (in other words, over­
arching beliefs regarding homeostasis), logistical, tech­
nical and financial hurdles. Moreover, the evidence base 
of chronotherapeutic interventions in RA and other 
rheumatic diseases is small, but expanding. Finally, it 
should be noted that the chronotherapy­associated gain 
in patient­related outcomes is substantial, but smaller 
than that achieved in recent years by the introduction of 
new drugs and the treat­to­target strategy. Therefore, we 
consider that chrono therapy currently has an important 
complementary role, but with increasing potential for 
the future.
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