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Abstract: Circadian rhythm perturbations can impact the evolution of different conditions, including
autoimmune diseases. This narrative review summarizes the current understanding of circadian
biology in inflammatory joint diseases and discusses the potential application of chronotherapy.
Proinflammatory cytokines are key players in the development and progression of rheumatoid
arthritis (RA), regulating cell survival/apoptosis, differentiation, and proliferation. The produc-
tion and secretion of inflammatory cytokines show a dependence on the human day–night cycle,
resulting in changing cytokine plasma levels over 24 h. Moreover, beyond the circadian rhythm
of cytokine secretion, disturbances in timekeeping mechanisms have been proposed in RA. Taking
into consideration chronotherapy concepts, modified-release (MR) prednisone tablets have been
introduced to counteract the negative effects of night-time peaks of proinflammatory cytokines.
Low-dose MR prednisone seems to be able to improve the course of RA, reduce morning stiffness
and morning serum levels of IL-6, and induce significant clinical benefits. Additionally, methotrexate
(MTX) chronotherapy has been reported to be associated with a significant improvement in RA
activity score. Similar effects have been described for polymyalgia rheumatica and gout, although
the available literature is still limited. Growing knowledge of chronobiology applied to inflammatory
joint diseases could stimulate the development of new drug strategies to treat patients in accordance
with biological rhythms and minimize side effects.

Keywords: chronobiology; inflammatory joint diseases; chronotherapy

1. Introduction

Circadian rhythms are genetically encoded, near 24 h oscillations found in essen-
tially every physiological process in the human brain and body [1] and reflect behavioral,
metabolomic, proteomic, transcriptomic, acetylomic, and methylomic dynamics [2]. Cir-
cadian clocks are cell-autonomous, transcriptionally based, molecular mechanisms that
enable organisms to prepare for changes in their physical environments and respond to
environmental factors in a temporally appropriate manner [3]. The mammalian circa-
dian timing system consists of three basic components: (i) input signals (environmental
cues), (ii) a circadian oscillator as an intrinsic rhythm generator, and (iii) output rhythms.
The suprachiasmatic nucleus (SCN), located in the anterior hypothalamus, consists of
ap-proximately 20,000 neurons distributed across the SCN core and shell regions. The
SCN receives environmental photic information by visual and nonvisual photoreceptors
of the retina, reaches the SCN via the retinohypothalamic tract (RHT), and then synchro-
nizes peripheral tissue clocks [4]. Such a self-sustaining nature requires the presence of
a genetic mechanism known as the molecular circadian clockwork, and clock genes are
required for generating and maintaining the circadian rhythm at either the organism or
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the cellular level. The first discovered clock genes were the Period gene (Per) in the fruit
fly Drosophila melanogaster and the Clock gene in the mouse. In particular, Per encodes a
protein that represses its own transcription, revealing a complex mechanism composed of
activators that induce the expression of their own repressors, forming a negative feedback
loop. This core loop consists of basic helix–loop–helix (bHLH) and Per-Arnt-Sim (PAS)
heterodimeric transcriptional activators (CLOCK (circadian locomotor output cycles kaput)
or its paralogue, NPAS2, with BMAL1 (brain and muscle Arnt-like protein 1)). Activa-
tors bind to E-box elements in the core clock repressors Period (Per1, Per2, or Per3) and
Cryptochrome (Cry1 or Cry2) in mammals, which dimerize and then provide negative
feedback to control their own transcription. This core loop is embedded and reinforced in
other transcription feedback loops through CLOCK–BMAL1 activation of Rev-erbα and
receptor-related orphan receptor (ROR) α [5].

As the internal regulatory elements of circadian rhythms, clock genes such as BMAL1,
CLOCK, PER, CRY, nuclear receptor subfamily 1 group D member 1 (NR1D1), and retinoic
acid ROR not only keep the clock oscillator ticking [6] but also participate in the regulation
of physiological functions, including the sleep–wake cycle, heart rate, blood pressure, body
temperature and, of crucial importance, hormone secretion and immune responses [7].
Regarding the latter, the 24 h rhythm has a profound impact on innate immunity, modu-
lating the synthesis and release of cytokines/chemokines and the activity of the inflam-
masome [8,9], as well as on the adaptive immune system, influencing the differentiation
and proliferation of both T and B cells [9]. Such daily rhythms are orchestrated not only
by the principal circadian oscillator located in the SCN but also by other peripheral pace-
makers located within organs, tissues, and cells, including the lungs, liver, kidneys, and
leukocytes [10–12]. Coordination of this delicate interplay is granted by several mediators,
including hormones (catecholamines, glucocorticoids) and neuronal signals, primarily
through the hypothalamic–pituitary–adrenal (HPA) axis and the autonomic nervous sys-
tem [13]. However, these “peripheral clocks” are also self-sustained and directly influenced
by external stimuli, such as temperature changes [14]. Peripheral oscillators are influenced
not only by internal stimuli, such as body temperature, but also by external stimuli. In mice,
hepatocyte-intrinsic BMAL1 and hepatic farnesoid X receptor (FXR) signaling integrate
nutritional cues to regulate survival in response to innate immune stimuli. [15].

It is known that many pathologic events, such as myocardial infarction, stroke, and
aortic acute diseases [16–21], occur at specific times of day, indicating that circadian pro-
cesses contribute to these diseases [5]. On the one hand, central circadian entrainment of
peripheral clocks leads to robust daily rhythms across many physiological systems and
complements homeostatic responses [5]. On the other hand, rhythm disruption due to
circadian misalignment, e.g., shift work, jet lag, and even the daylight saving time (DST)
shift, may contribute to several human diseases [5,22,23]. Circadian rhythm perturbations
have also been observed in autoimmune diseases, such as rheumatoid arthritis (RA) and
multiple sclerosis (MS) [24].

It has been reported that daily circadian rhythms can play an important role in MS. The
efficiency of immune responses changes throughout the day, including immune responses
directed against myelin proteins. Moreover, disruption of sleep can worsen the effects
of MS, suggesting that misalignment of the circadian oscillation of biological parameters
could also impact psychosocial outcomes in MS patients. Alterations in the circadian
activity of cortisol and melatonin may potentially have a similar effect on MS patients by
exacerbating mood-related symptoms within the context of the disease [25].

Specifically, autoimmune and inflammatory processes can directly affect clock gene
expression, potentially leading to a vicious cycle of enhanced inflammation [26]. Under-
standing the circadian regulation of biological processes in health and disease could in-form
therapeutic strategies [27], and timed delivery of pharmaceutical compounds is gaining
popularity to optimize the effectiveness of molecules already in use [28–30].



Pharmaceutics 2021, 13, 1832 3 of 13

Therefore, the aim of the present article is to summarize the current knowledge of
circadian biology in inflammatory joint diseases and discuss the potential application of
chronotherapy in this evolving field.

2. Chronobiology and Chronotherapy in RA
2.1. Chronotherapy: General Principles

In recent years, a growing body of evidence has shown that molecular clocks orches-
trate 24-h circadian rhythms in many vital cardiometabolic, endocrine, immunologic, and
behavioral functions. Moreover, we now know that many diseases do not occur randomly
throughout the 24 h period, and the incidence of heart attacks as well as symptoms in
asthma, allergic rhinitis, cancer, arthritis, depression and suicidal intent, peptic ulcers
and pain all show time-of-day variations [31]. However, in everyday clinical practice,
most physicians administer drug treatments as needed, without considering the time of
day, which, in turn, could add a potentially important dimension to medicine. Circadian
medicine aims to incorporate knowledge of 24 h biological rhythms to enhance diagnosis
and treatment by means of two broad strategies: targeting the molecular clock or exploiting
its rhythmic outputs. In the former, the therapeutic target is the molecular oscillator itself;
for example, light therapy, feeding, exercise, and drugs are capable of modulating the clock
and influencing health. Moreover, thousands of rhythmically expressed genes metabolize,
and transport or are the targets of drugs and depending on rhythms of absorption, dis-
tribution, metabolism and excretion, circadian time could influence drug efficacy and/or
toxicity [32]. Here, we will especially discuss the modern insights of chronotherapeutic
approaches to inflammatory joint diseases, keeping in mind that most evidence has been
accumulated for RA, one of the most frequently diagnosed rheumatic diseases, affecting
approximately 1% of the population worldwide.

2.2. Chronobiological Aspects of RA Pathophysiology

RA is one of the most prevalent inflammatory joint diseases and is characterized
mainly by pain and swelling in the small synovial joints of the hands and feet; less fre-
quently, patients experience extra-articular manifestations, such as rheumatoid nodules,
interstitial lung disease, vasculitis, and other systemic comorbidities [33]. Proinflammatory
cytokines, such as tumor necrosis factor (TNF), interleukin 1 beta (IL-1β) and interleukin 6
(IL-6), are key players in the development and progression of the disease. In particular, IL-6
represents the archetypal member of a family of cytokines involved in regulating cell sur-
vival/apoptosis, differentiation, and proliferation [34]. IL-6 is produced by a wide range of
cells, including T and B cells, monocytes, mast cells, fibroblasts, osteoblasts, keratinocytes,
endothelial cells, and some tumor cells [35,36]. Several studies have confirmed the crucial
role of IL-6 in the development of experimental arthritis, such as murine collagen-induced
arthritis (CIA) [37] and antigen-induced arthritis (AIA) [38].

Cytokines are essential for immune responses and self-defense against infection.
However, once an excessive amount of cytokines is produced, serious damage, such as
sepsis, autoimmunity, and allergies, may occur. Therefore, the expression of cytokines
has to be tightly regulated to maintain homeostasis of the immune system via regulation
at multiple levels, and the circadian clock is an important regulator of cytokines. In fact,
disruption of the circadian clock appears to aggregate chronic inflammatory diseases such
as RA via aberrant expression of inflammatory cytokines [39]. Moreover, disruption of
the peripheral chondrocyte clock represents a recent aspect of the catabolic responses of
cartilage to proinflammatory cytokines, providing an additional mechanism by which
chronic joint inflammation may contribute to osteoarthritis. In fact, experimental studies
on young healthy mouse cartilage showed that IL-1β (but not TNFα) abolishes circadian
rhythms in Cry1-luc and PER2::LUC gene expression [40].

The initial event in the natural history of RA is the breach of tolerance. Autoantibodies
are produced before the onset of articular disease, as emphasized by the evidence that
rheumatoid factor (RF) and/or anti-citrullinated protein antibody (ACPA) positivity antici-
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pates the outbreak of clinically defined arthritis [41,42]. The stimulation of autoantibody
production [43] was one of the first identified immunological effects of IL-6. In support
of this function, in RA patients, synovial levels of IL-6 have been shown to correlate with
local levels of immunoglobulin (Ig) and, specifically, with IgM-RF [44–46]. Moreover, in
first-degree healthy relatives of patients with RA, RF and ACPA positivity correlates with
the levels of IL-6 and IL-9 [47]. Interestingly, IL-6 is also a well-recognized key player in
the development of synovial ectopic lymphoid structures (ELS), which occur in approxi-
mately 40% of patients, and is associated with the local production of autoantibodies and
a more severe disease phenotype [48]. In the presence of transforming growth factor-β
(TGF-β), IL-6 drives the differentiation of T helper 17 (Th17) cells from naïve T cells and at
the same time inhibits the generation of regulatory T (T-reg) cells [49], thus favoring the
disequilibrium between pathogenic Th17 cells and the tolerogenic T-reg population [50].

In humans, the production and secretion of inflammatory cytokines show a depen-
dence on the day–night cycle, with significant changes over 24 h [42,51]. As an ex-
ample, IL-6, IFN-γ and IL-12 reach their zenith in the early morning (approximately
03:00 a.m.), and TNF-α, IL-1 and IL-10 showed higher levels in the evening (at approxi-
mately 09:00 p.m.) [51].

Substantial variability during the night has also been demonstrated for the release of
IL-6 in RA patients, whose circulating levels are increased in the early morning and decline
significantly from early in the afternoon to late in the evening [52]. The peak of IL-6 occurs
at approximately 03:00 a.m., reaching concentrations 10 times higher than normal; this peak
seems to correlate, at least in part, with the severity of morning stiffness [53]. The early
morning peak of IL-6 exerts a chronic stimulus that, in turn, produces persistent stimulation
of the HPA axis, with progressive insufficient production of endogenous corticotropin-
releasing hormone (CRH), adrenocorticotropic hormone (ACTH), and cortisol [54], the
most important endogenous anti-inflammatory mediator. In normal individuals, cortisol
levels are lower at night, with a nadir between 10:00 p.m. and 02:00 a.m., and are higher
in the morning (peaking at approximately 06:00 to 08:00 a.m.), following a circadian os-
cillation [55,56]. In RA patients, the cortisol peak was reached earlier (between 11.00 p.m.
and 02.00 a.m.), at levels insufficient to compensate for the increased release of proinflam-
matory cytokines, realizing “relative adrenal insufficiency” [56]. Another consequence of
proinflammatory cytokine release is the upregulation of hepatic 11β-hydroxysteroid dehy-
drogenase 1 (11β-HSD1). This enzyme converts peripheral inactive cortisone into cortisol,
therefore exerting negative feedback on hypothalamic ACTH release and consequently on
adrenal cortisol production [57]. Unfortunately, its potential beneficial action is balanced by
the action of 11β-hydroxysteroid dehydrogenase 2 (11β-HSD2), which is highly expressed
by macrophages and active T lymphocytes in inflamed tissue and is responsible for the
degradation of bioactive cortisol to biologically inactive cortisone, with the results of local
downregulation at inflamed sites [58,59].

Along with the circadian rhythm of cytokine secretion, disturbances in timekeeping
mechanisms have been proposed in RA [60], as suggested by the abnormal expression
and the lack of the antiphasic relationship of several clock genes, such as BMAL1, BMAL2,
CLOCK, DEC2, NPAS2, and Cry1 [61]. For example, the upregulation of DEC2 via TNF-α,
followed by an increased expression of IL-1β in the synovial membranes, enhances the
proinflammatory and destructive effects of TNF-α on the RA joint [61].

To explain this phenomenon, a contribution of the pineal hormone melatonin has been
postulated [62]. Patients with RA display higher baseline levels and an altered temporal
profile of melatonin [63]. Indeed, melatonin levels increase progressively from evening
to the early morning hours and reach a peak at midnight in patients with RA, two hours
earlier than healthy controls, with a longer duration in the early morning [64]. Melatonin
exerts a variety of effects on CD4+ Th1, Th17, and T-reg subsets [65]. Although some anti-
inflammatory and antioxidant effects have been proposed [66], melatonin could also exert
arthritogenic activity [62]. In vivo and in vitro studies demonstrated that melatonin stimu-
lates the production of T helper type and other inflammatory cytokines (IL-1, IL-2, IL-4,
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IL-5, IL-6, IL-12, TNF, granulocyte-macrophage colony-stimulating factor (GM-CSF), TGF-ß
and interferon (IFN)-γ) and enhances both cell-mediated and humoral responses [63,67].
The mechanisms behind these effects are incompletely understood, but it is known that
melatonin attenuates Cry1 gene expression, resulting in the upregulation of cAMP produc-
tion and the activation of protein kinase A (PKA) and nuclear factor kappa B (NF-kB), both
crucial for the development of arthritis in animal models [59,68].

Furthermore, high levels of melatonin can affect clock disturbance by modulating
ROR activation. In fact, ROR acts as a major negative regulator of inflammation and
plays a central role in both BMAL and melatonin actions since ROR inhibition by REV-
ERB may contribute to BMAL suppression and exacerbate RA [51,60,69]. Some studies
have demonstrated that melatonin could have a beneficial anti-inflammatory effect on
RA through the inhibition of RA synovial fibroblast proliferation [61], TNF and IL-1β
expression [70,71] and the regulation of microRNA expression (e.g., miR-590-3p) [72].

2.3. Glucocorticoids and Chronotherapy of RA

Living organisms use several mechanisms to maintain biological homeostasis during
environmental or physiological challenges against internal or external stress, such as the
hypothalamic–pituitary–adrenal (HPA) axis, the sympathetic adrenomedullary system, and
the cardiovascular, metabolic, and immune systems. The main hypothalamus–brainstem
system includes corticotropin-releasing hormone (CRH) and arginine–vasopressin neurons
and the locus coeruleus–norepinephrine systems [3]. The HPA axis, activated by CRH from
the paraventricular nucleus of the hypothalamus via the release of corticotropin from the
pituitary, stimulates the production of glucocorticoids (mainly cortisol) from the adrenal
cortex. Cortisol controls a variety of physiological processes, i.e., metabolism, immune
response, cardiovascular activity, and brain function. In addition to the stress stimuli
response, cortisol is characterized by a robust daily rhythm, with higher circulating levels
during active periods [73]. Cortisol rhythm depends on the rhythmic re-lease of ACTH,
and the daily rhythm in nonstress levels of plasma cortisol usually dis-plays a 5- to 10-fold
higher amplitude from the trough to peak levels in rodents [74].

According to the European League Against Rheumatism (EULAR) recommendation,
disease-modifying anti-rheumatic drugs (DMARDs) are considered the gold standard
treatment for RA [33]. Each DMARD has a unique mechanism of action, ultimately inter-
fering with critical pathways in the inflammatory cascade [75]. However, glucocorticoids
(GCs), usually administered at breakfast time, offer rapid symptoms and a potential dis-
ease-modifying effect [76], as long-term, low-dose treatment has been shown to slow
radiographic progression when given to patients with early RA, hence satisfying the con-
ventional definition of DMARD [77]. The evidence of reduced endogenous GC production
represents the theoretical basis for a chronotherapeutic approach in which “relative ad-renal
insufficiency” in RA may be addressed by administering GCs as a replacement therapy
at the specific time point where elevated GC levels are required to control the night peak
in proinflammatory cytokines [55]. A pioneering clinical trial by Arvison et al. [78] first
showed that the administration of low-dose corticosteroids during the night (2:00 a.m.) led
to more pronounced and significant reductions in joint stiffness, pain, and morning serum
IL-6 than traditional administration at 7:30 a.m. However, the need to break the night’s rest
makes this approach difficult to apply in clinical practice [79].

In an attempt to solve this problem, a novel formulation of modified-release (MR) pred-
nisone tablets has been introduced to counteract HPA axis insufficiency without waking the
patient [80]. The MR formulation does not differ from immediate-release (IR) prednisone in
terms of pharmacokinetics but only in the delayed release of the molecule after oral admin-
istration: if administered at approximately 10:00 p.m., the MR tablet releases prednisone
4 h after ingestion, intercepting the cytokine peak without the discomfort of interrupting
sleep [80]. The efficacy of MR prednisone was investigated in two multicenter randomized
controlled trials (RCTs) named CAPRA (Circadian Administration of Prednisone in RA).
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CAPRA-1 aimed to investigate the efficacy and safety of MR prednisone compared to
immediate (IR) release prednisone [81], while CAPRA-2 focused on MR prednisone as an
additional GC therapy to an existing regimen including DMARDs [82]. CAPRA-1 included
288 patients with an established diagnosis of RA who were already being treated with
IR prednisone and DMARDs and were randomly assigned 1:1 to take MR prednisone or
IR prednisone at the same dose. After 12 weeks, the mean change in morning stiffness
duration from baseline was significantly higher in the MR prednisone group than in the
IR prednisone group (−22.7% vs. −0.4%, respectively, p = 0.045; mean absolute reduction:
44 vs. 23 min). The only other significant difference observed between treatments was the
relative change in IL-6, which decreased by 28.6% upon MR prednisone, while it remained
unchanged in the IR prednisone group (at week 12: p = 0.032), suggesting an augmented
anti-inflammatory activity of the new formulation [81]. Regarding safety, MR and IR were
comparable, with no difference in their rates of adverse events (AEs) (41% each). At the
end of the 12-week double-blind phase, the trial was followed by a 9-month open-label
extension (OLE) to evaluate the long-term efficacy and safety [83]. A total of 249 patients
entered the second phase of therapy with MR prednisone: 129 continued treatments with
the experimental formulation (MR/MR), and 120 switched to MR prednisone from previous
IR prednisone (IR/MR) if no significant improvement had been attained. The results of
the long-term OLE of CAPRA-1 were consistent with previous findings, showing that the
morning stiffness reduction levels after 12 months were 45% in the IR/MR group and 55%
in the MR/MR group [83].

In the following CAPRA-2 trial, 350 patients with active RA on DMARD therapy, no
IR prednisone medication 6 weeks prior to screening, and a morning stiffness duration
of at least 45 min were enrolled [82]. Patients were blindly randomized 2:1 to receive
either 5 mg MR prednisone (n = 231) or placebo (n = 119) for 12 weeks. MR prednisone
plus DMARD treatment produced higher response rates for the American College of
Rheumatology improvement response criteria (48% vs. 29% for ACR20, p < 0.001; and
22% vs. 10%, for ACR50, p < 0.006) and a greater median relative reduction from baseline in
morning stiffness (55% vs. 35%, p < 0.002) at week 12 than placebo plus DMARD treatment.
Moreover, significantly greater reductions in the severity of RA (Disease Activity Score
28) (p < 0.001) and fatigue (Functional Assessment of Chronic Illness Therapy-Fatigue
score) (p = 0.003) as well as a greater improvement in physical function (36-item Short
Form Health Survey score) (p < 0.001) were seen at week 12 for MR prednisone versus
placebo. Additionally, the incidence of adverse events was similar for MR prednisone (43%)
and placebo (49%) [82].

Overall, low-dose MR prednisone seems to be able to improve the disease course, re-
duce morning stiffness and morning serum levels of IL-6, and induce a significantly higher
percentage of improvement of the American College of Rheumatology response criteria
ACR20 and ACR50 in combination with DMARDs compared to DMARD monotherapy [84].
One concern regarding the use of GCs is that, although powerful and widely used [85],
they are frequently associated with multiple adverse effects (AEs), including bone loss,
diabetes, and suppression of the HPA axis, which leads to adrenocortical hypotrophy
and iatrogenic adrenal insufficiency [86]. No clinically evident AEs indicating aggravated
HPA axis suppression were observed in the CAPRA trials [81,82], but to examine possible
AEs of MR prednisone on the HPA axis, a small sub-study within CAPRA-1 was under-
taken [80,87]. Corticotropin-releasing hormone (CRH) tests were performed on 28 patients
at three timepoints: at baseline on pre-study immediate-release (IR) prednisone, after the
3-month double-blind phase on either IR prednisone or MR prednisone, and after the
9-month open-label extension on MR prednisone. Changes in cortisol were assessed and
compared to individual patient efficacy and safety data. The authors found no difference
in the mean increase in cortisol plasma concentrations after CRH injection at baseline
compared to the end of the sub-study (5.5 ± 4.37 vs. 5.3 ± 4.07 µg/dL), and no new HPA
axis suppression occurred, concluding that treatment with nighttime release prednisone
did not change adrenocortical function over 12 months [87].
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2.4. Other Chronotherapeutic Approaches in RA: Clinical and Preclinical Evidence

Methotrexate (MTX) is the anchor conventional DMARD used as a first-line treatment
for RA. It stimulates adenosine release from fibroblasts, reduces neutrophil adhesion,
inhibits leukotriene B4 synthesis by neutrophils, inhibits local IL-1 production, reduces
the levels of IL-6 and IL-8, suppresses cell-mediated immunity, and inhibits synovial
collagenase gene expression [65]. Since the circadian activation of cells involved in RA
pathogenesis is the preferential target for conventional and biologic DMARDs, in this case,
the administration of these drugs may be manipulated to intercept those rhythms. In a
first study on an animal model of arthritis, To et al. [88] demonstrated that administering
MTX at a specific time, in accordance with the 24 h rhythm of TNF release, leads to
a decreased inflammatory response. More recently, in collagen-induced arthritis (CIA)
rats [89], the therapeutic score was improved by administering MTX once daily, according to
the circadian rhythm of IL-6. Notably, another study [90] suggested that MTX can influence
the circadian environment in synovial fibroblasts by affecting the circadian transcription
factor proline and acidic amino acid-rich basic leucine zipper (PAR bZIP) and the clock gene
PERIOD 2 (Per2), resulting in the induction of apoptosis. In 2009, To et al. [88] investigated
the potential usefulness of MTX chronotherapy in clinical practice [91]. Patients on MTX
were switched from a three times/week scheme to a chronotherapy scheme, in which
the dose and number of doses/wk were not changed, but MTX was administered once a
day at bedtime. They found that MTX chronotherapy was associated with a significant
improvement in the Disease Activity Score, including 28 joints (DAS28), at all follow-
up visits, with 23.5% of patients achieving remission after three months. Moreover, the
functional capacity of RA patients, as indicated by the health assessment questionnaire
(HAQ), was markedly improved by chronotherapy, without additional adverse events [91].

Baricitinib is a novel Janus kinase (JAK) inhibitor approved for the treatment of
moderate to severe active RA [92]. In a recent study, Yaekura et al. [93] investigated the
potential benefits of baricitinib chronotherapy in CIA mice. Experimental animals were
administered a dose of 3 mg/kg baricitinib once a day at zeitgeber time (ZT) 0 or ZT12,
the times of lights-on and lights-off, for 21 days. Arthritis scores, histopathology, and
bone destruction markers were significantly improved in the sera of mice treated at ZT0.
Preclinical evidence for chronotherapy according to the results obtained in animal models
of arthritis is reported in Table 1.

Table 1. Preclinical evidence for chronotherapy according to the results obtained in animal models of arthritis.

Author, Year Animal
Model Main Findings

MTX

To, 2009
[88] CIA

Arthritis score was significantly lower in
CIA mice/rats treated with a 22-HALO
MTX regimen when compared to a
10-HALO group (p < 0.01).

To, 2011
[91] MRL/lpr mice

Plasma SAA levels were significantly lower
in MRL/lpr mice treated with an 18-HALO
MTX regimen when compared to a 6-HALO
group (p < 0.01).

Wang, 2018
[89] CIA

Arthritis severity, CRP, TNF, and IL-6 were
significantly lower in CIA rats treated to an
18-HALO MTX regimen when compared to
a 6-HALO group (p < 0.01).

Baricitinib Yaekura, 2020
[93] CIA

Arthritis score (p < 0.01), TNF (p < 0.01) and
IL-6 (p < 0.01) were significantly lower in
CIA mice treated with BARI administered at
ZT0 when compared to BARI administered
at ZT12.
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Table 1. Cont.

Author, Year Animal
Model Main Findings

Tacrolimus
Obayashi,

2011
[94]

CIA, MRL/lpr

Arthritis score (p < 0.01) and leukocyte
count (p < 0.01) were significantly lower in
CIA and MRL/lpr mice treated with a
2-HALO TAC regimen when compared to a
14-HALO group.

Mizoribine
Kanasaki,

2012
[95]

CIA

Arthritis score (p < 0.01) and leukocyte
count (p < 0.01) were significantly lower in
CIA mice treated with a 22-HALO MZR
regimen when compared to a
10-HALO group.

Legend: BARI, baricitinib; CIA, collagen-induced arthritis; CRP, C-reactive protein; HALO, hours after the light
was turned on; IL-6, interleukin 6; MRL/lpr, homozygous for the lymphoprolifera-tion spontaneous mutation
(Faslpr); MTX, methotrexate; MZR, mizoribine; SAA, serum amyloid A; TAC, tacrolimus; TNF, tumor necrosis
factor; ZT, zeitgeber time.

3. Chronobiology and Chronotherapy of Other Inflammatory Joint Diseases
3.1. Polymyalgia Rheumatica

Polymyalgia rheumatica (PMR) is the most common inflammatory rheumatic disease
of the elderly. The main symptoms of PMR are pain and stiffness in the shoulders and hip
girdles [96], which are typically more prominent during the early morning [97]. Low-dose
GCs are the cornerstone of the treatment of PMR [98], even though in refractory cases,
other medications, such as MTX, can be used as steroid-sparing agents.

Galbo et al. [99] investigated the 24 h time course of clinical symptoms in PMR and
related them to the diurnal variation in the concentrations of melatonin, inflammatory
cytokines, and cortisol. Ten glucocorticoid-naïve patients newly diagnosed with PMR
and seven non-PMR control subjects were studied for 24 h before treatment and after
14 days of treatment with 20 mg/day prednisolone. The results revealed that PMR symp-
toms followed a diurnal variation, with pain and stiffness peaking in the early morning,
showing a plateau between 04:00 and 08:00 and then declining to a nadir at 16:00. Plasma
concentrations of IL-6, IL-8, TNF, IL-1β, and IL-4 varied with time in both groups and
peaked between 04:00 and 08:00. Additionally, melatonin and cortisol were consistently
higher in these patients and changed with time, peaking at approximately 02:00 and 08:00,
respectively. In a prospective observational study, Benucci et al. [100] evaluated changes in
inflammatory markers and their correlation with IR or MR 6-methylprednisolone (6-MP)
in patients with early PMR. The results showed significant differences between baseline
and end-of-treatment values in serum levels of IL-6 and CRP in patients treated with the
MR regimen and in serum cortisol levels in the patients treated with 6-MP [86]. In addition,
during the first month of treatment, there was a significant decrease in IL-6 levels: 76.7% of
the patients treated with MR-P had IL-6 levels at or below the upper normal limit, whereas
52.6% of those treated with 6-MP had normal IL6 levels [100].

3.2. Gout

Gout is a chronic disease caused by monosodium urate (MSU) crystal deposition [101].
Gout typically presents as recurrent episodes of acute, self-limiting inflammatory mono-
arthritis affecting the joints of the lower limbs [101]. Several factors associated with hyper-
uricaemia, such as medical conditions, obesity, lifestyle, and medications, are associated
with the risk of developing gout [102]. Choi et al. [103] evaluated the hypothesis that gout
attacks occur more frequently at night, underscoring how an accurate understanding of
the circadian variation of gout could have practical implications for the effective timing of
antigout prophylactic measures. They conducted a case-crossover study in which 724 gout
patients were prospectively recruited and followed up via the internet for 1 year. Study
participants were asked about the following information concerning their gout attacks: the
date and hour of attack onset, symptoms and signs, medication used, and purported risk
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factors during the 24 and 48 h periods prior to the gout attack. Gout patients experienced a
total of 1433 attacks in 1 year, and the results showed that the risk of gout flares in the 8 h
overnight time block (12:00 a.m. to 7:59 a.m.) was 2.36 times higher than in the daytime
(8:00 a.m. to 3:59 p.m.) (OR 2.36 (95% CI 2.05–2.73)). The corresponding OR in the evening
(4:00 p.m. to 11:59 p.m.) was 1.26 (95% CI 1.07–1.48). The exact mechanisms have not been
elucidated, but a lower body temperature, relative nocturnal dehydration, or nocturnal
dip in cortisol levels may lead to an increased risk of gout attacks at night, as well as sleep
apnea [104,105]. Aiming to clarify the latter relationship, a recent meta-analysis confirmed
the association between obstructive sleep apnea syndrome and hyperuricaemia [106]. The
application of drug prescriptions according to the principles of chronobiology underlines
the recognition of the importance of chronobiologic patterns in the immune response.
Immunomodulatory medications could be ad-ministered following target biological factors
that are known to have circadian rhythms, and such a type of attitude emphasizes the role
of chronotherapeutic techniques.

4. Conclusions

Although much has been learned about circadian clocks and rhythms over the past
few decades and despite the milestone recognition of the field of circadian biology with
the awarding of a Nobel Prize in 2017, translation to clinical practice has proceeded very
slowly [107]. In recent years, also following earlier suggestions regarding the cardiovascu-
lar system [108], several studies have highlighted the advantage of administrating drugs
readily used in clinical practice at a specific time to improve the efficacy and symptoms
of RA [109]. In fact, on the one hand, we know that the diurnal variation in symptoms
coincides with, and may be partly mediated by, a circadian variation in plasma concentra-
tions of proinflammatory cytokines and hormones. On the other hand, this allowed the
development of chronotemporized drugs, whose formulation may give the opportunity to
treat patients in accordance with their biological rhythm, potentially minimizing the side
effects. Thus, quite similar to sex, accounting for time of day as a biological variable should
be incorporated into the design of research studies, which should include data collection
and analysis of results, as well as reporting of findings, and gold-standard double-blind
clinical studies should be conducted to determine the best time of day for the optimal effec-
tiveness of medications [107]. Circadian precision medicine aiming to de-liver treatment in
harmony with target physiology could improve the efficacy and safety of therapy [33].

Author Contributions: Conceptualization, F.U., A.D.G., M.D., R.D.G., F.F. and R.M.; methodology,
F.U., A.D.G., M.D., R.D.G., F.F. and R.M.; software, F.U., A.D.G., M.D., R.D.G., F.F. and R.M.; valida-
tion, F.U., A.D.G., M.D., R.D.G., F.F. and R.M.; formal analysis, F.U., A.D.G., M.D., R.D.G., F.F. and
R.M.; investigation, F.U., A.D.G., M.D., R.D.G., F.F. and R.M.; resources, R.M.; data curation, F.U.,
A.D.G., M.D., R.D.G., F.F. and R.M.; writing—original draft preparation, F.U., A.D.G., M.D., R.D.G.,
F.F. and R.M.; writing—review and editing, F.U. and R.M.; visualization, F.U., A.D.G., M.D., R.D.G.,
F.F. and R.M.; supervision, F.U.; project administration, R.M.; funding acquisition, R.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This work is supported by an institutional scientific grant from the University of Ferrara,
FAR—Fondo Ateneo Ricerca-2020 (Roberto Manfredini).

Institutional Review Board Statement: Ethical review and approval were waived for this study
because the paper is a narrative review.

Informed Consent Statement: Patient consent was waived because the study a narrative review.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Reppert, S.M.; Weaver, D.R. Coordination of circadian timing in mammals. Nature 2002, 418, 935–941. [CrossRef] [PubMed]
2. Dallmann, R.; Brown, S.A.; Gachon, F. Chronopharmacology: New Insights and Therapeutic Implications. Annu. Rev. Pharmacol.

Toxicol. 2014, 54, 339–361. [CrossRef]

http://doi.org/10.1038/nature00965
http://www.ncbi.nlm.nih.gov/pubmed/12198538
http://doi.org/10.1146/annurev-pharmtox-011613-135923


Pharmaceutics 2021, 13, 1832 10 of 13

3. Manfredini, R.; Boari, B.; Tiseo, R.; Salmi, R.; Manfredini, F. Circadian Rhythm Effects on Cardiovascular and Other Stress-Related
Events. In Stress: Neuroendocrinology and Neurobiology; Fink, G., Ed.; Academic Press: London, UK, 2017; pp. 401–409.

4. Finger, A.; Dibner, C.; Kramer, A. Coupled network of the circadian clocks: A driving force of rhythmic physiology. FEBS Lett.
2020, 594, 2734–2769. [CrossRef] [PubMed]

5. Allada, R.; Bass, J. Circadian Mechanisms in Medicine. N. Engl. J. Med. 2021, 384, 550–561. [CrossRef]
6. Xiang, K.; Xu, Z.; Hu, Y.-Q.; He, Y.-S.; Wu, G.-C.; Li, T.-Y.; Wang, X.-R.; Ding, L.-H.; Zhang, Q.; Tao, S.-S.; et al. Circadian clock

genes as promising therapeutic targets for autoimmune diseases. Autoimmun. Rev. 2021, 20, 102866. [CrossRef] [PubMed]
7. Cutolo, M. Circadian rhythms and rheumatoid arthritis. J. Bone Spine 2019, 86, 327–333. [CrossRef] [PubMed]
8. Pourcet, B.; Duez, H. Circadian Control of Inflammasome Pathways: Implications for Circadian Medicine. Front. Immunol. 2020,

11, 1630. [CrossRef] [PubMed]
9. Labrecque, N.; Cermakian, N. Circadian Clocks in the Immune System. J. Biol. Rhythm. 2015, 30, 277–290. [CrossRef]
10. Cermakian, N.; Sassone-Corsi, P. Multilevel regulation of the circadian clock. Nat. Rev. Mol. Cell Biol. 2000, 1, 59–67. [CrossRef] [PubMed]
11. Gamble, K.L.; Berry, R.; Frank, S.J.; Young, M.E. Circadian clock control of endocrine factors. Nat. Rev. Endocrinol. 2014, 10,

466–475. [CrossRef]
12. Kizaki, T.; Sato, S.; Shirato, K.; Sakurai, T.; Ogasawara, J.; Izawa, T.; Ohira, Y.; Suzuki, K.; Ohno, H. Effect of Circadian Rhythm on

Clinical and Pathophysiological Conditions and Inflammation. Crit. Rev. Immunol. 2015, 35, 261–275. [CrossRef] [PubMed]
13. Geiger, S.S.; Fagundes, C.T.; Siegel, R.M. Chrono-immunology: Progress and challenges in understanding links between the

circadian and immune systems. Immunology 2015, 146, 349–358. [CrossRef] [PubMed]
14. Albrecht, U. Timing to Perfection: The Biology of Central and Peripheral Circadian Clocks. Neuron 2012, 74, 246–260. [CrossRef] [PubMed]
15. Geiger, S.S.; Traba, J.; Richoz, N.; Farley, T.K.; Brooks, S.R.; Petermann, F.; Wang, L.; Gonzalez, F.J.; Sack, M.N.; Siegel, R.M.

Feeding-induced resistance to acute lethal sepsis is dependent on hepatic BMAL1 and FXR signalling. Nat. Commun. 2021, 12,
2745. [CrossRef]

16. Muller, J.E.; Stone, P.H.; Turi, Z.G.; Rutherford, J.D.; Czeisler, C.A.; Parker, C.; Poole, W.K.; Passamani, E.; Roberts, R.;
Robertson, T.; et al. Circadian Variation in the Frequency of Onset of Acute Myocardial Infarction. N. Engl. J. Med. 1985,
313, 1315–1322. [CrossRef] [PubMed]

17. LaBounty, T.; Eagle, K.A.; Manfredini, R.; Fang, J.; Tsai, T.; Smith, D.; Rubenfire, M. The impact of time and day on the presentation
of acute coronary syndromes. Clin. Cardiol. 2006, 29, 542–546. [CrossRef]

18. Manfredini, R.; Boari, B.; Smolensky, M.H.; Salmi, R.; la Cecilia, O.; Malagoni, A.M.; Haus, E.; Manfredini, F. Circadian Variation
in Stroke Onset: Identical Temporal Pattern in Ischemic and Hemorrhagic Events. Chronobiol. Int. 2005, 22, 417–453. [CrossRef]

19. Mehta, R.H.; Manfredini, R.; Hassan, F.; Sechtem, U.; Bossone, E.; Oh, J.K.; Cooper, J.V.; Smith, D.E.; Portaluppi, F.; Penn, M.; et al.
Chronobiological Patterns of Acute Aortic Dissection. Circulation 2002, 106, 1110–1115. [CrossRef] [PubMed]

20. Manfredini, R.; Boari, B.; Gallerani, M.; Salmi, R.; Bossone, E.; Distante, A.; Eagle, K.; Mehta, R. Chronobiology of rupture and
dissection of aortic aneurysms. J. Vasc. Surg. 2004, 40, 382–388. [CrossRef] [PubMed]

21. Vitale, J.; Manfredini, R.; Gallerani, M.; Mumoli, N.; Eagle, K.A.; Ageno, W.; Dentali, F. Chronobiology of acute aortic rupture or
dissection: A systematic review and a meta-analysis of the literature. Chronobiol. Int. 2014, 32, 385–394. [CrossRef]

22. Manfredini, R.; Fabbian, F.; Cappadona, R.; De Giorgi, A.; Bravi, F.; Carradori, T.; Flacco, M.E.; Manzoli, L. Daylight Saving Time
and Acute Myocardial Infarction: A Meta-Analysis. J. Clin. Med. 2019, 8, 404. [CrossRef] [PubMed]

23. Manfredini, R.; Fabbian, F.; Cappadona, R.; Modesti, P.A. Daylight saving time, circadian rhythms, and cardiovascular health.
Intern. Emerg. Med. 2018, 13, 641–646. [CrossRef] [PubMed]

24. Early, J.O.; Menon, D.; Wyse, C.A.; Cervantes-Silva, M.P.; Zaslona, Z.; Carroll, R.G.; Palsson-McDermott, E.M.; Angiari, S.;
Ryan, D.G.; Corcoran, S.E.; et al. Circadian clock protein BMAL1 regulates IL-1β in macrophages via NRF2. Proc. Natl. Acad. Sci.
USA 2018, 115, E8460–E8468. [CrossRef] [PubMed]

25. De Somma, E.; Jain, R.W.; Poon, K.W.; Tresidder, K.A.; Segal, J.P.; Ghasemlou, N. Chronobiological regulation of psychosocial and
physiological outcomes in multiple sclerosis. Neurosci. Biobehav. Rev. 2018, 88, 73–83. [CrossRef]

26. Haas, S.; Straub, R.H. Disruption of rhythms of molecular clocks in primary synovial fibroblasts of patients with osteoarthritis
and rheumatoid arthritis, role of IL-1β/TNF. Arthritis Res. Ther. 2012, 14, R122. [CrossRef]

27. Scheiermann, C.; Gibbs, J.; Ince, L.; Loudon, A. Clocking in to immunity. Nat. Rev. Immunol. 2018, 18, 423–437. [CrossRef]
28. Long, J.E.; Drayson, M.; Taylor, A.E.; Toellner, K.-M.; Lord, J.; Phillips, A.C. Morning vaccination enhances antibody response

over afternoon vaccination: A cluster-randomised trial. Vaccine 2016, 34, 2679–2685. [CrossRef] [PubMed]
29. Álvarez-Sánchez, N.; Cruz-Chamorro, I.; López-González, A.; Utrilla, J.C.; Fernández-Santos, J.M.; Martínez-López, A.;

Lardone, P.J.; Guerrero, J.M.; Carrillo-Vico, A. Melatonin controls experimental autoimmune encephalomyelitis by altering
the T effector/regulatory balance. Brain Behav. Immun. 2015, 50, 101–114. [CrossRef]

30. Borniger, J.C.; Ii, W.H.W.; Gaudier-Diaz, M.; Stegman, C.J.; Zhang, N.; Hollyfield, J.L.; Nelson, R.J.; DeVries, A.C. Time-of-Day
Dictates Transcriptional Inflammatory Responses to Cytotoxic Chemotherapy. Sci. Rep. 2017, 7, 41220. [CrossRef] [PubMed]

31. Smolensky, M.H.; Portaluppi, F.; Manfredini, R.; Hermida, R.C.; Tiseo, R.; Sackett-Lundeen, L.L.; Haus, E.L. Diurnal and
twenty-four hour patterning of human diseases: Cardiac, vascular, and respiratory diseases, conditions, and syndromes. Sleep
Med. Rev. 2015, 21, 3–11. [CrossRef] [PubMed]

32. Ruben, M.D.; Smith, D.F.; FitzGerald, G.A.; Hogenesch, J.B. Dosing time matters. Science 2019, 365, 547–549. [CrossRef]

http://doi.org/10.1002/1873-3468.13898
http://www.ncbi.nlm.nih.gov/pubmed/32750151
http://doi.org/10.1056/NEJMra1802337
http://doi.org/10.1016/j.autrev.2021.102866
http://www.ncbi.nlm.nih.gov/pubmed/34118460
http://doi.org/10.1016/j.jbspin.2018.09.003
http://www.ncbi.nlm.nih.gov/pubmed/30227223
http://doi.org/10.3389/fimmu.2020.01630
http://www.ncbi.nlm.nih.gov/pubmed/32849554
http://doi.org/10.1177/0748730415577723
http://doi.org/10.1038/35036078
http://www.ncbi.nlm.nih.gov/pubmed/11413490
http://doi.org/10.1038/nrendo.2014.78
http://doi.org/10.1615/CritRevImmunol.2015014925
http://www.ncbi.nlm.nih.gov/pubmed/26757391
http://doi.org/10.1111/imm.12525
http://www.ncbi.nlm.nih.gov/pubmed/26301993
http://doi.org/10.1016/j.neuron.2012.04.006
http://www.ncbi.nlm.nih.gov/pubmed/22542179
http://doi.org/10.1038/s41467-021-22961-z
http://doi.org/10.1056/NEJM198511213132103
http://www.ncbi.nlm.nih.gov/pubmed/2865677
http://doi.org/10.1002/clc.22
http://doi.org/10.1081/CBI-200062927
http://doi.org/10.1161/01.CIR.0000027568.39540.4B
http://www.ncbi.nlm.nih.gov/pubmed/12196337
http://doi.org/10.1016/j.jvs.2004.04.019
http://www.ncbi.nlm.nih.gov/pubmed/15297840
http://doi.org/10.3109/07420528.2014.983604
http://doi.org/10.3390/jcm8030404
http://www.ncbi.nlm.nih.gov/pubmed/30909587
http://doi.org/10.1007/s11739-018-1900-4
http://www.ncbi.nlm.nih.gov/pubmed/29971599
http://doi.org/10.1073/pnas.1800431115
http://www.ncbi.nlm.nih.gov/pubmed/30127006
http://doi.org/10.1016/j.neubiorev.2018.03.011
http://doi.org/10.1186/ar3852
http://doi.org/10.1038/s41577-018-0008-4
http://doi.org/10.1016/j.vaccine.2016.04.032
http://www.ncbi.nlm.nih.gov/pubmed/27129425
http://doi.org/10.1016/j.bbi.2015.06.021
http://doi.org/10.1038/srep41220
http://www.ncbi.nlm.nih.gov/pubmed/28117419
http://doi.org/10.1016/j.smrv.2014.07.001
http://www.ncbi.nlm.nih.gov/pubmed/25129838
http://doi.org/10.1126/science.aax7621


Pharmaceutics 2021, 13, 1832 11 of 13

33. Smolen, J.S.; Aletaha, D.; Barton, A.; Burmester, G.R.; Emery, P.; Firestein, G.S.; Kavanaugh, A.; McInnes, I.B.; Solomon, D.H.;
Strand, V.; et al. Rheumatoid arthritis. Nat. Rev. Dis. Primers 2018, 4, 18001. [CrossRef] [PubMed]

34. Hirano, T.; Yasukawa, K.; Harada, H.; Taga, T.; Watanabe, Y.; Matsuda, T.; Kashiwamura, S.-I.; Nakajima, K.; Koyama, K.;
Iwamatsu, A.; et al. Complementary DNA for a novel human interleukin (BSF-2) that induces B lymphocytes to produce
immunoglobulin. Nat. Cell Biol. 1986, 324, 73–76. [CrossRef] [PubMed]

35. Kishimoto, T.; Akira, S.; Narazaki, M.; Taga, T. Interleukin-6 family of cytokines and gp130. Blood 1995, 86, 1243–1254. [CrossRef]
36. Calabrese, L.H.; Rose-John, S. IL-6 biology: Implications for clinical targeting in rheumatic disease. Nat. Rev. Rheumatol. 2014, 10,

720–727. [CrossRef] [PubMed]
37. Alonzi, T.; Fattori, E.; Lazzaro, D.; Costa, P.; Probert, L.; Kollias, G.; De Benedetti, F.; Poli, V.; Ciliberto, G. Interleukin 6 Is Required

for the Development of Collagen-induced Arthritis. J. Exp. Med. 1998, 187, 461–468. [CrossRef] [PubMed]
38. Ohshima, S.; Saeki, Y.; Mima, T.; Sasai, M.; Nishioka, K.; Nomura, S.; Kopf, M.; Katada, Y.; Tanaka, T.; Suemura, M.; et al.

Interleukin 6 plays a key role in the development of antigen-induced arthritis. Proc. Natl. Acad. Sci. USA 1998, 95, 8222–8226.
[CrossRef] [PubMed]

39. Nakao, A. Temporal Regulation of Cytokines by the Circadian Clock. J. Immunol. Res. 2014, 2014, 614529. [CrossRef] [PubMed]
40. Guo, B.; Yang, N.; Borysiewicz, E.; Dudek, M.; Williams, J.; Li, J.; Maywood, E.; Adamson, A.; Hastings, M.H.; Bateman, J.; et al.

Catabolic cytokines disrupt the circadian clock and the expression of clock-controlled genes in cartilage via an NFκB-dependent
pathway. Osteoarthr. Cartil. 2015, 23, 1981–1988. [CrossRef] [PubMed]

41. Deane, K.D.; Norris, J.M.; Holers, V.M. Preclinical Rheumatoid Arthritis: Identification, Evaluation, and Future Directions for
Investigation. Rheum. Dis. Clin. N. Am. 2010, 36, 213–241. [CrossRef]

42. Avouac, J. Diagnostic and predictive value of anti-cyclic citrullinated protein antibodies in rheumatoid arthritis: A systematic
literature review. Ann. Rheum. Dis. 2005, 65, 845–851. [CrossRef] [PubMed]

43. Nawata, Y.; Eugui, E.M.; Lee, S.W.; Allison, A.C. IL-6 is the principal factor produced by synovia of patients with rheu-matoid
arthritis that induces B-lymphocytes to secrete immunoglobulins. Ann. N. Y. Acad. Sci. 1989, 557, 230–239. [CrossRef] [PubMed]

44. Hermann, E.; Fleischer, B.; Mayet, W.J.; Poralla, T.; Büschenfelde, K.H.M.Z. Correlation of synovial fluid interleukin 6 (IL-6)
activities with IgG concentrations in patients with inflammatory joint disease and osteoarthritis. Clin. Exp. Rheumatol. 1989, 7,
411–414. [PubMed]

45. Sawada, T.; Hirohata, S.; Inoue, T.; Ito, K. Correlation between rheumatoid factor and IL-6 activity in synovial fluids from patients
with rheumatoid arthritis. Clin. Exp. Rheumatol. 1991, 9, 363–368. [PubMed]

46. Brozik, M.; Rosztóczy, I.; Merétey, K.; Bálint, G.; Gaál, M.; Balogh, Z.; Bart, M.; Mituszova, M.; Velics, V.; Falus, A. Inter-leukin 6
levels in synovial fluids of patients with different arthritides: Correlation with local IgM rheumatoid factor and systemic acute
phase protein production. J. Rheumatol. 1992, 19, 63–68. [PubMed]

47. Hughes-Austin, J.M.; Deane, K.D.; Derber, L.A.; Kolfenbach, J.R.; Zerbe, G.O.; Sokolove, J.; Lahey, L.J.; Weisman, M.H.;
Buckner, J.H.; Mikuls, T.R.; et al. Multiple cytokines and chemokines are associated with rheumatoid arthritis-related autoimmu-
nity in first-degree relatives without rheumatoid arthritis: Studies of the Aetiology of Rheumatoid Arthritis (SERA). Ann. Rheum.
Dis. 2012, 72, 901–907. [CrossRef] [PubMed]

48. Bombardieri, M.; Lewis, M.J.; Pitzalis, M.B.M.L.C. Ectopic lymphoid neogenesis in rheumatic autoimmune diseases. Nat. Rev.
Rheumatol. 2017, 13, 141–154. [CrossRef] [PubMed]

49. Bettelli, E.; Carrier, Y.; Gao, W.; Korn, T.; Strom, T.B.; Oukka, M.; Weiner, H.L.; Kuchroo, V.K. Reciprocal developmental pathways
for the generation of pathogenic effector TH17 and regulatory T cells. Nature 2006, 441, 235–238. [CrossRef]

50. Schinnerling, K.; Aguillón, J.C.; Catalán, D.; Soto, L. The role of interleukin-6 signalling and its therapeutic blockage in skewing
the T cell balance in rheumatoid arthritis. Clin. Exp. Immunol. 2017, 189, 12–20. [CrossRef]

51. Petrovsky, N.; Harrison, L.C. The Chronobiology of Human Cytokine Production. Int. Rev. Immunol. 1998, 16, 635–649. [CrossRef] [PubMed]
52. Arvidson, N.G.; Gudbjornsson, B.; Elfman, L.; Ryden, A.C.; Totterman, T.H.; Hallgren, R. Circadian rhythm of serum interleukin-6

in rheumatoid arthritis. Ann. Rheum. Dis. 1994, 53, 521–524. [CrossRef] [PubMed]
53. Buttgereit, F.; Smolen, J.S.; Coogan, A.; Cajochen, C. Clocking in: Chronobiology in rheumatoid arthritis. Nat. Rev. Rheumatol.

2015, 11, 349–356. [CrossRef] [PubMed]
54. Straub, R.H.; Cutolo, M. Glucocorticoids and chronic inflammation. Rheumatology 2016, 55, ii6–ii14. [CrossRef] [PubMed]
55. Straub, R.H.; Cutolo, M. Circadian rhythms in rheumatoid arthritis: Implications for pathophysiology and therapeutic manage-

ment. Arthritis Rheum. 2007, 56, 399–408. [CrossRef] [PubMed]
56. Spies, C.M.; Straub, R.H.; Cutolo, M.; Buttgereit, F. Circadian rhythms in rheumatology—A glucocorticoid perspective. Arthritis

Res. Ther. 2014, 16, S3. [CrossRef] [PubMed]
57. Cutolo, M.; Paolino, S.; Gotelli, E. Glucocorticoids in rheumatoid arthritis still on first line: The reasons. Expert Rev. Clin. Immunol.

2021, 17, 417–420. [CrossRef]
58. Schmidt, M.; Weidler, C.; Naumann, H.; Anders, S.; Schölmerich, J.; Straub, R.H. Reduced capacity for the reactivation of

glucocorticoids in rheumatoid arthritis synovial cells: Possible role of the sympathetic nervous system? Arthritis Rheum. 2005, 52,
1711–1720. [CrossRef] [PubMed]

59. Fenton, C.; Martin, C.; Jones, R.; Croft, A.; Campos, J.; Naylor, A.J.; Taylor, A.E.; Chimen, M.; Cooper, M.; Lavery, G.G.; et al. Local
steroid activation is a critical mediator of the anti-inflammatory actions of therapeutic glucocorticoids. Ann. Rheum. Dis. 2021, 80,
250–260. [CrossRef]

http://doi.org/10.1038/nrdp.2018.1
http://www.ncbi.nlm.nih.gov/pubmed/29417936
http://doi.org/10.1038/324073a0
http://www.ncbi.nlm.nih.gov/pubmed/3491322
http://doi.org/10.1182/blood.V86.4.1243.bloodjournal8641243
http://doi.org/10.1038/nrrheum.2014.127
http://www.ncbi.nlm.nih.gov/pubmed/25136784
http://doi.org/10.1084/jem.187.4.461
http://www.ncbi.nlm.nih.gov/pubmed/9463396
http://doi.org/10.1073/pnas.95.14.8222
http://www.ncbi.nlm.nih.gov/pubmed/9653168
http://doi.org/10.1155/2014/614529
http://www.ncbi.nlm.nih.gov/pubmed/24809063
http://doi.org/10.1016/j.joca.2015.02.020
http://www.ncbi.nlm.nih.gov/pubmed/26521744
http://doi.org/10.1016/j.rdc.2010.02.001
http://doi.org/10.1136/ard.2006.051391
http://www.ncbi.nlm.nih.gov/pubmed/16606649
http://doi.org/10.1111/j.1749-6632.1989.tb24016.x
http://www.ncbi.nlm.nih.gov/pubmed/2786697
http://www.ncbi.nlm.nih.gov/pubmed/2591114
http://www.ncbi.nlm.nih.gov/pubmed/1934684
http://www.ncbi.nlm.nih.gov/pubmed/1556702
http://doi.org/10.1136/annrheumdis-2012-201505
http://www.ncbi.nlm.nih.gov/pubmed/22915618
http://doi.org/10.1038/nrrheum.2016.217
http://www.ncbi.nlm.nih.gov/pubmed/28202919
http://doi.org/10.1038/nature04753
http://doi.org/10.1111/cei.12966
http://doi.org/10.3109/08830189809043012
http://www.ncbi.nlm.nih.gov/pubmed/9646180
http://doi.org/10.1136/ard.53.8.521
http://www.ncbi.nlm.nih.gov/pubmed/7944637
http://doi.org/10.1038/nrrheum.2015.31
http://www.ncbi.nlm.nih.gov/pubmed/25800214
http://doi.org/10.1093/rheumatology/kew348
http://www.ncbi.nlm.nih.gov/pubmed/27856655
http://doi.org/10.1002/art.22368
http://www.ncbi.nlm.nih.gov/pubmed/17265475
http://doi.org/10.1186/ar4687
http://www.ncbi.nlm.nih.gov/pubmed/25608777
http://doi.org/10.1080/1744666X.2021.1903319
http://doi.org/10.1002/art.21091
http://www.ncbi.nlm.nih.gov/pubmed/15934114
http://doi.org/10.1136/annrheumdis-2020-218493


Pharmaceutics 2021, 13, 1832 12 of 13

60. Kouri, V.-P.; Olkkonen, J.; Kaivosoja, E.; Ainola, M.; Juhila, J.; Hovatta, I.; Konttinen, Y.T.; Mandelin, J. Circadian Timekeeping Is
Disturbed in Rheumatoid Arthritis at Molecular Level. PLoS ONE 2013, 8, e54049. [CrossRef]

61. Jahanban-Esfahlan, R.; Mehrzadi, S.; Reiter, R.J.; Seidi, K.; Majidinia, M.; Baghi, H.B.; Khatami, N.; Yousefi, B.; Sadeghpour, A.
Melatonin in regulation of inflammatory pathways in rheumatoid arthritis and osteoarthritis: Involvement of circadian clock
genes. Br. J. Pharmacol. 2017, 175, 3230–3238. [CrossRef] [PubMed]

62. Macdonald, I.J.; Huang, C.-C.; Liu, S.-C.; Tang, C.-H. Reconsidering the Role of Melatonin in Rheumatoid Arthritis. Int. J. Mol.
Sci. 2020, 21, 2877. [CrossRef]

63. Sulli, A.; Maestroni, G.M.; Villaggio, B.; Hertens, E.; Craviotto, C.; Pizzorni, C.; Briata, M.; Seriolo, B.; Cutolo, M. Melatonin serum
levels in rheumatoid arthritis. Ann. N. Y. Acad. Sci. 2002, 966, 276–283. [CrossRef] [PubMed]

64. Habers, G.E.A.; Mil, A.H.M.V.D.H.-V.; Veldhuijzen, D.S.; Allaart, C.F.; Vreugdenhil, E.; Starreveld, D.E.J.; Huizinga, T.W.J.; Evers, A.W.M.
Earlier chronotype in patients with rheumatoid arthritis. Clin. Rheumatol. 2021, 40, 2185–2192. [CrossRef] [PubMed]

65. Zhao, C.-N.; Wang, P.; Mao, Y.-M.; Dan, Y.-L.; Wu, Q.; Li, X.-M.; Wang, D.-G.; Davis, C.; Hu, W.; Pan, H.-F. Potential role of
melatonin in autoimmune diseases. Cytokine Growth Factor Rev. 2019, 48, 1–10. [CrossRef] [PubMed]

66. Lin, G.-J.; Huang, S.-H.; Chen, S.-J.; Wang, C.-H.; Chang, D.-M.; Sytwu, H.-K. Modulation by Melatonin of the Pathogenesis of
Inflammatory Autoimmune Diseases. Int. J. Mol. Sci. 2013, 14, 11742–11766. [CrossRef]

67. Cutolo, M. The melatonin-cytokine connection in rheumatoid arthritis. Ann. Rheum. Dis. 2005, 64, 1109–1111. [CrossRef] [PubMed]
68. Bang, J.; Chang, H.W.; Jung, H.-R.; Cho, C.-H.; Hur, J.-A.; Lee, S.-I.; Choi, T.H.; Kim, S.-H.; Ha, E. Melatonin attenuates clock gene

Cryptochrome1, which may aggravates mouse anti-type II collagen antibody-induced arthritis. Rheumatol. Int. 2012, 32, 379–385.
[CrossRef] [PubMed]

69. Hand, L.E.; Dickson, S.H.; Freemont, A.J.; Ray, D.W.; Gibbs, J.E. The circadian regulator Bmal1 in joint mesenchymal cells
regulates both joint development and inflammatory arthritis. Arthritis Res. Ther. 2019, 21, 5. [CrossRef] [PubMed]

70. Nah, S.-S.; Won, H.-J.; Park, H.J.; Ha, E.; Chung, J.-H.; Cho, H.Y.; Baik, H.H. Melatonin inhibits human fibroblast-like synoviocyte
proliferation via extracellular signal-regulated protein kinase/P21CIP1/P27KIP1pathways. J. Pineal Res. 2009, 47, 70–74.
[CrossRef] [PubMed]

71. Huang, C.-C.; Chiou, C.-H.; Liu, S.-C.; Hu, S.-L.; Su, C.-M.; Tsai, C.-H.; Tang, C.-H. Melatonin attenuates TNF-α and IL-1β
expression in synovial fibroblasts and diminishes cartilage degradation: Implications for the treatment of rheumatoid arthritis. J.
Pineal Res. 2019, 66, e12560. [CrossRef]

72. Meng, X.; Zhu, Y.; Tao, L.; Zhao, S.; Qiu, S. miR-590-3p mediates melatonin-induced cell apoptosis by targeting septin 7 in the
human osteoblast cell line hFOB 1.19. Mol. Med. Rep. 2018, 17, 7202–7208. [CrossRef] [PubMed]

73. Moreira, A.C.; Antonini, S.R.R.; De Castro, M. Mechanisms in endocrinology: A sense of time of the glucocorticoid circadian
clock: From the ontogeny to the diagnosis of Cushing’s syndrome. Eur. J. Endocrinol. 2018, 179, R1–R18. [CrossRef] [PubMed]

74. Watts, A.G.; Tanimura, S.; Sanchez-Watts, G. Corticotropin-Releasing Hormone and Arginine Vasopressin Gene Transcription
in the Hypothalamic Paraventricular Nucleus of Unstressed Rats: Daily Rhythms and Their Interactions with Corticosterone.
Endocrinology 2004, 145, 529–540. [CrossRef] [PubMed]

75. Benjamin, O.; Bansal, P.; Goyal, A.; Lappin, S.L. Disease Modifying Anti-Rheumatic Drugs (DMARD). In StatPearls; StatPearls
Publishing: Treasure Island, FL, USA, 6 July 2021.

76. Kirwan, J. The Effect of Glucocorticoids on Joint Destruction in Rheumatoid Arthritis. N. Engl. J. Med. 1995, 333, 142–147. [CrossRef]
77. Cutolo, M.; Spies, C.; Buttgereit, F.; Paolino, S.; Pizzorni, C. The supplementary therapeutic DMARD role of low-dose glucocorti-

coids in rheumatoid arthritis. Arthritis Res. Ther. 2014, 16, S1. [CrossRef]
78. Arvidson, N.G.; Gudbjörnsson, B.; Larsson, A.; Hällgren, R. The timing of glucocorticoid administration in rheumatoid arthritis.

Ann. Rheum. Dis. 1997, 56, 27–31. [CrossRef]
79. Ursini, F.; Naty, S.; Bruno, C.; Grembiale, R.D. Old but Good: Modified-Release Prednisone in Rheumatoid Arthritis. Rev. Recent

Clin. Trials 2017, 12, 124–128. [CrossRef] [PubMed]
80. Derendorf, H.; Ruebsamen, K.; Clarke, L.; Schaeffler, A.; Kirwan, J.R. Pharmacokinetics of Modified-Release Prednisone Tablets in

Healthy Subjects and Patients With Rheumatoid Arthritis. J. Clin. Pharmacol. 2013, 53, 326–333. [CrossRef]
81. Buttgereit, F.; Doering, G.; Schaeffler, A.; Witte, S.; Sierakowski, S.; Gromnica-Ihle, E.; Jeka, S.; Krueger, K.; Szechinski, J.; Alten, R.

Efficacy of modified-release versus standard prednisone to reduce duration of morning stiffness of the joints in rheumatoid
arthritis (CAPRA-1): A double-blind, randomised controlled trial. Lancet 2008, 371, 205–214. [CrossRef]

82. Buttgereit, F.; Mehta, D.; Kirwan, J.; Szechinski, J.; Boers, M.; Alten, R.E.; Supronik, J.; Szombati, I.; Romer, U.; Witte, S.; et al.
Low-dose prednisone chronotherapy for rheumatoid arthritis: A randomised clinical trial (CAPRA-2). Ann. Rheum. Dis. 2012, 72,
204–210. [CrossRef]

83. Buttgereit, F.; Doering, G.; Schaeffler, A.; Witte, S.; Sierakowski, S.; Gromnica-Ihle, E.; Jeka, S.; Krueger, K.; Szechinski, J.; Alten, R.
Targeting pathophysiological rhythms: Prednisone chronotherapy shows sustained efficacy in rheumatoid arthritis. Ann. Rheum.
Dis. 2010, 69, 1275–1280. [CrossRef] [PubMed]

84. Spies, C.M.; Cutolo, M.; Straub, R.H.; Burmester, G.R.; Buttgereit, F. Prednisone chronotherapy. Clin. Exp. Rheumatol. 2011, 29, 42–45.
85. Hardy, R.S.; Raza, K.; Cooper, M.S. Therapeutic glucocorticoids: Mechanisms of actions in rheumatic diseases. Nat. Rev. Rheumatol.

2020, 16, 133–144. [CrossRef]
86. Filippa, M.G.; Tektonidou, M.G.; Mantzou, A.; Kaltsas, G.A.; Chrousos, G.P.; Sfikakis, P.P.; Yavropoulou, M.P. Adrenocortical

Dysfunction in Rheumatoid Arthritis: A Narrative Review and Future Directions. Eur. J. Clin. Investig. 2021, e13635. [CrossRef]

http://doi.org/10.1371/journal.pone.0054049
http://doi.org/10.1111/bph.13898
http://www.ncbi.nlm.nih.gov/pubmed/28585236
http://doi.org/10.3390/ijms21082877
http://doi.org/10.1111/j.1749-6632.2002.tb04227.x
http://www.ncbi.nlm.nih.gov/pubmed/12114284
http://doi.org/10.1007/s10067-020-05546-x
http://www.ncbi.nlm.nih.gov/pubmed/33452937
http://doi.org/10.1016/j.cytogfr.2019.07.002
http://www.ncbi.nlm.nih.gov/pubmed/31345729
http://doi.org/10.3390/ijms140611742
http://doi.org/10.1136/ard.2005.038588
http://www.ncbi.nlm.nih.gov/pubmed/16014678
http://doi.org/10.1007/s00296-010-1641-9
http://www.ncbi.nlm.nih.gov/pubmed/21113809
http://doi.org/10.1186/s13075-018-1770-1
http://www.ncbi.nlm.nih.gov/pubmed/30612576
http://doi.org/10.1111/j.1600-079X.2009.00689.x
http://www.ncbi.nlm.nih.gov/pubmed/19538337
http://doi.org/10.1111/jpi.12560
http://doi.org/10.3892/mmr.2018.8729
http://www.ncbi.nlm.nih.gov/pubmed/29568931
http://doi.org/10.1530/EJE-18-0102
http://www.ncbi.nlm.nih.gov/pubmed/29661784
http://doi.org/10.1210/en.2003-0394
http://www.ncbi.nlm.nih.gov/pubmed/14563696
http://doi.org/10.1056/NEJM199507203330302
http://doi.org/10.1186/ar4685
http://doi.org/10.1136/ard.56.1.27
http://doi.org/10.2174/1574887112666170328124539
http://www.ncbi.nlm.nih.gov/pubmed/28356031
http://doi.org/10.1177/0091270012444315
http://doi.org/10.1016/S0140-6736(08)60132-4
http://doi.org/10.1136/annrheumdis-2011-201067
http://doi.org/10.1136/ard.2009.126888
http://www.ncbi.nlm.nih.gov/pubmed/20542963
http://doi.org/10.1038/s41584-020-0371-y
http://doi.org/10.1111/eci.13635


Pharmaceutics 2021, 13, 1832 13 of 13

87. Alten, R.; Döring, G.; Cutolo, M.; Gromnica-Ihle, E.; Witte, S.; Straub, R.H.; Buttgereit, F. Hypothalamus-Pituitary-Adrenal Axis
Function in Patients with Rheumatoid Arthritis Treated with Nighttime-Release Prednisone. J. Rheumatol. 2010, 37, 2025–2031.
[CrossRef] [PubMed]

88. To, H.; Irie, S.; Tomonari, M.; Watanabe, Y.; Kitahara, T.; Sasaki, H. Therapeutic index of methotrexate depends on circadian cycling of
tumour necrosis factor-α in collagen-induced arthritic rats and mice. J. Pharm. Pharmacol. 2009, 61, 1333–1338. [CrossRef] [PubMed]

89. Wang, X.; Yan, X.; Wang, F.; Ge, F.; Li, Z. Role of methotrexate chronotherapy in collagen-induced rheumatoid arthritis in rats. Z.
Rheumatol. 2018, 77, 249–255. [CrossRef] [PubMed]

90. Suzuki, K.; Yoshida, K.; Ueha, T.; Kaneshiro, K.; Nakai, A.; Hashimoto, N.; Uchida, K.; Hashimoto, T.; Kawasaki, Y.;
Shibanuma, N.; et al. Methotrexate upregulates circadian transcriptional factors PAR bZIP to induce apoptosis on rheumatoid
arthritis synovial fibroblasts. Arthritis Res. Ther. 2018, 20, 55. [CrossRef] [PubMed]

91. To, H.; Yoshimatsu, H.; Tomonari, M.; Ida, H.; Tsurumoto, T.; Tsuji, Y.; Sonemoto, E.; Shimasaki, N.; Koyanagi, S.; Sasaki, H.; et al.
Methotrexate Chronotherapy is Effective Against Rheumatoid Arthritis. Chronobiol. Int. 2011, 28, 267–274. [CrossRef] [PubMed]

92. Al-Salama, Z.T.; Scott, L.J. Baricitinib: A Review in Rheumatoid Arthritis. Drugs 2018, 78, 761–772. [CrossRef] [PubMed]
93. Yaekura, A.; Yoshida, K.; Morii, K.; Oketani, Y.; Okumura, I.; Kaneshiro, K.; Shibanuma, N.; Sakai, Y.; Hashiramoto, A.

Chronotherapy targeting cytokine secretion attenuates collagen-induced arthritis in mice. Int. Immunopharmacol. 2020, 84, 106549.
[CrossRef] [PubMed]

94. Obayashi, K.; Tomonari, M.; Yoshimatsu, H.; Fukuyama, R.; Ieiri, I.; Higuchi, S.; To, H. Dosing time-dependency of the
arthritis-inhibiting effect of tacrolimus in mice. J Pharmacol Sci. 2011, 116, 264–273. [CrossRef]

95. Kanasaki, Y.; Tomonari, M.; Sasaki, H.; To, H. Chronopharmacology of mizoribine in collagen-induced arthritis rats. J Pharmacol
Sci. 2012, 120, 112–120. [CrossRef] [PubMed]

96. Salvarani, C.; Pipitone, N.; Versari, A.; Hunder, G.G. Clinical features of polymyalgia rheumatica and giant cell arteritis. Nat. Rev.
Rheumatol. 2012, 8, 509–521. [CrossRef] [PubMed]

97. Spies, C.M.; Cutolo, M.; Straub, R.H.; Burmester, G.-R.; Buttgereit, F. More Night Than Day—Circadian Rhythms in Polymyalgia
Rheumatica and Ankylosing Spondylitis. J. Rheumatol. 2010, 37, 894–899. [CrossRef] [PubMed]

98. Dejaco, C.; Singh, Y.P.; Perel, P.; Hutchings, A.; Camellino, D.; Mackie, S.; Abril, A.; Bachta, A.; Balint, P.; Barraclough, K.; et al.
2015 Recommendations for the Management of Polymyalgia Rheumatica: A European League Against Rheumatism/American
College of Rheumatology Collaborative Initiative. Arthritis Rheumatol. 2015, 67, 2569–2580. [CrossRef] [PubMed]

99. Galbo, H.; Kall, L. Circadian variations in clinical symptoms and concentrations of inflammatory cytokines, melatonin, and
cortisol in polymyalgia rheumatica before and during prednisolone treatment: A controlled, observational, clinical experimental
study. Arthritis Res. Ther. 2016, 18, 174. [CrossRef] [PubMed]

100. Benucci, M.; Olivito, B.; Manfredi, M.; Meacci, F.; Infantino, M.; Gobbi, F.L.; Sarzi-Puttini, P.; Marcassa, C.; Atzeni, F. Polymyalgia
rheumatica: Inflammation suppression with low dose of methylprednisolone or modified-release prednisone. Eur. Rev. Med.
Pharm. Sci. 2015, 19, 745–751.

101. Dalbeth, N.; Choi, H.K.; Joosten, L.A.B.; Khanna, P.P.; Matsuo, H.; Perez-Ruiz, F.; Stamp, L.K. Gout. Nat. Rev. Dis. Primers 2019, 5, 69. [CrossRef]
102. Kuo, C.-F.; Grainge, M.; Zhang, W.; Doherty, M. Global epidemiology of gout: Prevalence, incidence and risk factors. Nat. Rev.

Rheumatol. 2015, 11, 649–662. [CrossRef] [PubMed]
103. Choi, H.K.; Niu, J.; Neogi, T.; Chen, C.A.; Chaisson, C.; Hunter, D.; Zhang, Y. Nocturnal risk of gout attacks. Arthritis Rheumatol.

2014, 67, 555–562. [CrossRef] [PubMed]
104. Abrams, B. High prevalence of gout with sleep apnea. Med. Hypotheses 2012, 78, 349. [CrossRef] [PubMed]
105. Roddy, E.; Muller, S.; Hayward, R.; Mallen, C.D. The association of gout with sleep disorders: A cross-sectional study in primary

care. BMC Musculoskelet. Disord. 2013, 14, 119. [CrossRef] [PubMed]
106. Shi, T.; Min, M.; Sun, C.; Cheng, C.; Zhang, Y.; Liang, M.; Rizeq, F.K.; Sun, Y. A meta-analysis of the association between gout,

serum uric acid level, and obstructive sleep apnea. Sleep Breath. 2019, 23, 1047–1057. [CrossRef] [PubMed]
107. Walton, J.C.; Ii, W.H.W.; Bumgarner, J.R.; Meléndez-Fernández, O.H.; Liu, J.A.; Hughes, H.L.; Kaper, A.L.; Nelson, R.J. Circadian

Variation in Efficacy of Medications. Clin. Pharmacol. Ther. 2020, 109, 1457–1488. [CrossRef] [PubMed]
108. Manfredini, R.; Gallerani, M.; Salmi, R.; Fersini, C. Cricadian rhythms and the heart: Implications for chronotherapy of

cardiovascular diseases. Clin. Pharmacol. Ther. 1994, 56, 244–247. [CrossRef] [PubMed]
109. De Giorgi, A.; Menegatti, A.M.; Fabbian, F.; Portaluppi, F.; Manfredini, R. Circadian rhythms and medical diseases: Does it matter

when drugs are taken? Eur. J. Intern. Med. 2013, 24, 698–706. [CrossRef] [PubMed]

http://doi.org/10.3899/jrheum.100051
http://www.ncbi.nlm.nih.gov/pubmed/20682671
http://doi.org/10.1211/jpp.61.10.0009
http://www.ncbi.nlm.nih.gov/pubmed/19814865
http://doi.org/10.1007/s00393-016-0236-6
http://www.ncbi.nlm.nih.gov/pubmed/27900440
http://doi.org/10.1186/s13075-018-1552-9
http://www.ncbi.nlm.nih.gov/pubmed/29566767
http://doi.org/10.3109/07420528.2011.553017
http://www.ncbi.nlm.nih.gov/pubmed/21452922
http://doi.org/10.1007/s40265-018-0908-4
http://www.ncbi.nlm.nih.gov/pubmed/29687421
http://doi.org/10.1016/j.intimp.2020.106549
http://www.ncbi.nlm.nih.gov/pubmed/32416449
http://doi.org/10.1254/jphs.11029FP
http://doi.org/10.1254/jphs.12059FP
http://www.ncbi.nlm.nih.gov/pubmed/23018897
http://doi.org/10.1038/nrrheum.2012.97
http://www.ncbi.nlm.nih.gov/pubmed/22825731
http://doi.org/10.3899/jrheum.091283
http://www.ncbi.nlm.nih.gov/pubmed/20360185
http://doi.org/10.1002/art.39333
http://www.ncbi.nlm.nih.gov/pubmed/26352874
http://doi.org/10.1186/s13075-016-1072-4
http://www.ncbi.nlm.nih.gov/pubmed/27455959
http://doi.org/10.1038/s41572-019-0115-y
http://doi.org/10.1038/nrrheum.2015.91
http://www.ncbi.nlm.nih.gov/pubmed/26150127
http://doi.org/10.1002/art.38917
http://www.ncbi.nlm.nih.gov/pubmed/25504842
http://doi.org/10.1016/j.mehy.2011.10.029
http://www.ncbi.nlm.nih.gov/pubmed/22098723
http://doi.org/10.1186/1471-2474-14-119
http://www.ncbi.nlm.nih.gov/pubmed/23557073
http://doi.org/10.1007/s11325-019-01827-1
http://www.ncbi.nlm.nih.gov/pubmed/30903565
http://doi.org/10.1002/cpt.2073
http://www.ncbi.nlm.nih.gov/pubmed/33025623
http://doi.org/10.1038/clpt.1994.133
http://www.ncbi.nlm.nih.gov/pubmed/7924118
http://doi.org/10.1016/j.ejim.2013.03.019
http://www.ncbi.nlm.nih.gov/pubmed/23611529

	Introduction 
	Chronobiology and Chronotherapy in RA 
	Chronotherapy: General Principles 
	Chronobiological Aspects of RA Pathophysiology 
	Glucocorticoids and Chronotherapy of RA 
	Other Chronotherapeutic Approaches in RA: Clinical and Preclinical Evidence 

	Chronobiology and Chronotherapy of Other Inflammatory Joint Diseases 
	Polymyalgia Rheumatica 
	Gout 

	Conclusions 
	References

